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Summary

This report addresses laboratory measurement error in estimates of external doses obtained from
personal dosimeters, and investigates the effects of these errors on linear dose-response analyses of data
from epidemiologic studies of nuclear workers. These errors have the distinguishing feature .that they
are independent both across time (different measurements for the same worker) and across workers.
An approach is developed for evaluating the effects of such errors provided that the nature and
magnitude of the errors and their dependence on dose can be specified. In addition, materials relevant
to determining the likely magnitude of errors for Hanford workers are reviewed. It is shown that even
if very conservative assumptions about the magnitude of errors are made, it is very unlikely that
laboratory errors have seriously distorted dose-response analyses of the Hanford worker data.
Specifically, it has been demonstrated that the increase in an appropriate measure of the variance of the
measured doses is unlikely be more than 1 % of the variance of the true doses. The reason for the lack
of distortion appears to be that larger doses, which are the most influential in dose-response analyses,
are the sum of independent measurements from many dosimeters; thus, the relative error in such doses
is small. Although the calculations made for this report were based on Hanford data, the overall
conclusions are likely to be relevant for other epidemiologic studies of workers exposed-to external
radiation. The report does not address all sources of error in external doses, and its conclusions are not
applicable, to errors that are correlated-across time and across workers.
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1.0 Introduction

Recently, extensive efforts have been made to quantify biases and uncertainties in dose estimates
for Hanford workers (Fix et al. 1995; Gilbert et al. 1996). These efforts focused on errors resulting
from the inability of dosimeters .to respond accurately to all energies and geometries. To the extent that
workers remain in the same jobs in the same locations, such errors are likely to be correlated for
different measurements for the same worker.

This report evaluates the effects on dose-response analyses of errors that are independent both
across time (different measurements for the same worker) and across workers.00 The primary source of
error meeting these criteria is laboratory measurement error, including particularly the intrinsic
sampling variability in measurements from film badges and thermoluminescent dosimeters. The
evaluation makes use of data from the Hanford worker cohort, but general conclusions are likely to be
relevant for other epidemiologic studies of nuclear workers.

Dose-response analyses are strongly influenced by the small proportion of workers with relatively
large estimated cumulative doses (in the range 50 mSv and larger). Because estimates of these doses
are the sum of many individual dosimeter readings, the relative errors in these estimates from sources
that-are independent for different measurements at different times are small. For this reason, it is con-
jectured that the effect of laboratory measurement errors (or any error that is independent across time)
on dose-response analyses is likely to be small. The approach of this report is 1) to develop models for
evaluating the effects of independent errors on dose-response analyses, 2) to review data that are
relevant to quantifying errors for Hanford dosimetry systems, 3) and to quantify the effects of errors
under various assumptions, particularly those judged applicable to Hanford.

Like our previous evaluation, the specific quantification of errors is limited to exposure from high-
energy photons (2:100 keV), the predominant exposure for most Hanford workers. For other types of
exposure, such as that from neutrons or internal intakes, problems of bias are much more serious than
those due to laboratory measurement error. As discussed by Gilbert and Fix (1995) and by Gilbert
et al. (1996), it is probably better to exclude the small minority-of workers with a substantial proportion
of dose from these sources than to attempt to adjust for errors in their'dose estimates.

This report does not address systematic bias that might result because of procedures for evaluating
and interpreting exposures at or near background level, and does not address errors from sources that
are not independent across workers and across time. These types of errors have been addressed in
other reports (Gilbert and Fix 1995, Gilbert et al. 1996, Gilbert 1995a).

(a) This study was funded by Grant RO1 OH03270 from the National Institutefor Occupational Safety
and Health of the Centers for Disease Control and Prevention.
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2.0 The Hanford Study Population

A description of the Hanford worker study population and results of the most recent dose-response
analyses of data from this study are given by Gilbert et al. (1993b). Dose estimates for Hanford •
workers were obtained from personal dosimeters worn by workers and are subject to both systematic
and random uncertainty. Several reports describe dosimetry practices at Hanford (Gilbert 1990;
Wilson et al. 1990; Gilbert and Fix 1995) and detailed dose distributions for this population are given
by Buschbom and Gilbert (1993).

Dosimetry practices at Hanford changed over time as technology evolved, and the personnel
dosimeter programs in effect during various time periods have been described in detail by Wilson et al.
(1990). The initial dosimeter used at Hanford starting in 1944 was a film badge dosimeter developed at
the University of Chicago (Wilson 1987), and, at this time, dosimeters were exchanged weekly or bi-
weekly. Major upgrades in the dosimeter program occurred in 1957-58 and in 1972. In 1957, an
improved multi-element film badge dosimeter was introduced that allowed significant improvement in
the measurement of low-energy photons, and in 1972 thermoluminescent dosimeters replaced film
badges-. In 1958, the frequency of dosimeter exchange was changed to monthly; in 1964, workers with
limited potential for exposure were changed to quarterly monitoring; and in 1972, some workers were
changed to yearly monitoring.

