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An analysis was conducted of 27,982 deaths among 106,020
persons employed at four Federal nuclear plants in Oak Ridge,
Tennessee, between 1943 and 1985. The main objectives were to
extend the evaluation of the health effects of employment in the
nuclear industry in Oak Ridge to include most workers who were
omitted from earlier studies, to compare the mortality experience
of workers among the facilities, to address methodological prob-
lems that occur when individuals employed at more than
one facility are included in the analysis, and to conduct
dose-response analyses for those individuals with potential expo-
sure to external radiation. All-cause mortality and all-cancer
mortality were in close agreement with national rates. The only
notable excesses occurred for white males for lung cancer [stan-
dardized mortality ratio (SMR) = 1.18, 1,849 deaths] and non-
malignant respiratory disease (SMR = 1.12, 1,568 deaths). A
more detailed analysis revealed substantial differences in death
rates among workers at the Oak Ridge plants. Evaluation of
internally adjusted log SMRs using Poisson regression showed
that workers employed only at Tennessee Eastman Corporation
or K-25 and at multiple facilities had higher death rates than
similar workers employed only at X-10 or Y-12, and that the dif-
ferences were primarily due to non-cancer causes. Analysis of
selected cancer causes for white males indicated large differences
among the workers at the different facilities for lung cancer,
leukemia and other lymphatic cancer. Dose-response analyses
for external penetrating radiation were limited to a subcohort of
28,347 white males employed at X-10 or Y-12. Their collective
recorded dose equivalent was 376 Sv. There was a strong
“healthy worker effect” in this subcohort—all-cause SMR = (.80
(4,786 deaths) and all-cancer SMR = 0.87 (1,134 deaths). Vari-
ables included in the analyses were age, birth cohort, a measure
of socioeconomic status, length of employment, internal radi-
ation exposure potential and facility. For external radiation dose
with a 10-year lag, the excess relative risk was 0.31 per Sv (95%
CI = -0.16, 1.01) for all causes and 1.45 per Sv (95% CI = 0.15,
3.48) for all cancer. The estimated excess relative risk for
leukemia was negative but imprecisely determined. A prelimi-
nary dose adjustment procedure was developed to compensate
for missing dose but not other dosimetry errors. Results of the
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analyses using the adjusted doses suggest that the effect of miss-
ing dose is an upward bias in dose-response coefficients and test
statistics. © 1997 by Radiation Research Society

INTRODUCTION

This report is the second phase of a study of the mortality
of most workers employed at Federal nuclear plants in Oak
Ridge, Tennessee, between 1943 and 1985. In the first phase
the analysis was limited to white males who were employed
only during the World War II era, when radiation monitor-
ing programs were in the developmental stages (/). Workers
were assigned a relative radiation exposure index based on
job and department codes and were designated as “probably
exposed” or “probably non-exposed.” Additional factors
considered in the analyses were socioeconomic status, place
of employment, length of employment, birth year and
period of follow-up. The facility of employment is an impor-
tant exposure-related variable since the type of radiation
exposure was different at each plant. Previous dose-response
studies have been limited to subgroups of white males and
have excluded individuals who were employed at more than
one facility after 1947 (2—). Results of a mortality study for
white males employed only at X-10 with follow-up through
1984 have also been reported in combination with popula-
tions of workers employed at other Department of Energy
(DOE)' facilities (5).

! Abbreviations used: AG, age group factor in main-effects model; B,
birth cohort factor in main-effects model; CI, confidence interval;
CEDR, Comprehensive Epidemiologic Data Resource; df, degrees of
freedom; D, external radiation dose; DOE, Department of Energy; EM,
eligible for monitoring and monitored; EN, eligible for monitoring and
not monitored; ERR, excess relative risk; F, facility factor in main-
effects model; GLIM, generalized linear interactive modeling; IG, inter-
nal radiation exposure group factor in main-effects model; K-25, Oak
Ridge facility (also known as Oak Ridge Gaseous Diffusion Plant); L,
length of employment factor main-effects model; L%, logarithmic per-
cent; MULT, Oak Ridge workers employed at more than one facility;
NE, not eligible for monitoring; S, factor that is surrogate for SES in
main-effects model; SAS, Statistical Analysis System; SE, standard error;

