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SUMMARY 

In many epidemiologic studies addressing exposure-response relation­

ships, sources of error that lead to systematic bias in exposure measurements 

are known to be present, but there is uncertainty in the magnitude and nature 

of the bias. Two approaches that allow this uncertainty to be reflected in 

confidence limits and other statistical inferences were developed, and are 

applicable to both cohort and case-control studies. The first approach is 

based on a numerical approximation to the likelihood ratio statistic, and the 

second uses computer simulations based on the score statistic. These 

approaches were applied to data from a cohort study of workers at the Hanford 

site (1944-86) exposed occupationally to external radiation; to combined data 

on workers exposed at Hanford, Oak Ridge National Laboratory, and Rocky Flats 

Weapons plant; and to artificial data sets created to examine the effects of 

varying sample size and the magnitude of the risk estimate. For the worker 

data, sampling uncertainty dominated and accounting for uncertainty in syste­

matic bias did not greatly modify confidence limits. However , with increased 

sample size, accounting for these uncertainties became more important, and is 

recommended when there is interest in comparing or combining results from 

different studies. 
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1.0 INTRODUCTION 

It is well known that results of exposure-response analyses can be dis­

torted in various ways if exposures are measured with error and these errors 

are not taken into account. Recent research on this problem has emphasized 

adjusting analyses far random measurement errors with little specific atten­

tion given to the generally simpler problem of adjustment far systematic 

errors (Armstrong 1990, Clayton 1992, ?ierce et a1. 1989, Richardson and Gilks 

1993, Thomas et al. 1993). lhis paper addresses the situation in which poten­

tial for systematic bias exists, but the exact nature of the bias is not known 

with certainty. 

The studies that motivated this paper were those of nuclear workers 

exposed occupationally to external radiation (Gilbert et a1. 1993a, Gilbert 

et a}. 1993b, Carpenter et al. 1994, Gribbin et al. 1993, IARC 1994). A majar 

objective of these studies is to provide a direct assessment of the carcino­

genic risk of exposure to ionizing radiation at low doses and dose rates. To 

accomplish this objective, risk estimates (expressed per unit of dose) and 

confidence limits are compared with risk estimates that serve as the basis for 

radiation protection standards, and which have been based on extrapolation 

from data on persons exposed at high doses and dose rates (National Academy of 

Sciences 1990, UNSCEAR 1988). In making these comparisons, it is important to 

adjust recorded doses for systematic biases and to reflect the uncertainty in 

these adjustments in confidence limits and other inferences . Dose estimates 

far workers were obtained from personal dosimeters, and are subject to several 

sources of error that lead to systematic bias of an uncertain nature. 
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2.0 MATERIALS AND METHODS 

2.1 APPROACHES FOR ACCOUNTING FOR SYSTEMATIC MEASUREMENT ERROR 

Methods developed in this paper are applicable to either cohort or case­

control studies , although illustrations are based on cohort studies of nuclear 

workers. Following Moolgavkar and Venzon (1987), the relative risk associated 

with exposure variable x is denoted by R(x,P); that is, R(x,P) is the 

incidence rate ratio for exposure x relative to absence of exposure (x=O). 

Let i index cases of the disease of interest (i=l, 2, ... N) with case i 

occurring at time t;- With a cohort design, let m; denote the number of sub­

jects in the risk set for case i, where the risk set consists of subjects at 

risk of disease at time t who are similar to case i with respect to specified 
l 

stratification variables. With a case-control design, let m; denote the num-

ber of matched controls for case i. For either design, let x
10 

denote the 

dose of case i, and X;j denote the dose of the j th person in risk set i (j th 

control). In the nuclear worker studies, x
1 

has usually been taken to be the 

dose accumulated by sorne specified lag period prior to the time the case 

occurs, and analyses have been stratified on calendar-year period, sex, and 

other variables thought to affect the baseline risk. Finally, let f; 

designate various characteristics of the risk (or case-control) sets. For a 

cohort study. the partial likelihood is then given by 

Far a case-control study, this same expression resu1ts, but is referred to as 

a conditional likelihood. 