Computerized data on historical exposures includes annual doses, but does not include results of
individual dosimeter readings or the number of dosimeters upon which the annual dose is based. This
more detailed information is available only on microfilm or microfiche.
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3.0 Statistical Justification

Methods for analyzing data from nuclear worker studies, including the Hanford study, have been
described in several places, including Gilbert (1989) and Gilbert et al. (1990). Most recent analyses
have been based on the linear relative risk model, with the time variable (t) taken to be age. That is,
the relative risk is given by 1 + B x(t), where the single covariate x(t) is a measure of radiation
exposure at age t, usually taken to be the cumulative dose up to a specified number of years prior to
age t. For convenience, we use x for x(t) when no confusion is likely to result. The parameter B,
which measures the proportional increase over baseline per unit of exposure, is referred to as the
excess relative risk (ERR).

Let i be index cases of the disease of interest ( i= l , 2, ... m) with case i occurring at age tjj let Xj be
the dose of case i; and let N; denote the number of subjects in the risk set for case i, where the risk set
consists of subjects at risk of disease at age t; who are similar to case i with respect to specified
stratification variables. In worker studies, these variables nearly always include calendar-year period
and sex, and may also include measures of socio-economic status, length of employment, or initial year
of employment. Finally, let MXj be the mean of the doses in risk set i; that is, MX; = Ej Xy/N;, where
j indexes subjects in risk set i. The efficient score statistic for testing the null hypothesis that P = Po is
then given by

UX(P0) = 2,[x/(l + Po x,) - M X / ( 1 + Po MX,)] (1)

For testing the null hypothesis that P = 0, this statistic becomes •

UX(0) = S,(x, - MX.) (2)

The variance of UX(P), conditional on the particular deaths that have occurred, can be estimated by
the expected value of the derivative of the score statistic with respect to p. This is given by the
expression

1 .+ p . x_- • x..2 MX.2
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When Po = 0, this reduces to

VX = VX(0) = Sj VXj (4)

where VX; is the variance of the doses in the r* risk set.

Suppose now that only measured doses z are available. In this case, inferences would usually be
based on the statistics given in Equations (1) and (2), but measured doses would be substituted for true
doses. It is shown in the Appendix and by Gilbert (1988) that the asymptotic relative efficiency (ARE)
of the statistic based on this substitution, relative to the comparable statistic based on true doses for
testing the null hypothesis P=0, is given by R = VX/VZ, where VX is as defined above and VZ is the
analogous statistic based on measured doses z. Thus, to evaluate the effects of the substitution of
measured doses for true doses, the quantity R needs to be evaluated under reasonable assumptions
regarding the magnitude and nature of the dose measurement errors.

To appreciate the relevance of the statistic R, it may be helpful to note that if the dose distributions
are the same for all risk sets, and if the expectation of z is a linear function of x (including the case
E(z|x)=x), then R is the squared correlation coefficient of x and z. More generally, R is shown in the
Appendix to be a weighted mean of the squared correlation coefficients in all risk sets with the weights
VZ, x

It is also useful to consider the bias in the estimated risk coefficient resulting under what is often
referred to as the "classical error model." In this model, the distribution of the true doses x is assumed
to be normal with mean n and variance a2, and the distributions of the measured doses z conditional on
the true doses x are assumed to be normal with mean x and variance ae

2. The ratio of the variances of
true and measured doses is then given by R = ^ / (o 2 + oe

2), and Cochran (1965) has shown that simple
linear regression based on z instead of x is biased downward by the factor R.

Armstrong (1990) notes that the classical model can also be applied to relative risk regression when
the relative risk is of the form exp(P x). Both Prentice (1982) and Armstrong (1990)'note that if the
classical model is applied to the linear relative risk model, the coefficient P (ERR) would be biased
downward by the factor R1 = R/[l + P n(l - R)]. However, for this relationship to hold, it is
necessary to assume that o and \i do not depend on age and other stratification variables.

The classical model is not likely to apply to worker data, where the distributions of z conditional on
x often depend on z, and where the distributions of true doses are highly skewed and depend strongly
on age and other factors. Nevertheless, this model demonstrates the general relevance of the ratio of
the variances of true and measured doses (R) for quantifying the effects of dose measurement error on
dose-response analyses.
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4.0 Approach for Evaluating the Statistic R, and Specification
of Models for Error Distributions

In this section, the approach for evaluating the statistic R = VX/VZ for the Hanford data is •
described. First, variances associated with actual risk sets from analyses of Hanford cancer mortality
data are used to evaluate VZ. Specifically, VZ is evaluated based on the doses in the risk sets for
1426 cancer deaths occurring in the Hanford worker study population, excluding workers who had con-
firmed internal intakes of radionuclides or who received a substantial portion of their dose from
neutrons or from low-energy photons ( < 100 keV). The exposure measure used in these calculations is
the cumulative dose up to 10 years prior to the time at risk, and the follow-up period is 1945-86.
Details regarding the Hanford study population and the stratification variables used to define risk sets
are given by Gilbert et al. (1993b). The method used to identify the excluded workers is described by
Gilbert and Fix (1995).