(Continued on next page)
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The main objectives of this second phase are to extend
the evaluation of the health effects of employment in the
nuclear industry in Oak Ridge to include Oak Ridge work-
ers who were omitted from earlier studies, to compare the
mortality experience of workers among the facilities, to
carry out dose-response analyses for those individuals who
were potentially exposed to external radiation, and to
address methodological problems that occur when individ-
uals employed at more than one facility are included in the
analyses. These difficulties are due to the fact that the
nature and extent of the radiation hazards and monitoring
programs were different at each facility and varied over
time. Three types of analyses were done for this report.
First, cause-specific mortality for the Oak Ridge cohort
was compared with the U.S. population by race and gen-
der groups. Second, Poisson regression methods were used
to evaluate the joint influence of several risk factors on
cause-specific mortality, with special emphasis on facility
as a surrogate for radiation exposure. Observed and
expected deaths were cross-classified by levels of facility of
employment, duration of employment, socioeconomic sta-
tus and period of follow-up, and a main-effects model was
used to describe the joint effects of the four risk factors.
The third type of analysis evaluated the potential adverse
health effects of low-level occupational exposure to ioniz-
ing radiation. These analyses were limited to white males
ever employed at the X-10 or Y-12 facility. A uniform
approach to assessment of radiation exposure (based on
ordered exposure categories for internal and external radi-
ation for each facility) was used, and cause-specific mortal-
ity patterns were evaluated for potential association with
radiation exposure. Length of employment, socioeconomic
status, birth year and age were considered as covariates.
During the course of this study, it was determined that
external radiation doses at X-10 and Y-12 were underesti-
mated for some individuals—before 1957 at X-10 and
before 1961 at Y-12, when not all workers were monitored.
A preliminary procedure for computing adjusted doses
was developed (2, 3, 6) and used to evaluate the bias that
may result in dose-response coefficients as the result of
this dose underestimation.

MATERIALS AND METHODS

Definition and Description of Cohort and Study Factors

On December 18, 1941, 11 days after the Japanese attack on Pearl
Harbor, the decision was made to focus atomic energy research on the
development of a weapon for the war. The Army was assigned the

(Continued)

SES, socioeconomic status; SMR, standardized mortality ratio; TEC,
Oak Ridge facility consisting of workers employed at the Y-12 site when
the plant was operated by Tennessee Eastman Corporation; X-10, Oak
Ridge facility also known as Oak Ridge National Laboratory (ORNL);
XG, external radiation exposure group factor in main-effects model;
X-10/Y-12, subcohort of white males employed at X-10 or Y-12 between
1943 and 1984; Y-12, Oak Ridge facility at Y-12 site after May 1947.

responsibility for this design and construction project of unprecedented
size. The headquarters for the project was established in New York and
named the Manhattan Engineer District. In September 1942 an isolated
area in eastern Tennessee was selected as the site for the development of
the full-scale production facilities for uranium separation and for the
construction of an experimental nuclear pile that would be used to pro-
duce plutonium for research in the war effort. An air-cooled experimen-
tal pile, a chemical separation plant and supporting laboratories were
constructed by the DuPont Co. at the X-10 site. This facility was officially
named the Clinton Laboratories—later renamed Oak Ridge National
Laboratory (ORNL)—and will be referred to in this report as the X-10
facility. By the summer of 1944 the primary goal of the war effort was
achieved and the laboratory was transformed into the first well-rounded
institution for nuclear research. A history of ORNL is available via the
World-Wide Web (WWW)—see The History of ORNL at URL
http://www.ornl.gov/swords/swords.html.

The major portion of the war effort in Oak Ridge was devoted to
obtaining enriched uranium. Part of this work was done at the Y-12 site
using an electromagnetic separation process. The Tennessee Eastman
Corporation operated the facilities at the Y-12 site from June 1943 to
May 1947 and is referred to as the TEC facility. In May of 1947 work at
the Y-12 site changed from uranium enrichment to nuclear materials fab-
rication, and Union Carbide Corporation became the operating contrac-
tor. There was also a significant change in the work force, with only 6.7%
of the workers staying on to work in the new operations. In this report
Y-12 facility refers to the plant at the Y-12 site that began operation in
May 1947 and continued until the end of this study.