Cornmonly used forros for the relative risk are the log-linear relative 

risk model with R(x,P) = exp (/Jx), and the linear relative risk model R{x,P) = 

1 ~ {Jx. Analyses of data on populations exposed to radiation, including 

worker studies, have been based primarily on the linear model (Gilbert 1989, 
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Gilbert et a7. 1990}. This model is also used for applications in this paper, 

and Pis referred to as the excess relative risk or ERR. 

Now let z designate an estímate of the true exposure x, with sub­

scripting for z analogous to that for x. It is assumed that z is subject to 

systematic error such that xij = h(zij' Y¡,ª), and that ª• the vector of 

parameters indicating the magnitude and nature of the systematic error, is not 

known with certainty, but can be described by a density function g(y, ª). 
When no confusion is likely to result, h(z, ª) is substituted for h(zij' Y;, 

ª), and g(ª} is substituted for g(y, fl). Most results in this paper are based 

on a simple model, h(z, 0)= e z with a lognormal density used for 9(8). 

The partial likelihood function for p based on the estimated doses z can 

be written as 

(2) 

where L2 (P, zl~) is the partial likelihood function for p conditional on ª· 
Because knowledge of both z and ª is equivalent to knowledge of the true doses 

x, L2 (P, ZIª} is obtained by substituting ~ = h(z, ª) in the likelihood given 

in equation l. For the simple model with x = 9z and the linear relative risk 

model used for applications in this paper, 

(3) 

where M; is the mean of the zij' j=O, 1, ... , m1 • Although closed form expres­

sions for the likelihood in equation 2 are rarely available, inferences based 

on the likelihood ratio statistic can be obtained by approximating the 

integral in equation 2 by a sum of the form 

( 4) 
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where the parameter space for ~ is partitioned into K categories, and nk is 

the value of ªata central point in category k. Because the distributions g 

have often been obtained subjectively, and are rarely known precisely, the use 

of a discrete approximation is unlikely to result in any serious loss of 

infonnation. In sorne cases, g may be a discrete function to begin with and no 

approximation is necessary. 

Calculations in this paper were based on the assumption that log 0 

follows a normal distribution with mean O and standard deviation a, and 

intervals were chosen to cover the range from exp(-50') to exp(+50') with log 

e/ - log 8/ = 0.5 a, where 8/ and 6/ are the upper and lower boundaries of 

interval k; Ok (see equation 4) was taken to be the geometric mean of these 

boundaries. Intervals with logarithmic length 0.5 u gave nearly identical 

results to finer intervals of length 0.1 a. Multivariate lognormal distribu­

tions were used far situations in which ª was multidimensional. 

The sum in equation 4 can be evaluated for several candidate values of 
-
/J, and in this way both the value fJ that maximizes L2(P, z), and confidence 

limits ¡r that satisfy 

(5) 

can be determined, where x2
0 

is the appropriate percentile of the single 

degree-of-freedom chi-square distribution. Although this is a trial and error 

approach, it was not unduly difficult to implement for most applications of 

interest in the nuclear worker studies. However, when ª is multidimensional, 

the number of terms in equation 2 may becJme large, and one may prefer 

computer simulations in which ª is repeatedly sampled from the density g(~). 

The score statistic based on equation 2 is not generally tractable, but 

one can develop a somewhat ad hoc procedure based on the "usual• score statis­

tic that would be used under the assumption of no systematic bias in dose 

estimates. With uncertainty in systematic bias, the usual asymptotic prop­

erties of this score statistic are modifi~d. but computer simulations can be 
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conducted to evaluate its distribution under the assumption that these uncer­

tainties follow the density g{ª}. 

Previous analyses of worker data have used computer si~ulations to 

address the inadequacy of asymptotic methods (Gilbert et a1. 1993a, Gilbert 

et a1. 1993b, IARC 1994) and this approach has been described in detail by 

Gilbert (1989}. For calculations in this paper, this approach has been 

extended by randomly selecting a value of ª from g(ª) for each sample selected 

in the simulation process. Grouped exposure data were used for these 

simulations. 