To develop an approach for evaluating VX, it is first noted that for any two random variables x and
z, Var(z) = Var(x) + Ex Var(z|x), provided E(z|x) = x, where E(z|x) is the expected value of z con-
ditional on x and Ex Var(z|x) is the expected value of Var(z|x) over the distribution of x. Using the
risk sets for Hanford workers and the notation indicated for Equations (3) and (4) gives the following
equation for VZJ:

+EVZXj " . "(5)

where

EVZX ; = 2 . Var l j(Z i j |x i j)/N i

To evaluate EVZX;, and subsequently to evaluate the VXi and VX, models are. needed to describe
the magnitude and nature of random errors in estimated doses resulting from sampling variation
inherent in processing dosimeters. Unlike errors from many other sources, it is appropriate to assume
that these laboratory errors are independent both for measurements from different workers and for
different measurements for the same workers.

The following notation is needed, and refers to dosimetry for a single worker. Let u denote the
true dose associated with a single dosimeter reading, and let =v denote the corresponding measured
dose. When referring to specific doses in specific years, the following notation is also used. Let uw

denote the true dose associated with reading {in year k, and let v^ denote the corresponding measured
dose. Let u^ = E, uu denote the total true dose for year k, and let v t denote the corresponding
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measured dose. Finally, let x = E,. uk denote the true cumulative dose, and z denote the correspond-
ing measured cumulative dose. These cumulative doses depend on the lag period and the age or time at
risk.

The models for laboratory measurement error are specified in terms of the mean and variance of
the distribution of the measured doses (v) conditional on the true doses (u). In all cases, it is assumed
that the measured dose v is an unbiased estimate of u: that is, E(v|u)=u. Three models are considered
for the variances of v conditional on u. Under model 1, Var(v|u) is independent of the value of u and
equals Kl2. Under model 2, the variance isproportional to u with Var(v|u) = K22 u. Under model 3,
the standard deviation is proportional to u so that Var(v|u) = K32 u2. Based on the assumption that
readings are independent, expressions can be developed for the variance of annual and cumulative
doses, and these are shown in Table 4.1.

The expressions in the third column of Table 4.1 (for cumulative doses) can be used to evaluate the
EVZX, in Equation (6). For model 1,

EVZX. .= Kl2Sj. (7)

where mj is the total number of dosimeters contributing to the dose estimate for worker j in risk set I.
For model 2,

EVZXj = K22 Sj x;j (8)

Table 4.1. Variance of the Measured Doses Conditional on the True Doses for
Individual Dosimeter Readings, Annual Doses, and Cumulative Doses
for an Individual Worker

Model

1

2

3

Individual Dosimeter
Reading(a)

Kl2

K22uM

K32uw
2

Annual dose0*

K l 2 m k

K32 E< uM
2

^IGX2

Cumulative
Dose(c)

Kl^n^

K22x

K^E.E.u,,2

sIG2^2

(a) The true dose associated with reading <! in year k is denoted by uke.
(b) mk is the number of dosimeter readings in year k; the total true

dose for year k is denoted by u t = E, u^.
(c) The true cumulative dose is denoted by x = E,, u k .
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Because E(z|x)=x, it is reasonable to substitute Zy for Xy in evaluating this expression, where the Zy are
obtained from the actual Hanford risk sets. For model 3,

E V Z X i = K 3 2 S . 2 l c S f u i j t { (9)

where uijkl is the true dose for the 0th dosimeter reading in the k* year for worker j in risk set i. Since
E(vijl£j

2|uijM) = (K32 +1) uijk(
2, it is reasonable to substitute vija

2/(K32 +1) for the true uijkf
2.

A difficulty in evaluating these expressions is that the computerized Hanford database includes only
information on annual doses and does not include the individual dosimeter results that are required for
model 3, or the number of dosimeter results on which annual doses are based required for model 1.
For model 1, general information on the frequency of monitoring in various calendar years can be used
to obtain reasonable values for the m^. For model 3, E, vu

2 s v t
2 , so that a maximum value can be

obtained by substituting v t
2 for Tt vu

2. This approach may also serve to accommodate certain labor-
atory uncertainties that may not be completely independent for different readings, but may be reason-
ably independent if annual doses are considered. Alternatively, one can make use of the fact that
individual dosimeter results for Hanford workers rarely exceed 5 mSv; for example, for an annual dose
of 23 mSv, the value 4(52) + 32 might be conservatively used as a substitute for the sum of the squares
of the individual dosimeter readings in evaluating model 3.