The main purpose of the facility at the K-25 site was to produce
enriched uranium via the gaseous diffusion process. In support of the
enrichment process, the K-25 facility (later named the Oak Ridge
Gaseous Diffusion Plant) also operated a plant that produced barrier
material, ran a feed mill operation and conducted laboratory research.

A more detailed description of these facilities and the potential for
occupational exposure to hazardous material is given by Watkins et al.
(2, 3). A total of 118,588 workers are known to have been employed at
one of the four nuclear facilities in Oak Ridge between 1943 and 1985.
The study cohort consists of 106,020 workers who were employed for at
least 30 days and whose records did not have any critical errors (e.g. gen-
der, race, date of birth or employment dates were unknown).

Facility. Workers were initially categorized according to their facility of
first employment—X-10, TEC, Y-12 or K-25. An individual who worked at
more than one Oak Ridge facility was assigned to a fifth category, MULT,
at the time of first entry into the second facility. In the dose-response analy-
sis of white males ever employed at X-10 or Y-12 (X-10/Y-12), an individ-
ual could also enter follow-up as a multiple-facility worker if his entry into
X-10 or Y-12 was preceded by employment at K-25 or TEC. Entry dates
were adjusted to the appropriate lag (2, 10 or 20 years).

External radiation exposure. The nature and extent of the radiation
hazard differed considerably among facilities and over time. A detailed
description of the monitoring programs for external and internal radi-
ation at each facility and results summarizing the exposure characteris-
tics by race and gender are given by Watkins et al. (2, 3). Annual exter-
nal dose estimates were obtained for each monitored worker at each
Oak Ridge facility. Evaluation of these results (2, 3) showed that over
93% of the total recorded external dose was received by the 28,770
white males who had ever been employed at the X-10 or Y-12 sites, and
that about 30% of these workers were employed at more than one Oak
Ridge facility. Results from the facility comparison analyses (see
Results) show that most of the workers at K-25 and TEC had higher
death rates than those at X-10 and Y-12, so inclusion of K-25 and TEC
workers would potentially lead to overestimation of baseline mortality
rates and underestimation of radiation effects. For these reasons the
dose-response analyses for external radiation were restricted to white
males ever employed at X-10 or Y-12. The other race and gender groups
at these facilities were not included since they would contribute little to
the assessment of effects of low-level radiation and would unduly com-
plicate the dose-response analyses.
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To provide a preliminary evaluation of the potential effect of “miss-
ing dose” on radiation dose-response estimates, the doses for X-10
workers prior to 1957 and for Y-12 workers prior to 1961 were adjusted.
The adjustment procedure increased dose estimates for some person-
years under assumptions about the minimum detectable dose and the
monitoring policies that were followed at X-10 and Y-12. Other sources
of systematic and random measurement error are not addressed by this
procedure. A detailed discussion of how these crude adjustments were
made and summary results are provided by Watkins et al. (2, 3, 6).

Internal radiation exposure. There were considerable differences in
the potential for internal radiation exposure and the monitoring policies
that were followed at each facility. For this reason internal radiation
exposure was represented as a factor (which is referred to as I/G) with
three levels: level 1: eligible for monitoring but not monitored (EN); level
2: eligible for monitoring and monitored (EM); and level 3: not eligible
for monitoring (NE).

The precise definition of this variable was dependent on the facility
and changed over time—see Watkins et al. for additional details (2, 3).
Exposure analysis files that contained yearly values for external dose
and the internal exposure indicator variable for each individual at each
Oak Ridge facility were created (see Appendix). In the dose-response
analyses radiation exposure is a time-dependent variable, and cumula-
tive dose (with a lag) was used to form dose groups for external radi-
ation. For internal exposure an individual was assigned to the appropri-
ate category based on the sequential yearly values for the internal expo-
sure indicator variable.

Socioeconomic status (SES). Each individual was categorized as either
a non-monthly paid worker or a monthly paid worker based on the vari-
able Paycode in the demographic analysis file (2, 3, 7). This variable is used
as a surrogate for SES in the regression analyses with non-monthly work-
ers as the referent category so that estimated coefficients represent relative
risks for monthly workers.