Another simple solution may be appropriate in sorne situations . With the 

simple model, h(Z, 6) = 8 Z, it may be reasonable to assume that the distribu­

tion of Pe, the maximum likelihood estímate of P conditional on 9, is 

lognormal with the standard deviation of log Pe given by u~, and that g(9) is 

also lognormal with the standard deviation of log 9 given by u. In this case, 

P, the unconditionai estimate of P, follows a lognormal distribution such that 

the variance of log pis u~2 + el-. However, for application to the worker 

data, where confidence limits for p frequently include negative values , the 

assumption of a lognormal distribution for Pedid not seem appropriate. 

2.2 STUDIES OF NUCLEAR WORKERS EXPOSED TO EXTERNAL RADIATION 

Data from a study of workers at the Hanford site and, to a lesser 

extent, data from a pooled analyses of workers at Hanford, Oak Ridge National 

Laboratory (ORNL), and Rocky Flats are used to illustrate the methods were 

described above. Except where noted otherwise, the statistical methods in 

this paper are the same as those in previous analyses, and details (such as 

the definition and choice of stratification variables) can be found in Gilbert 

et a7. (1993a, 1993b}. Tables 2.1 and 2.2 show basic characteristics of the 

Hanford worker data, and of the combined data including workers at Hanford, 

ORNL , and Rocky Flats. Hanford is by far the largest population both in terms 

of the number of workers and the total exposure. 
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TABLE 2.1. Doses of the Hanford Worker Study Population and of the 
Combined Study Population of Workers at Hanford, ORNL, 
and Rocky FlatstaJ 

Hanford 

Number of workers 31,763 

Total recorded person-Sv 702 

Average recorded dose (mSv} 22 

Combined Hanford, 
ORNL, and Rocky Flats 

44,086 

l ,085 

25 

(a) Excludes 857 Hanford workers who had confirmed internal depositions 
of radionuclides or who received a substantial portien of their dose 
from neutrons or from low-energy photons (:Sl.00 keV) (Gilbert and Fix 
1995). 

TABLE 2.2. Number of Deaths in Hanford Worker and Combined Study 
Populations by Recorded Cum~lative Dose(al 

All Cancer leuk.emia All Cancer leukemia 
Cumulative Except Excluding Except Excluding 
Dose (mSv) Leukemia CLL Leukemi a CLL 

O- 940 25 1,177 36 

10- 319 14 412 23 

50- 47 1 66 1 

100- 37 2 56 4 

200- 27 o 32 1 

400+ 4 1 7 1 

Total 1,374 43 1,750 66 

(a) Excludes 857 Hanford workers who had confirmed internal depositions 
of radionuclides or who received a substantial portian of their dose 
from neutrons or from low-energy photons (slOO keV) (Gilbert and Fix 
1995). 
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Dose estimates for workers at these -facilities were obtained from 

personal dosimeters worn by workers, and are subject to both systematic and 

random uncertainty. Sources of systematic uncertainty, of concern for this 

paper, include bias resulting from the fact that dosimeters were limited in 
their ability to respond accurately to all radiation energies to which workers 

were exposed orto radiation coming from all directions. They al~o include 

bias resulting from the fact that modern dosimetry programs are usually 

designed to estímate "deep dose" (defined as the energy absorbed ata depth of 

l cm in tissue) rather than the organ doses needed for epidemiologic purposes, 

parti~ularly for comparing risk estimates with those based on studies of 

populations exposed at high doses. In general, the magnitude of the bias 

depends strongly on both the radiation energy and the geometry (direction from 

which the radiation was received}. Because the distributions of energies and 

geometries in worker exposure environments are not known with certainty, 

uncertainty in the magnitude of the bias results. Additional uncertainty 

results because historical documentation, especially for early periods of 

plant operation, is not always adequate to allow precise evaluat~on of the 

magnitude of bias from some sources. 

Extensive efforts have been made to docurnent the dosimetry systems used 

at Hanford (Wilson et a1. 1989) and, very recently, Gilbert et al. (1996) made 

a specific effort to quantify biases and their associated uncertainties. Far 

estimating lung dose, where bias would be expected to be similar to that in 

estimating doses to many other intemal organs, overall bias factors, defined 

as the ratios of the recorded dose to the lung dose, were estimated to be 1.3, 

1.1, 1.2. and 1.1 for the respective time periods 1944-56, 1957-71, 1972-83, 

and 1984-89 when different dosimetry practices were in use. For estimating 

bone ma.rrow dose, re1evant for analyses of leukemia mortality, the respective 

factors were estimated to be 1.8. 1.4, 1.6, and 1.4. Gilbert et al. also 

evaluated random errors. but these are not considered in the present paper. 