For occupational doses that are either zero or'very close to background levels, models 2 and 3
undoubtedly underestimate the variance. For this reason, some calculations have been made in which
the variance from these models is added to that from model 1. Model 1 is based on the assumption that
all doses are recorded exactly as measured, including the recording of negative doses for instances in
which the observed dose is less than the background dose. In practice, negative doses are recorded as
zero. In some situations, positive values below some specified "minimum detectable level" have also
been recorded as zero (Inskip et al. 1987, Kerr 1994), although there is no evidence that this was done
at Hanford (Gilbert 1990). These procedures would tend to decrease the variance of the estimated
dose, and thus the expressions in Table 4.1 slightly overestimate variances: These procedures also
introduce bias; the effects of such bias on dose-response analyses have been evaluated by Gilbert and
Fix (1995) for the Hanford study and by Inskip et al. (1987) for a United Kingdom worker study.

Ideally, the choice of models and of the constants Kl, K2, or K3 should be based on data evalu-
ating the sampling errors involved in reading dosimeters and the dependence of these errors on the
magnitude of the exposure. For this reason, technical reports describing Hanford dosimetry systems in
use at various times have been reviewed, and a summary of the results of this review, including
plausible values for Kl, K2, and K3, is given in Section 5.0.

Unfortunately, available reports and data do not provide clearcut answers regarding the nature and
magnitude of the laboratory measurement error in Hanford doses as measured in various time periods.
Our approach is thus to make calculations based on all three models shown in Table 4.1, and on a

4.3



range of values of the constants Kl , K2, and K3, giving consideration to the results of our review. In
the introduction, it was conjectured that the effects of laboratory measurement errors on dose-response
analyses would be small. For this reason, error models that clearly overestimate error have been
included. If it can be established that large errors do not distort dose-response analyses, then smaller
errors will not do so either.
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5.0 Review of Materials Relevant to Quantifying Laboratory
Measurement Errors in Hanford Worker Dosimetry

In the review that follows, results have been converted from their original units to mSv, a currently
accepted measure of deep dose equivalent. Most of the reports discussed in this section present results
in terms of exposure expressed in Roentgen (R) or milli-Rbentgen (mR). For the high energy photon
radiation of interest for this report, 1 mSv is approximately equal to 0.1 R or 100 mR.

A committee of the National Research Council (NRC) developed an approach for quantifying bias
and uncertainty in dose estimates obtained from film badge readings for military personnel exposed to
radiation as a result of atmospheric testing of nuclear weapons between 1945 and 1962 (NAS/NRC
1989). Although the NRC committee evaluated uncertainties from several sources, it gave special
attention to laboratory uncertainties, where available data and theoretical considerations could be used
to obtain a more rigorous evaluation than for other sources.

The quantity actually measured with the use of film badges is the optical density (OD). To estimate
dose, a calibration curve must be established. This is accomplished by exposing several'film badges to
each of several known exposures, and then fitting an appropriate curve, often referred to as the charac-
teristic function. The use of replicate badges at the same exposure allows the estimation of the standard
deviation associated with a particular measurement. This form of error is referred to in this report as
"intrinsic" laboratory or sampling error".

The functional form for expressing the optical density as. a function of dose or exposure is given by

OD = OD.(1 - e ^n) . (10)

where OD is the optical density, u is the dose in mSv, OD. is the saturation density of the film at high
exposures, and y is the .sensitivity of the film. For the Du Pont Type 502 film used in many of the
atmospheric test series, ODM = 2.8 and y = 0.025.

Based on the above relationship of OD and u, OD is approximately equal to ODM yu f° r small
values of yu. For.y in the range of 0.025, this relationship provides a reasonable approximation for
doses less than 5 mSv. Review of detailed dosimetry data for Hanford workers (Gilbert 1990) indicates
.that results from individual dosimeters rarely exceeded 5 mSv. Although results shown in reports that
were reviewed were sometimes given in OD units, for this report, these have been converted to dose
(in mSv) using the above approximation.

Examination of available calibration data associated with test participant dosimetry indicated that
the standard deviation of the measured optical densities did not depend strongly on the magnitude of the
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exposure and was approximately equal to 0.015. For the values of OD» and y given above, OD is
approximately equal to 0.07 u, arid the standard deviation of the measured exposures is approximately
equal to 0.015/0.07 or 0.2 mSv, which can be taken as the appropriate value of Kl for test participant
dosimetry.

Although the standard deviation of 0.2 mSv was intended to apply only to intrinsic variation about
the calibration curve, the NRC committee included under the category of laboratory uncertainties

all uncertainties introduced in film calibration, chemical processing of films, reading their optical
densities, comparing these densities with the densities of unexposed and calibration films, and in

- interpreting the measured densities in term of exposure.

The committee further notes that

the intrinsic uncertainties in determining exposure discussed above are increased by uncertainties in
the radiation field and in the time used in calibration, by variations in film processing conditions if
calibration and unexposed films are not processed with each batch of field exposed film badges,
and by possible inaccuracies in reading a calibration curve.