Length of employment. Length of employment was calculated as the
length of time between first hire and last termination at one of the Oak
Ridge facilities. In all analyses, length of employment was categorized
into two levels: level 1, 1 year or greater; or level 2, less than 1 year.
The reference level used is 1 year or greater, so that estimated coeffi-
cients represent relative risks for “short-term” workers relative to
“long-term” workers.

Birth year. Workers were divided into five categories according to year
of birth: before 1900, 1900-1909, 1910-1919, 1920-1929 and 1930 or after.

Age. Age at risk is divided into 15 groups (15—, 20—, ..., 80—, 85+)
starting at 15-19 and continuing through 85+. Age was alternately
treated as a factor (AG) and as a continuous variate A = (age — 52.5)/100,
where age is the interval midpoint.

Vital status. Vital status was ascertained primarily through the Social
Security Administration. All cohort members with unknown vital status
were allowed to contribute person-years up to the date at which they
became “unknown.” Underlying cause of death and non-underlying can-
cer causes were coded to the Eighth Revision of the International Classifi-
cation of Diseases, Adapted for Use in the United States (ICD A-8)—see
Watkins et al. (2, 3) for further details.

Data Reduction

The six analysis files described by Watkins et al. (2, 3, 6) contain
demographic, vital status and annual exposure history data for each
cohort member. Regression analyses are based on an analytical data
structure that consists of a table of observed deaths, expected deaths
(based on U.S. rates) and person-years at risk for each combination of
levels of four or more risk factors for each cause of death. The facility
comparison analysis focuses on the cause-specific mortality at the Oak
Ridge facilities and includes length of employment, SES and calendar
year. The resulting analytical data structure is a four-dimensional table of
observed and expected deaths for each cause of death. The most com-
plex analytical data structure is required for the dose-response analyses
of the white males at X-10/Y-12. Each cause of death requires a seven-
dimensional table of observed deaths, expected deaths and person-years

at risk. The factors that define the table are socioeconomic status
(denoted by S with 2 levels), length of employment (denoted by L with 2
levels), birth cohort (denoted by B with 5 levels), age at risk (denoted by
AG with 15 levels), facility (denoted by F with 3 levels), internal expo-
sure (denoted by IG with 3 levels) and external exposure (denoted by
XG with 10 levels). The 10 external-dose categories were defined to be
equally spaced on a logarithmic scale using cut points at 5, 10, 20, 40, 80,
160, 320 and 640 mSv. In the case of the last four (time-dependent)
covariates, workers contribute person-years to all levels that they attain.
An entry criterion of at least 365 days of follow-up was used for all analy-
ses. Each observation in the analytical data structure consists of the
index value of each of the stratifying factors, the observed deaths, the
expected deaths, the person-years and the lagged average cumulative
dose (see the Appendix).

Statistical Methods

Traditional SMR analysis. In this “external” analysis the mortality of
Oak Ridge workers was compared with that of the general population of
the U.S. using standardized mortality ratios (SMRs). SMRs were com-
puted for race and gender groups for each cause-of-death category for
which rates are provided by Monson (8). The statistical strength of the
deviation of observed deaths from those expected based on U.S. rates is
indicated using the Freeman-Tukey residual (9). Under the null hypothe-
sis the Freeman-Tukey residuals are approximately normally distributed
with mean zero and variance one.

Grouped data Poisson regression. The second and third approaches
used Poisson regression methods (10-13) to describe the joint effect of
several risk factors on cause-specific mortality. The general form of the
regression function is

E(Yijk) = nijk)‘ijk = nijk)‘(i}kR(Zjv Xi), 1)

where A represents the unknown mortality rate, y; is the number of
deaths, and n;j, denotes the person-years at risk in the ijkth cell of an
analytical data structure. The i subscript refers to age, the j subscript
indicates the dimensions of the analytical data structure that correspond
to factors of secondary interest (e.g. birth cohort, SES), and the & sub-
script indicates exposure-related covariates that are of primary interest,
i.e. facility, internal exposure and external exposure. We use the “exter-
nal/internal” model (see chapter 4 of ref. 13) in which the baseline rates
(x?jk) are proportional to known external standard rates (X;), and the y;
are treated as observed values of Poisson variates with expectation given
by Eq. (1). For a given cell in the analytical data structure, the value of
(X}) will also depend on birth cohort. This approach has two advantages.
First, it is not necessary to provide a parametric description of the age
component of the baseline rates, and second, the “intercept” terms
(when all explanatory variables are at their reference level) provide esti-
mates of the SMRs for the internal control group.