Gilbert et a1. (1994) use lognormal distributions to quantify uncertain­

ties, which are expressed as 95% uncertainty factors K detenained so that the 
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intervals obtained by respectively dividing and rnultiplying by them include 

95% of all observations. Estimates of these uncertainty factors were based on 

judgments of the authors regarding how well bias factors from various sources 

were known. For both lung dose and bone marrow dose, the estimated factors 

reflecting uncertainty in the systematic bias factors were estimated to be 

about 1.5 for doses received 1957 and later, and about 1.7 for earlier doses. 

Although these uncertainty factors give a sense of how well the bias factors 

are known, they cannot be considered to provide a fully rigorous char­

acterization of uncertainties. For this reason, in the adjustments made 

below, several uncertainty values are evaluated. 

The evaluation of bias and uncertainty su1111llarized above was intended to 

apply only to dose received from external exposure to high energy photons. 

For this reason, analyses in this paper have excluded 857 Hanford workers who 

had confirned interna1 depositions of radionuclides or who received a substan­

tial portion of their dose from neutrons or from low-energy photons 

(:5100 keV). These workers were identified as described by Gilbert and 

Fix (1995}. 

An evaluation of bias and uncertainty in dose estimates of the type con­

ducted for Hanford (Gilbert et a1. 1996) has not been conducted for ORNL and 

Rocky Flats workers. For this reason, some analyses have allowed the uncer­

tainty ir. systematic bias to be greater for ORNL and Rocky Flats workers than 

for Hanford workers. In aódition, because many Rocky Flats workers were 

exposed to neutrons and to internal sources of radiation, sorne analyses have 

allowed for greater uncertainty far Rocky Flats than for ORNL. In a~alyses 

including these workers, correction factors similar to those for Hanford were 

used; specifically, the recorded doses of ORNL and Rocky Flats were divided by 

1.1 and 1.5 to obtain respective estimates of lung and bone marrow doses. 
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3.0 RESULTS 

Table 3.1 shows estimates of the ERR with both 90% and 95% confidence 

limits based on data on Hanford workers, and on the combined data. Results 

are shown for all cancer except leukemia, and for leukemia excluding chronic 

lymphatic leukemia (CLL), the two disease categories that have been of major 

interest in radiation risk assessment. For comparison, the Hanford estimates 

based on recorded doses without adjustment were -0.01 per Sv {90"~ CI = <0-1.0) 

for all cancer except leukemia, and -1.l per Sv (90% CI = <0-2.1) for leukemia 

excluding CLL {Gilbert and Fix 1995). For the combined data, the comparable 

estimates were O.O per Sv (90% CI = <0-0.8) and -l.O per Sv (90%CI = <0-2.2), 

respectively (Gilbert et a7. 1993b). 

Analyses of the combined data were based on the assumption that uncer­

tainty was perfectly correlated for the three studies . Although this assump­

tion is not likely to be realistic, it can be considered a "worst case" situa­

tion in that with less than perfect correlation, sorne ªcancelling" out of bias 

may occur. Repeats of the leukemia simulations based on the assumption that 

uncertainties were independent in the three populations led to the same or 

slightly smaller upper confidence 1imits. 

Results in Table 3.1 indicate that the absolute values of the maximllII 

likelihood estimates decrease~ slightly as the uncertainty factor increased, 

but that the upper confidence limits did not change greatly with a11owance for 

modest uncertainty {95% uncertainty factor of 2 or less). The effect of 

allowing for uncertainty was greater for leukemia excluding tLL than for all 

cancer except leukemia, and slightly greater for the combined analyses than 

for analyses based only on Hanford. Allowing greater uncertainty for ORNL and 

Rocky Flats than fo~ Hanford did not greatly modify results over those 

obtained with a 1.5 UPcertainty factor for all three studies; probably because 

the sample sizes for ORNL and Rocky Flats were much smaller than that for 

Hanford. 
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TABLE 3.1. Excess Relative Risk (ERR) Estimates (per Sv) with 90% and 95% 
Confidence Intervals (CI) for All Cancer Except Leukemia and 
for Leukemia Excluding CLL(ª): Hanford Worker Study and 
Combined Data on Workers at Hanford, ORNL, and Rocky Flats 