Because this definition involves other uncertainties than the intrinsic laboratory error described above,
the NRC judged that with a lognormal uncertainty distribution, which is an example of model 3, the
minimum uncertainty would be expressed by a geometric standard deviation of about 1.1 for most
atmospheric tests, or K3=0.1. The NRC model also allowed for additional uncertainty for exposures
less than 2 mSv in accordance with the standard deviation of 0.2 mSv. It is probably reasonable to
assume that errors from laboratory sources other than intrinsic error are reasonably independent across
time, at least for annual dose estimates. . -

To evaluate appropriate error models for Hanford dosimetry, material describing dosimeters used
at Hanford has been reviewed. Baumgartner (1960) presents calibration data for the 502 film, used at
Hanford from 1944 to 1957, and Wilson and Larson (1961) present such data for the '508 film, used at
Hanford from 1957 to 1965. In addition, data from a laboratory intercomparison of all Hanford film
badge dosimeters, conducted in 1989, were evaluated (Wilson et al. 1990). Because the follow-up
period for Hanford workers extends only through 1986 and because most analyses were based on a
10-year lag period, it is primarily dosimetry prior to 1972 when film badges were in use that is of
current interest. For completeness and for future use, a report by Beetle et al. (1972) on the thermo-
luminescent dosimeter, used from 1972 to the present, is also reviewed.

Baumgartner (1960) conducted experiments in which fifty 502 films were exposed to doses of 0,
0.35, 0.7, 1, and 2 mSv. These data confirm the relationship OD = 0.07 u, with standard deviations
of the optical density ranging from 0.002 to 0.005. The Baumgartner standard deviations expressed in
mSv range from about 0.03 to 0.07. The standard deviations tended to increase in proportion to the
exposure, and our calculations indicated that a value of K3 =0.022 described the data reasonably well.
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The Baumgartner standard deviations are much smaller than the 0.2 mSv value used by the NRC
committee for nuclear test participants, probably because the data were from a carefully controlled
laboratory-based study in which films from a single production batch of film were processed at one
time. Thus, the Baumgartner values may not be representative of the laboratory errors associated with
usual dosimetry practices used for radiation protection.

Wilson and Larson (1961) evaluated the 508 film by exposing 10 films at each of 30 doses ranging
from 0.015 mSv to 100 mSv. For the 11 doses in the range 0.5 mSv to 5 mSv, our calculations
indicate that the relationship of standard deviation to dose is well characterized by model 2 with a value
of K2 of about 0.10 for dose measured in mSv. Values of D. = 2 . 8 and y = 0.035 described the
relationship of dose in mSv and the net optical density. The standard deviations ranged from 0.05 to
0.23 mSv for doses of 0.5 to 5 mSv.

We have interpreted the results in Wilson and Larson as standard deviations, although the report
does not make it entirely clear whether they actually reflect standard deviations or standard errors. If,
in fact, they are standard errors, then the values of the standard deviations and of K2 would need to be
increased by a factor of 3.16 (the square root of 10). These alternative results are shown in a footnote
to Table 5.1 and seem unduly large relative to other values presented.

The 1989 intercomparison study (Wilson et al. 1990) included evaluation of all types of film
dosimeters used at Hanford from 1944 to the present. The results shown in Table 5.1 are based on
analyses of the original data on exposure to high-energy photons (I37Cs) using dosimeters representing
the periods 1945-56 and 1957-71. The estimated standard deviations for the earlier period were 0.023,
0.024, 0.18, and 0.20 mSv for exposures of 0.5, 2.5, 7.5, and 10 mSv, respectively. For the later
period, the estimated standard deviations were 0.023, 0.057, 0.16, and 0.22 for these same respective
exposure levels. For the range of greatest interest ( < 5 mSv), these standard deviations are much
smaller than the value of 0.2 used in the NAS report. It should be noted that each exposure level
included only five replications and, thus, the estimated standard deviations are not very precise. The
data suggest that model 3 is reasonably appropriate for exposures of 2.5 mSv and above, with K3 about
0.023. As with the Baumgartner (1960) study, these values may be smaller than those associated with
usual dosimetry practices during the time periods the dosimeters were in use.

Unruh et al. (1967) review data from several dosimeter processors and use these data to establish
film dosimeter performance criteria. Unruh et al. judged that model 2 was most appropriate for high-
energy photons and proposed a value of K2 = 0.15 for dose measured in mSv, a value that is a little
larger than the value of 0.10 based on data from Wilson and Larson (1961). The K2 value was derived
as a value that would allow the more competent film badge processors to "pass" variance criteria.

A multipurpose five-chip thermoluminescent dosimeter was implemented at Hanford on January 1,
1972, following earlier implementation of a one-chip thermoluminescent dosimeter on January 1, 1971.
Several studies of the Hanford thermoluminescent dosimeter system have been conducted (Kocher et al.
1972, Fix et al. 1981, 1982). Beetle (1972) describes experiments conducted to evaluate the per-
formance of the one-chip dosimeter. These include replicate dosimeter data for nine exposure levels
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Table 5.1. Summary of Information on Error Coefficients (Kl, K2, K3)
from Several Reports00

Report

NAS/NRC (1989)
Baumgartner (1960)

Wilson and Larson (1961)w

Wilson et al. (1990)
1957 dosimeter
1962 dosimeter

Unruh et al. (1967)

Beetle et al. (1972)

Model 1 (Kl)

0.2
0.03-0.07

0.05-0.23

0.023
0.023-0.057.