Facility comparison analysis. Mortality differences between work-
forces at these facilities reflect a combination of occupational and other
factors. A preliminary analysis of death rates due to all causes with three
explanatory variables (birth cohort, age at risk and facility) is presented
by Frome et al. (4) to demonstrate the relationship between the two
approaches that are used to “adjust” for age at risk. Results presented
here are based on Eq. (1) with a multiplicative main-effects model using
external age—cause-specific death rates (from U.S. vital statistics) to com-
pute expected deaths. The resulting analytical data structure contains yj,
the observed deaths, pj, the expected deaths, and the level of each of the
factors (which is equivalent to a covariate vector) SES, calendar period,
length of employment and facility. The multiplicative main-effects model
is expressed on a logarithmic scale as

log(yp/u) = F+ S + L + ¢ )

For convenience in describing results, the convention (see chapter 22 of
ref. 14) of dropping Greek letters (which represent the unknown param-
eters) and listing the explanatory variables that define the relative risk
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function is used. This corresponds to standard GLIM notation (15) for a
log-linear model in which F is the facility factor (5 levels), S is the socioe-
conomic status proxy Paycode (2 levels), L is the length of employment
factor (2 levels), and ¢ = (calendar year — 1965)/100, which represents a
calendar period trend in the log of the SMR. The indicator variables for
the factors F, S and L are coded so that the coefficients for the facilities
represent the log of the SMR for each facility at the reference level of §
and L when ¢ = 0 (i.e. in 1965, which is the midpoint of follow-up). The
coefficient for ¢ describes the change in the log SMR over follow-up. The
results of fitting the main-effects model for selected causes of death for
white males are presented in tabular form.

Dose-response analysis. These analyses were based on Eq. (1) for
white males with a multiplicative main-effects model for the variables A,
B, S, L, IG and F. The effect of dose is represented with an exponential
relative risk function or an additive excess relative risk (ERR) function.
The main-effects model with exponential relative risk can be expressed as

log(ry) = A+ B+ S+ L +1G+F+ D, 3)

where ry = yj/n N and D is external dose in sieverts. In Eq. (3), B, S,
L, IG and F are factors and A and D are continuous variates. Score test
statistics (16) for external dose are presented for selected cause-of-death
categories using all 10 dose groups. Additional summary results—parame-
ter estimates, standard errors and likelihood ratio test statistics—are given
for each cause-of-death category with the highest dose group deleted. The
score test for the variable D in Eq. (3) is identical (17) to that obtained for
the D variable in Eq. (4) below, and can be compared to the standard nor-
mal distribution to evaluate the strength of the dose-response relationship.
These analyses were then repeated using adjusted doses. The score test
and low-dose exponential relative risk are use as a screening procedure to
identify cause-of-death categories that may show a strong association with
dose. More detailed results are presented for several cause-of-death cate-
gories using a main-effects model with the additive ERR function to
describe the dose-response relationship for external radiation; e.g.,

riw = exp(A + B+ S+ L +1IG + F)(1 + D). 4

The main-effects model provides an overall descriptive summary of the
effects of each stratification variable on cause-specific mortality. Thus
inclusion of these potential confounding variables (A, B, S, L) and expo-
sure variables (F and IG) provides a broader context in which to evalu-
ate the relative importance of the estimated effect of external radiation.
A saturated model for the confounding variables AG, B, S and L was
also considered and was found to have little effect on the dose parameter
estimate. Detailed results are given for all cancer in the Appendix of
Frome et al. (4). The score statistic for a linear dose term for the main-
effects model and the saturated model (i.e. stratified analysis) were cal-
culated routinely, and no important difference for any cause-of-death
categories was found.