Ali Caneer t~Tept 
Leukem1a Leukemia Excludin9 CLL(b) 

Leukemia txJ l udi ng 
CLL e 

95% Uneertainty 
,acto,.(sl ERR 90¾ Cl 951' Cl ERR 90% Cl 95% CI 90% CI 95¾ CI 

A. Hanford Workers 

1.0 0.20 <0-1. 5 <0-1.8 -l. 3 <0-4.3 <0-6.l <0-3.6 <0-5.0 

1.5 0. 19 <0-1.5 <0-l.~ - l. 2 <0-4.4 <0-6.3 <D-3.6 <0-5.0 

2.0 0. 17 <0-1.6 <D-2.0 -1.0 <0-4.5 <0-6.6 <0-3 .7 <0-5 .1 

3.0 0.13 <0-l.B <0-2.4 -0.7 <0-4.8 <0-7 .3 <0-3.8 <0-5.6 

B. Combined Data on Hanford. ORNL. and Roeky •lats Workers 

J.O 0.20 <D-l. l <0-l.3 -1.2 <D-3.7 <D-5. l <D-4.l <O·S.5 

l.5 0.19 <0-l.2 <O· l. 4 -1.l <0-3.7 <0-5.3 <0-4.2 <0-5.5 

2.0 o. 17 <0-1. 2 <O· l. 5 -o. 9 <0-3.8 <0-5.5 <0-4 .3 <0-5.9 

3.0 0.13 <0-1.3 <0-1.6 -0 . 6 <0-4.1 <0-6.l <0-4.6 <0-6.4 

1.5. 2.0. 3.0(d) 

0.16 <0-1.2 <0-1.5 -0 .9 <0-3.7 <0-5.3 ,;Q-4.2 <0-5.6 

l.5. 3.olel-

0.16 <0-1.2 <0-1.S -0.9 <0-3.7 <0-5.3 <0-4.3 <0-5.7 

(a) Based on est;mated lung dose for a11 cancers except leukem;a anden est;mated bone nsrrgw dose for 
leukemia excluding CLL. 

(b) Confidence intervals based on epprox;mation to the likelihood ratio statistic using ungrouped doses. 
(el Confidence intervals based on computer simulations using the sco.-e statistic and grouped doses: 
(d) The 95~ uncertainty factor was 1.5 for Hanford. 2. 0 for the ORtil. and 3 .0 for Rocky nats with 

UTicerta1nties assumed to be perfectly correlated for the three studies. 
(el The 951 uncertainty factor was 1.5 for Hanford. 3.0 for OR~L ana Rocky Flats with uncertaint1es 

assunied to be perfectly correlated for the three studies. 

Analyses based on the simulated score statistic yielded different ~pper 

limits than the likelihood ratio procedure. and this may be partially dueto 

inadequacies with the asymptvtic approximation since the number of leukemia 

deaths was small and thé ~ose distributions highly skewed. Also, the sim­

ulated results were based on grouped exposure data while the results using the 

likelihood ratio approach were based on ungrouped exposure data. 
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TABLE 3.2. Excess Relative Risk (ERR) Estimates (per Sv) with 90% and 95% 
Confidence lntervals {CI) Based on Several Modifications to the 
Hanford Worker Study Data(al 