— •

- 0.12-0.59

Model 2

(K2)

—

0.10

—

0.15

—

Model 3 (K3)

0.1
0.022

—

0.023

—

0.1

(a) Applicable to doses of 5 mSv or less for individual dosimeters,
(b) The values presented are based on interpreting results in Wilson and Larson

as standard deviations. If they are interpreted as standard errors, the Kl
values would range from 0.17 to 0.73, and the K2 value would be 0.32. See

, text for further discussion.

ranging from O.to 12 mSv, with 15 observations at each level. These data, which are indicative of the
performance of either the one-chip or the five-chip dosimeter system for higher-energy photon radi-
ation, show standard deviations ranging from 0.12 to 0.59 mSv for doses' ranging from 0.5 to 6 mSv.
Model 3 with K3 = 0.1 fitted the data quite well.

Subsequently, several improvements to the thermoluminescent system have been implemented,
including the use of individual radiation sensitivity factors for each dosimeter. Thus, later data are
more precise than indicated by the 1972 data from Beetle. For example, examination of monthly audit
data from 1996 indicate standard deviations of 0.02 to 0.05 for the 1-2 mSv range.

The results discussed above are summarized in Table 5.1.
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6.0 Results

Table 6.1 shows values of 1-R for each of the three models and for a range of values of Kl , K2
and K3. In applying model 1, it was assumed that each annual recorded dose from years before 1958
was based on 52 film badges, and that each recorded dose from years 1958 and later was based on
12 film badges. Because monitoring was biweekly for some years prior to 1958 and because in later
years some workers (those with limited potential for exposure) were monitored quarterly or yearly,
these values probably slightly overestimate the errors associated with model 1. Because the individual
dosimeter results needed to evaluate model 3 were not available in computerized form, two approaches
were used for this model; these are described in the text above and in the footnotes to Table 6.1.
Approach A provides an upper bound for 1-R, while approach B provides a somewhat more realistic
estimate although it is also likely to overestimate 1-R.

In virtually all cases, the values of 1-R are very small, indicating that R is very close to 1 and that
random measurement error has very little effect on dose-response analyses. For model 1, 1-R is less
than 1 %, provided that Kl is less than 0.2, the maximum value indicated in Table 5.1 for film
badges.(a) For model 2, 1-R is less than 1%, even with a K2 value of 1, i.e., 10 times the value
calculated from Wilson and Larson (1961). For model 3 and approach A, 1-R is less than 1 %,
provided that K3 is less than 0.3, a value 3 times that used in the NAS/NRC study (1989). With
approach B, 1-R is less than 1 %, provided that K3 is less than 0.5.

Models 2 and 3 are likely to underestimate errors for workers with small recorded doses, and
model 1 may underestimate errors for workers with larger doses. For a conservative evaluation, it is
worth considering the sum of errors from model 1, with the large Kl (= 0.2) from the NAS/NRC
study (1989), and errors from model 3/approach A with a K3 value of 0.2, twice the NAS/NRC value.
These very conservative assumptions result in a total 1-R value of about 1 %. If values of R (or 1-R)
are desired for other Kl , K2, or K3 values (or combinations), these can be easily calculated using the
multipliers shown in the second line of Table 6.1.

The calculations shown in Table 6.1 were based on the risk sets associated with the 1426 cancer
deaths in Hanford workers, excluding workers with confirmed internal intakes or potential for neutron
exposure. , •

(a) The thermoluminescent dosimeter shows standard deviations as large as 0.6 for exposures in the
range of 5 mSv. However, the value of 1-R shown in Table 6.1 for Kl = 0.6 is based on the
assumption that all dosimeters had standard deviations of this magnitude (not just those with
exposures in the 5 mSv range). Furthermore, 52 dosimeters per year were assumed for the period
1944-1957, a situation that never occurred with the TLD. If 12 dosimeters per year are assumed
for all years, the value of 1-R would be 0.0462 Kl2 instead of 0.1408 Kl;2 that is, 1-R would be
reduced by a factor of 3.
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Table 6.1. Values of 1-R for Several Values of Kl , K2, K3 Based on
Cancer Mortality Data for Hanford Workers Excluding Workers
with Confirmed Internal Intakes or with Potential for Neutron
Exposure. Doses Lagged by 10 Years.

Model 1

0.1408 Kl2

Kl

0.01

0.02

0.03

0.04

0.05

0.10

0.20

0.40

0.60

1-R

<Hr*

<l<r*

0.00013

0.00023

0.00035

0.0014

0.0056

0.023

0.051

Model 2

0.008928 K22

K2

0:05

0.10

0.15

0.20

0.30

0.40

0.50

0.75

1.00

1-R

<10^

<1<T*

0.00020

0.00036

0.00080

0.0014

• 0.0022

0.0050

0.0089

Model 3

Approach A(a)

0.1248 K32

K3

0.02

0.05

0.10

0.20 '

0.30

0.40

0.50

0.75

1.00

1-R

<10"4

0.00031

' 0.0012'

0.0050

0.011

0.020

0.031

0.070

0.125

Approach B00

0.03538 K32

1-R

' <10"4

<10"4

• 0.00035

0.0014

0.0032-

0.0057

0.0088

0.020

0.035

(a) Based on the squared annual dose. This approach will overestimate the
desired sum of the squares of the individual dosimeter results,

(b) Based on the maximum sum of squares under the assumption that no
individual dosimeter results exceed 5 mSv. For example, for an annual dose
of 23 mSv, the expression 4(52) + 32 would be used.