Most summary statistics (estimates and SEs) for relative risk parame-
ters are expressed in log percent (L%) units; i.e., they are given in loga-
rithmic units multiplied by 100—see ref. (18), Chapter 22 of ref. (14) and
the Appendix of ref. (). For the ERR estimates, likelihood-based confi-
dence intervals are given—see refs. (19, 20). A detailed analysis for all-
cancer mortality that uses the Akaike Information Criteria to contrast
the effectiveness of several exponential and ERR models is presented by
Frome et al. (4).

RESULTS

Traditional SMR Analysis

The results of the SMR analysis by race and gender
groups for selected cause-of-death categories are given in
Table I. For white males the all-cause SMR is 1.00 and the
all-cancer SMR is 0.98. Death rates are elevated in the Oak

Ridge cohort for lung cancer, diseases of the respiratory
system and all external causes (note that large positive/neg-
ative values of the Freeman-Tukey residual indicate that
observed deaths are higher/lower than expected after
accounting for the number of deaths involved). Death rates
are lower than those for U.S. white males for cancer of the
buccal cavity, digestive system, bladder and thyroid. Death
rates are also lower than expected for white males in Oak
Ridge for diseases of the blood, nervous system, circulatory
system, digestive system and genitourinary system. For non-
white males the all-cause SMR is 0.96. The only elevated
cancer SMR with a relatively large Freeman-Tukey residual
is cancer of the large intestine. Death rates for diseases of
the circulatory system and digestive system and liver cancer
are lower than those for U.S. non-white males.

Facility Comparison Analyses

Table II presents results for white males for selected
causes of death. Additional results for the other race/gender
groups and a detailed description of the data reduction pro-
cedure are given by Frome et al. (4).> The observed deaths
(Table II) are slightly less than those given in Table I since
only individuals with at least 1 year of follow-up were
included in these analyses. From Table II it is clear that
monthly workers have much lower death rates than non-
monthly workers. The all-cause death rates are lower by
41.5 L%; this corresponds to a relative risk of exp(-0.415) =
0.66 for monthly compared to non-monthly workers. The
facility effects given in Table II are estimates of the SMRs
(in L% units) for each facility at the middle of follow-up
(1965-1969) for non-monthly long-term workers, and pro-
vide a direct comparison with the external referent popula-
tion. These estimates are internally “adjusted” for SES,
length of employment and calendar time, and for attained
age through the use of the external rates. For example, for
all-cause mortality for white males employed only at TEC,
the facility effect is —=5.9L.%, and the estimated SMR is exp
(=0.059) = 0.94. An estimate of the log relative risk with one
facility as the referent facility is obtained as the difference
between two estimates of the facility effect. Using the facil-
ity-effect estimates for all-cause mortality for white males
(see Table IT) with X-10 as the referent group, we obtain:

X-10 TEC Y-12 K-25 MULT
Effect
difference (L%) 0.0 209 9.7 25.8 20.8
Relative risk 1.0 123 1.10 1.29 1.23

This internal comparison shows that white males
employed only at TEC or K-25 and multiple-facility
workers have higher death rates than similar workers
employed only at X-10 or Y-12. The large value of the
likelihood ratio test statistic in Table I1—101.0, 4

At URL: http://www.epm.ornl.gov/~frome/see Oak Ridge Mortality
Study.
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TABLE 1
Summary Statistics for Mortality among Oak Ridge Workers 1942-1984 by
Race and Gender for Selected Causes of Death