All Cancer Exceµt Leuk.emia Leukemi a Exc 1 udi ng CLL 

95% Unce..-uint)I 
Factor ~ 90¾ CI 95% CI ~ 90% CI 9S".I: CI 

A. Est1mated ERR Equal to Li nea..- Es t i mates From Hi gh Dos e Data I b l 

l. o 0.24 <0-l. 6 <O·l .9 3.7 <0•18 <0-24 

1.5 0. 23 <0-1.6 <0•1.9 3 .6 <0-19 <0-25 

2 .0 0.20 <0-1,7 •0-2.l 3.4 <0-20 •0-27 

3.0 0.16 <O•l, 8 <0-2 . 4 3.0 •0-23 <0-32 

B. Estimated ERR Equal t o Ten Tunes Linear Estímate Frcm High Dose Data . 

1. O 2.4 0.9-4 .3 0.7-4 . 7 37 6.6-170 4 . 3-224 

1.5 2.3 0.8-4. 7 0.6-5.2 37 6.3-176 4.1-234 

2.0 2.2 o. 7-5 .3 0.5-6. 2 37 5.8-188 3.8-254 

3.0 2.1 0.5-6.8 0.4-6 _4 36 4.0-257 2.6-349 

C. As in Table 3.lA With Numbe..- of Oeaths lncreased by •actor of Ten _ 

LO 0. 20 <0 -0.S8 <0-0.66 -1.3 <O. ·O. 09 -<0·0.19 

1-5 0.19 <0-0.60 <O·O. 70 -1 .Z <0.-0. 04 <0-0.23 

2.0 0. l 7 <0-0.65 <O•O_ 78 -1-1 <0-0.02 <0-0.28 

3.0 O. 16 <0-0.74 <0·0.96 -l .O <0-0 _ 09 ,:;Q-O.35 

D. As in A (Above) With Number of Deatns lncreased by "actor of Ten_ 

l.0 0.24 -<0-0.62 <0-0. 70 3.7 1.6-6. 7 1 _3-7 .4 

1.5 0.23 <0-0.6S <0-0 .75 3.6 1 .4-7.3 1.1-a. 3 

2.0 0.21 <0-0. 7l <0-0.85 3.5 l -2-8-4 l. 0-9 . 8 

3.0 0.17 <0-0.83 <0•1.05 3 . 4 0 .9-10.7 0. 7-13 . 3 

E. As in 8 (AboveJ With Number of Deaths Jncreased by Factor of Ten. 

l.0 2 .4 1.9-3.0 1.8-3.1 37 22-61 20-67 

1.5 2.4 l. 6-3 .6 1.5-3.9 37 20-68 18-76 

2.0 2 .4 l.3-4 .4 1.1-S. O 37 17-80 15-92 

3.0 Z.2 0.9-6.0 0.B-7 .4 37 13-106 10-130 

(al Confidence intervals based on appr-oximat\on to the l\kelihood ratio statistic using 
ungT'Ouped doses . 

(b) These estima.tes ~re 0.24 per Sv fer all cancers except leukenia, ano 3 . 7 per Sv for 
leukemia excluding CLL . 
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To investigate the effect of uncertainty in other situations that might 

occur, the Hanford data were modified in various ways with results shown in 

Table 3.2. For 3.2A, the Hanford data were adjusted to achieve an ERR esti­

mate equal to the linear estimate frorn analyses of data on male atomic bomb 

survivors exposed as adults (UNSCEAR 1988); these estimates were 0.24 per Sv 

for all cancers except leukemia, and 3.7 per Sv for leukemia excluding CLL. 

For 3.28, the data were adjusted to achieve ERR estimates that were ten times 

the atomic bomb survivor linear estimates. These adjustments were made by 

multiplying the doses of workers dying of the cause of interest by an appro­

priate factor. In general, the effect of accounting for systematic uncer­

tainty became greater as the magnitude of the estímate increased. 

One of the reasons that allowing for systematic uncertainty in dose 

estimates did not greatly affect results discussed thus far was that statisti­

cal uncertainty resulting from sampling error was very large and dominated 

results. To investigate how results might be modified if sampling uncertainty 

were smaller, ~nalyses shown in Table 3.lA, 3.2A, and 3.28 were repeated with 

the numbers of deaths ·increased by a factor of ten; results are shown in 

Table 3.2C, 3.20, and 3.2E. As expected, the effect of accounting for uncer­

tainty in systematic bias became much more important with the increased sample 

size. Also, in one case (leukemia analyses 3.2C), the assumption of uncer­

tainty factors of 2 or 3 yielded confidence limits that included zero, whereas 

the analyses not accounting for uncertainty had excluded zero. 

Wi+h the Hanford data, Gilbert et a1. {1996) judged that uncertainty in 

doses received befare 1957 was larger than that for doses received later. For 

this reason, the analyses shown in Tables 3.IA and 3.2C were repeated using 

larger uncertainty factors for the earlier period. Specifically, analyses 

were conducted analyses with a 95% uncertainty factor of 1.5 for the period 

1957 and later, anda 95% uncertainty factor of 3 for the period 1944-56. 