Doses were lagged for 10 years in these calculations. Calculations were also made for all cancer
excluding leukemia, for a 2-year lag for all cancer, for all cancer excluding leukemia, and for leukemia
excluding chronic lymphatic leukemia (CLL). In addition, calculations were made without excluding
workers with confirmed internal intakes or potential for neutron exposure. Table 6.2 gives results of
these alternative calculations by showing the multipliers of Kl2, K22, or K32 needed to obtain 1-R, with
the first line showing the values upon which Table 6.1 was based. All these approaches gave similar
results to those shown in Table 6.1, although results based on a 2-year lag gave slightly lower values,
probably because cumulative doses with a 2-year lag are often based on more dosimeters than
cumulative doses with a 10-year lag.
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Table 6.2. Expressions for 1-R Based on Alternative Treatments of Hanford Mortality Data

Approach

Hanford study population;
857 workers excluded;00

doses lagged by 10 years.

All cancer

All cancer excluding
leukemia •

Hanford study population;
857 workers excluded;00

doses lagged by 2 years.

All cancer

All cancer excluding
leukemia

Leukemia excluding •
chronic lymphatic
leukemia

Hanford study population;
all workers; doses lagged
by 10 years.

All cancer

All cancer excluding
leukemia

Model 1

0.1408 Kl2

0.1435 Kl2

0.0973 Kl2

0.0986 Kl2

0,0707 Kl2

0.1129 Kl2

0.1147 Kl2

Model 2

0.00893 K22

0.00901 K22

0.00725 K22

0.00729 K22

0.00646 K22

0.00832 K22

0.00837 K22

Model 3
(Approach A)

0.1248 K32

0.1256 K32

0.1084 K32

0.1089 K32

0.1010 K32

0.1245 K32

0.1251 K32

Number of
Deaths

1426

1374

1426

1374

43

1466

1413

(a) The 857 excluded workers were those with confirmed internal intakes or with potential
for neutron exposure.
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7.0 Discussion

Estimates of external dose obtained from personal dosimeters are* subject to several sources of
error. An NRC/NAS Committee (1989) has described these sources in the context of film badge
dosimetry in atmospheric nuclear tests, and Fix et al. (1994) and Gilbert et al. (1996) have described .
sources of error in external dosimetry for Hanford workers. The most obvious and best known source
of error—from laboratory measurements—results from the intrinsic sampling variability in reading film
badges and thermoluminescent dosimeters. For dose estimates based on a single dosimeter reading,
this source of error is likely to predominate, especially if the dose is small. Often, estimates of error
that are shown for film and thermoluminescent readings reflect primarily errors from this source.

This report addresses dose estimates as they are used in epidemiologic dose-response analyses. For
this purpose, it is dose that is accumulated over a period of years that is of interest, with larger cumu-
lative doses playing a particularly influential role. Because larger cumulative doses are the sum of
results from many different dosimeter readings, and because laboratory errors can be assumed to be
independent for measurements at different times, the relative error in such doses is likely to be small.
This led to the conjecture that the presence of laboratory error is unlikely to seriously distort dose-
response analyses.

The results shown in this report have demonstrated that this conjecture is correct, at least for
analyses of cancer mortality in Hanford workers. Specifically, it has been demonstrated that, even
when assumptions are made that almost certainly overestimate the magnitude of laboratory errors, the
increase in the total variance (summed over all risk sets) of the measured doses is unlikely to be more
than 1 % of the total variance of the true doses. It has also been shown that for the linear relative risk
model, the ratio of the variances of the true and estimated doses can be interpreted as the asymptotic
relative efficiency (ARE) of a test of the null hypothesis based on the measured doses relative to a test
based on the true doses, and can also be interpreted as a weighted mean over all risk sets of the squared
correlation coefficient of the true and measured doses. Furthermore, others have shown that theratio
R is related to the bias in risk coefficients based on measured instead of true dose estimates (Cochran
1965, Armstrong 1990). Our results, therefore, indicate that laboratory measurement error should lead
to almost no distortion in results in that the bias, squared correlation coefficient, and the ARE are likely
to be in the range 0.99 to 1.

It is important to note that the above conclusion applies only to errors that are independent both
across time and across workers. Laboratory sampling error may be the only type of error that rigor-
ously meets these criteria although certain other types of laboratory error (resulting from variation in
the calibration curve and problems other than sampling error) may be approximately independent, at
least for annual doses.