Males Females
White Non-white White Non-white

Cause of death (ICDA-8)" SMR®  (Obs) FTR® SMR (Obs) FTR SMR (Obs) FTR SMR  (Obs) FTR
All causes 1.00 (22,724) 07 096 (1,121) -14 089 (3595 -75 0.76 (542) -6.8
All cancer 098  (4679) -1.1 0.98 (202) -03 086 (1,124) 5.1 0.78 (109) -2.8
Buccal cavity (140-149) 0.79 117y 26 1.13 Q) 0.4 1.44 (26) 1.7 2.36 ) 1.6
Digestive (150-159) 079  (1,041) -80 0.98 64) 02 0.71 (202) 54 0.64 (24) 24
Esophagus (150) 0.82 93) =20 0.94 12) -01 1.23 (13) 0.8 0.60 ) -0.6
Stomach (151) 0.73 (176) 45 0.72 12) -12 0.75 26) -1.6 0.58 “) -1.1
Large intestine (153) 0.81 (347) 42 173 23) 23 071 (89) -34 0.73 © -10
Rectum (154) 0.55 (78) -6.1 091 4 -01 0.39 (11 -38 0.90 ©) -0.0
Liver (155-156) 0.78 (78) 23 0.16 Q) 27 0.53 (14) 27 1.49 o) 0.9
Pancreas (157) 0.95 (241) -09 1.01 (11) 0.1 0.88 46) -09 0.14 1) -2.9
Respiratory (160-163) 1.16  (1,919) 6.4 0.97 (65) 02 1.01 (181) 0.1 0.92 (13) -02
Larynx (161) 0.88 (62) -11 1.34 ) 0.7 1.69 @) 1.3 1.64 1) 0.6
Lung (162-163) 118 (1,849) 7.0 0.94 (59) 04 1.00 172) -0.0 0.92 (12) 0.2
Bone (170) 1.19 (25) 0.9 1.15 1) 0.3 0.89 “ 01 0.00 0) -0.8
Skin (172-173) 0.95 (80) 04 170 2 08 117 (22) 08 128 1) 0.4
Breast (174) — (—) — — -) — 0.86 (263) 26 0.55 (14) =25
All genital organs (180-184) — (—) — — (—) — 0.87 (186) -2.0 0.70 (23) -2.0
Cervis uteri (180) — (—) — — ) — 1.10 (70) 0.8 0.88 13) -0.4
Corpus uteri (181-182) — (—) — — (—) — 0.68 27 -2.3 0.66 5) -0.9

All uterus (180-182) — -) — — (—) — 0.95 (106)  -0.5 0.80 (20) -1.0
Other genital (183-184) — —) — — (—) — 0.79 80) 22 0.38 3) -2.0
Prostate (185) 1.01 (319) 0.1 0.94 (200 -0.2 — (—) — — (—) —
Testes (186-187) 0.72 (18) -14 0.00 0 -12 — (—) - — () —
Bladder (188) 0.76 (105) 3.0 0.98 “4) 0.1 0.76 9 -08 0.43 1) -1.0
Kidney (189) 0.92 (109) -09 0.31 1) -13 0.95 18) 22 2.69 4 1.6
Eye (190) 0.99 4) 0.1 0.00 0 -01 1.80 ) 0.8 0.00 0) -0.0
Brain (191-192) 1.09 (151) 1.0 0.37 1 -10 0.80 30) -12 0.66 1) 0.2
Thyroid (193) 0.33 3) 24 0.00 0 -05 0.52 2) -09 0.00 0) -0.7
Lymphosarcoma and RCS (200) 0.91 (82) -08 0.93 (2) 0.0 1.15 (25) 0.7 0.00 0) -1.4
Hodgkin’s disease (201) 0.77 (40) -1.7 0.62 1) -03 0.41 6) 23 1.43 1) 0.5
Leukemia, aleukemia (204-207)  0.98 (180) -02 1.11 6) 0.3 0.82 (34) -12 0.57 ) -0.7
Other lymphatic (202-203,208) 0.84 (105) -1.8 1.28 @) 0.7 1.26 (41) 1.4 1.33 ) 0.7
All lymphatic (200-209) 0.93 (4200 -16 1.10 (16) 04 1.00 (109) 0.1 0.87 8) -0.3
Benign neoplasms (210) 0.94 (60) 0.5 2.01 6) 15 0.87 21) 06 0.39 (2) -1.5
Disease of blood (280-289) 0.52 29) 41 1.19 5) 0.4 0.63 (10) -15 0.69 @) 0.4
Nervous system (320-329) 0.70 (148) 47 0.66 ®) -12 0.37 22) 59 0.74 5) -0.6
Circulatory system (390-458) 095 (11,076) -5.6 0.88 (438) 28 084 (1,323) -67 0.70 (235) -6.1
Respiratory system (460-519) 112 (1,568) 42 0.81 54) -16 1.00 (193) 0.0 0.57 (16) =25
Digestive system (520-577) 0.80 (865) -6.9 0.73 40) -21 0.85 a7 22 0.52 (16) -3.0
Genitourinary system (580-629) 0.83 270) 32 0.78 26) -13 0.64 (46) 33 0.63 17) -2.1
External causes (800-998) 1.05 (2,140) 2.3 1.02 (171) 0.3 1.02 (281) 0.3 0.95 (34) -0.2

“Eighth Revision of the International Classification of Diseases, Adapted for Use in the United States.
’Standardized mortality ratios = observed deaths/expected deaths. The expected deaths were computed using age—calendar year-specific rates for

the U.S. population.