Uncertainties for the two time periods were assumed to be independent or, 

alternatively, to be perfectly correlated. Because most of the dose was 
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received in latcr years, this approach modified results very little over those 

in which the 95% uncertainty factor was assumed to be 1.5 for all the data. 

To further investigate the use of different uncertainties for different 

parts of the data, analyses of a combined leukemia data set comprised of the 

actual Hanford data and of Hanford data adjusted to yield an ERR estimate that 

was twice the linear estimate obtained from male A-bomb survivors exposed in 

adulthood (7.4 per Sv) were conducted. Results of these analyses are shown in 

Table 3.3. With the actual sample size (3.3A), the assumption of different 

uncertainty factors did not greatly modify results over those obtained with 

the assumption of the same uncertainty factor. However, when the sample size 

was increased by a factor of ten, both the ERR estimates and the confidence 

limits depended on which part of the data was assumed to be more uncertain 

{last two lines of Table 3.38). Of course, in a real situation, the appropri­

ateness of combining disparate estimates from different se~ments of the data 

would need to be considered. 
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TABLE 3.3. Excess Relative Risk CERR) Estimates (per SV) with 90% and 95% 
Confidence lnterva1s 1a'l {CI) for Leukemia Excluding CLL-Based 
on Combined Data Set Consisting of 1) the Actual Hanford Worker 
Data the Hanford Data Modified so that the Estimated ERR was 
Equal to Twice the Linear Estimate From High Dose Data 
(7 .4 per Sv) 

90% Uncerwrty Uncertainty From Two Parts of Uncertainty From Two Parts of 
Factors Data. lndependent Data. Perfectly Correlated 

11 ERR 90% Cl 95% CI ERR 90% CI 95:,; CI 

A. Actual Sample Size (86 Deaths) 

l. o. l.O 1.9 <0-8 .0 <0-9 .8 1 .9 ,;Q-8.0 <0-9 .8 

l . 5. l.5 l. 9 <0-8.2 <0-10 1.8 <0-8.3 <0-10 

3.0. 3.0 1. 7 <0-9.2 <0-12 1.4 <0-9.9 <0-13 

l. 5. 3.0 1. 7 <0-7. 7 <0-9.6 1.6 <0-7.9 <0-S. 9 

3 . 0. 1.5 l.9 <O-~. 9 <0-13 1.8 <0-10 c0-13 

B. Number of Deaths Jncreased by a Factor of Ten 

1.0. l.0 1.9 0.7-3.4 O.S-3.7 1.9 0.7-3.4 0.5-3.7 

1.5, l.S 2.2 0.9-4.0 0.8-4.4 l.8 0.7-3.6 0.5-4.l 

3.0. 3.0 2. l 0.8-5.0 0.7-5.9 l. 7 0.4-5.3 0.3-6.S 

1.5. 3.0 1.4 0.6-2.B O.S-3.2 l. 1 O.S-2.4 0.4-2.7 

3.0. l.5 3.8 1.7-7.l l.4-7.7 4.4 l. 5-10 l.l-12 

(a) Confidence intervals based on approximation to the likelihood ratio statístic 
using ungrouped doses . 

(b) The first factor was app1ied to the component consisting of the actual Hanford 
data ( IJ; the seccnd factor was applied to the component ccnsisting of the 
modified Hanford data (II). 

3.6 



4.0 DISCUSSION 

An approach for accounting for uncertainty in systematic bias has been 

described and applied to data on workers exposed occupationally to external 

radiation. For Hanford workers, an extensive evaluation of bias and uncer­

tainties in dose estimates had recently been completed, and the analyses pre­

sented in this paper were the first to apply adjustment factors to recorded 

doses (to obtain estimates of lung and bone marrow dose), and to allow for 

uncertainty in the magnitude of the adjustment factors. For all cancer except 

leukemia, where the estimated adjustment factors were only slightly greater 

than one, these modifications did not alter results greatly. For leukemia 

excluding CLL, the application of the adjustment factors increased the abso­

lute val ues of estimates and confidence limits by a factor of about 1.5, a 

difference that is ímportant in comparing worker-based estimates and confi­

dence limits with those obtained from data on populations exposed at high 

doses, which serve as the basis far current radiation protection standards. 