Fix et al. (1994) and Gilbert et al. (1996) identify several sources of error that result primarily
from the inability of dosimeters to respond accurately to all radiation energies to which workers are
exposed or to radiation coming from all directions. Because workers may tend to work in the same
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exposure environment for extended periods, it is not reasonable to assume that these errors are
independent across time. Unlike laboratory measurement error, errors from these other sources may
thus have the potential for distorting dose-response analyses. These errors have been quantified for
Hanford workers, and some efforts have been made to examine their effects on dose-response analyses
(Gilbert 1995a).

In addition, several sources of potential bias in dose estimates are discussed by Gilbert and Fix
(1995). This report does not address these biases, but sensitivity analyses conducted by Gilbert and Fix
indicate that, for the Hanford data, these biases are unlikely to seriously distort results.

This report also provides a review of reports that are relevant to quantifying laboratory measure-
ment error in Hanford worker dosimetry. Results from the experiments described in these reports are
not fully consistent, and it was thus not possible to determine a single model describing laboratory error
in Hanford dosimetry. Furthermore, the methods used in these experiments are not always described
in detail. Thus, these reports could only be used to indicate the general magnitude of laboratory
sampling errors. Fortunately, even if it was assumed that the largest observed values were the correct
ones, the conclusion that laboratory error was unlikely to have distorted epidemiologic dose-response
analyses remained valid.

Although the results shown in this report were based on Hanford data, the overall conclusions are
likely to be relevant for other epidemiologic studies of workers exposed to external radiation. Several
such studies have been carried out in the United States, the United Kingdom, and Canada (Gilbert
1995a); both national (Gilbert et al. 1993a, Carpenter et al. 1994) and international (Cardis et al. 1995)
combined analyses of data from these studies have been conducted; and additional studies in several "
countries are currently underway (Cardis and Esteve 1992). For the international analyses, a
committee of persons experienced in dosimetry and radiation protection in each of the three countries
evaluated historical dosimetric practices for the facilities that were included. This committee found that
dosimetry technology was very similar among the facilities. In addition, histograms shown in Cardis et
al. (1995) indicate that the shapes of the dose distributions and the general magnitudes of the cumula-
tive doses were also similar. Therefore, it seems very likely that the conclusions of this report apply to
other studies, and that laboratory error is unlikely to have distorted results of other worker studies, or
of the combined international analyses of workers in the U.S., U.K., and Canada.

Although errors from other sources still require attention in epidemiologic studies of workers,-this
report has shown that it is very unlikely that error that results from laboratory sampling variation will .
seriously distort results. Thus, one can safely ignore such errors and focus efforts on other sources of
dosimetry errors in analyzing data from worker studies.
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Appendix

Derivation of the Asymptotic Relative Efficiency

In this appendix, it is shown that for testing the null hypothesis p=0 , the asymptotic relative
efficiency (ARE) of the statistic given in Equation (2) is given by the quantity R = VX/VZ , with
measured doses substituted for true doses, relative to the comparable statistic based on true doses. It is
assumed in this derivation that E(z|x)=x.

Kendall and Stuart (1979) show that the ARE of a procedure based on a test statistic Y2 relative to a
test based on Y, for testing P = 0 is given by (Cj/c,)2, where

ck = Ek
(1) (0)/[Var(Yt)/P = 0]1/2 (A.I)

and E^1' (0) is the first derivative of the expected value of Yk with respect to p evaluated at p = 0. For
the application here, Y, is the score statistic given in equation 2, and Y2 is the comparable statistic with
measured doses z substituted for the true doses x. Expectations are conditional on the particular times
and strata in which cases occurred. The expected values of Yj and Y2 are given by

(A.2)

and

where I indexes cases, j indexes observations in risk set I, Xy is the true dose for jth worker in stratum
I, Zy is the measured dose for jth worker in risk set I, Nj is the number of observations in risk set I, and
MXj and MZ-t are the respective means of the true and measured doses in risk set I. The first
derivatives of these expressions and their values when P = 0 are as follows:

( X - M X ' *
 E " > ( 0 ) = v x <A-4)
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-(Zjj-MXj)

(A.5)

where E2
(1)(0)=]

The last equality follows because, using basic properties of conditional distributions, it can be shown
that Cov (E(x|z), z) = Cov(x, z), and, with E(z|x) = x, C6v(x, z) = Var (x).

The expression for Var(Y,) given p = 0 is given by VX in equation 3, and VarQQ given p is
given by VZ Thus, from equation Al , cl2 = VX, c22 = VZ2/VZ and the ARE, (c2/cl)2, is given by
R = VX/VZ as required.

It is also noted that R can be written as follows

_ ^ VZj VX^/CVZ, VX.)

VZ

^.VZ iCov i
2(x,z)/(VX.

VZ
(A.6)

VZ

where r; is the usual correlation coefficient of the true and measured doses in risk set i. Thus, R can be
interpreted as a weighted mean of the squared correlation coefficients over the risk sets in which cases
(or deaths) of interest have occurred.
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