For both all cancer except leukemia and leukemia excluding CLL, sampling 

uncertainty was large, and, thus, allowing for modest uncertainty in the 

adjustment factor did not greatly modify results over those with no such 

allowance. 

Results of analyses of combined data from Hanford, ORNL, and Rocky Flats 

were also presented, but must be regarded as preliminary since a detailed 

evaluation of bias in dose estimates used in these studies has not been con­

ducted. However, even with a 95% uncertainty factor of 3.0 for these studies 

(but smaller uncertainty for Hanford), results were not greatly different from 

those with no allowance for uncertainty. 

In addition to the U.S. nuclear worker studies evaluated in this paper, 

studies have also been carried out in the United Kingdom (Carpenter et a7. 

1994) and Canada (Gribbin et a1. 1993) and combined analyses of data from the 

three countries conducted (IARC 1994). Also, a collaborative study including 

workers in several additional countries is currently underway. As indicated 
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in sorne of the hypothetical results shown in Tables 3.2 and 3.3, uncertainty 

in systematic bias becomes more important as sample size increases. For this 

reason, it is important to allow for this uncertainty in future international 

combined analyses. It is hoped that further work to evaluate bias and uncer­

tainty in dose estimates used in nuclear worker studies throughout the world 

will be undertaken. 

Ideally dese-response analyses should take account of all errors in dese 

estimates including both random and systematic components. Several papers 

have addressed methods for a more general error structure with particular 

attention to random errors , but tractable solutions are not always readily 

available (Armstrong 1990, Clayton 1992 , Pierce et a7. 1989, Richardson and 

Gilks 1993, Thomas et a1. 1993). Although it is hoped that methods for 

adjusting for all types of exposure measurement errors will continue to be 

explored, the approach described and illustrated in this paper provides a 

relatively simple procedure for accounting for one potentially important 

source of uncertainty. 

The need to account for uncertainty in systematic bias is not of course 

limited to studies of nuclear workers. Attention to such bias is likely to be 

especially important in studies where sampling uncertainty is relatively 

small, and where sorne subjects are clearly subject to greater uncertainties 

than others. Far example, in the atomic bomb survivor studies, the sampling 

uncertainty is much smaller than in the worker studies (National Academy of 

Sciences 1990, UNSCEAR 1988, Shimizu et a7. 1990) . In addition, the estimated 

yield of the Hiroshima bomb is estimated to be much less certain than that for 

the Nagasaki bomb (Kaul 1984), and thus the potential for systematic bias in 

dose estimates of Hiroshima subjects is much greater than for Nagasaki sub­

jects. Another example is the large number of lung cancer case-control 

studies of the effects of exposure to residential radon, where sampling uncer­

tainty may become s~all if analyses of conbined data including several thou­

sand cases are eventually conducted {Samet et a7. 1991). Like the worker 

studies, risk estimates and confidence limits from the residential studies are 
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compared with those obtained from studies at higher exposure levels (in this 

case, from studies of underground miners) (Lubin 1994). 

To apply the methods of this paper, systa~atic bias and its uncertainty 

must be specified. Although in sorne cases, relevant data may be available to 

provide an objective basis for determining the uncertainty distributions g(ª), 

in most cases, subjective judgments of experts are likely to be required. In 

these cases, it is desirable to perform analyses based on more than one set of 

assumptions regarding the magnitude of the bias, as has been done with the 

nuclear workers. With the workers, even allowing fairly large uncertainty did 

not greatly affect results, and these calculations thus allow one to be more 

confident that allowance for systematic uncertainty does not greatly modify 

conclusions. Far the worker studíes, the assumption that g(ª) was lognonnal 

was judged appro~riate. However, the general approach could be applied to 

other distributions in other situations. 

The general approach described in this paper could also be applied to 

uncertainty in systematic bias resulting from factors other than exposure 

measurement, for example, bias resulting from confounding. To do this, it 

would be necessary to specify distributions describing the uncertainty, and 

this would also involve subjective judgments. 
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