‘Freeman-Tukey residuals = /Obs + JObs +1 - \/4 + Exp + 1 are approximately normally distributed with mean zero and variance one.

degrees of freedom (df)—indicates that the facility dif-
ferences are not due to small numbers of deaths, i.e.
unstable rates. Evaluation of the corresponding esti-
mates for white females [see Frome et al. (4)] reveals a
similar pattern.

Table II also shows the results of the main-effects analy-
ses for selected cancer causes. Differences in death rate

among the facilities are large enough and based on a suffi-
cient number of deaths to yield large likelihood ratio test
statistics for lung cancer (21.6, 4 df), leukemia (10.7, 4 df)
and other lymphatic tissues (12.3, 4 df). The estimates of
facility effect indicate that lung cancer is low at X-10
(-34.8L%), and that rates for other lymphatic tissue are low
for X-10 (-92.8L%) and highest for Y-12 (71.9L%). The
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TABLE I1
Parameter Estimates for the Main-Effects Model” for Mortality from Selected Cancer Causes of Death
among White Males (N = 67,197) Who Worked in Oak Ridge between 1943 and 1984
Period
e Length of trend”

Observed o F acilities S SES* employment  (percentage

Cause of death (ICDA-8) number SMR X-10 TEC Y-12 K25 MULT LRT®  (monthly) (<1 year) per year)
All causes 22590 100 -268 59 -17.1 -1.0 -60 101.0 4152.9)¢ 192(1.4) 0.49 (0.07)
Non-cancer (omit 140-209) 17917  1.00 -292 -52  -205 00 -67 1060 -42.5(3.3) 20.0 (1.6) 0.48 (0.08)
Circulatory system (390-458) 11,043 095 -265 -75 -185 -18 -146 509 -344(4.1) 9.9 (2.0) 0.59 (0.10)
Respiratory system (460-519) 1,565 112 -43.0 1.6 -29.4 6.6 63 244  -786(136) 26.1(5.3) 0.97 (0.28)
All external causes (800-998) 2073 106 -33.7 31 -24.1 -3.5 -1.9 185  -55.6(9.8) 42.2 (4.6) 0.26 (0.21)
All cancer 4673 099 -189 880 60 52 42 65 -381(62) 163(3.1)  0.58(0.16)
Mouth and pharynx (140-149) 117 080 -32.7 -29.7 -1612 -284 -33 6.9 — 31.7(19.4)  0.50(0.99)
Digestive (150-159) 1,038 079 -17.8 -33.6 317  -202 -364 52 =205(12.1) 9.8 (6.5) 0.55 (0.32)
Esophagus (150) 93 08 -62 -309 -533 -33 404 24 -979(532) 26.6(21.6) -0.91(1.08)
Stomach (151) 176 0.74 59 -239 523 220 -293 20 -882(377) -53(159) -022(0.72)
Large intestine (153) 344 080 -145 -380 405 -19.1 -347 3.1 -0.7 (19.0) 23(11.4)  1.01(0.60)
Rectum (154) 78 055 -880 -~740 -230 -50.8 -89.8 2.6 20.6 (40.4)  12.4(23.7) -0.96 (1.12)
Liver (155-156) 78 0.78 -108.6 -59.2 -390 512 -58.0 1.8 63.2(364) 47.4(24.0) 1.46(1.14)
Pancreas (157) 241 095 80 -214 20 -145 -29 19 -51.6(27.3) 222(136) 0.92(0.73)
Larynx (161) 62 08 45 -827 6.3 -04 524 86 -207.1(99.6) 59.6(27.0) -0.18(1.35)
Lung (162-163) 1,848 119 -348 105 154 9.4 131 216  -623(11.1) 21.7(4.9) 0.85 (0.28)
Bone (170) 25 122 -805 45 — 45.6 3.0 53 7.6 (77.8) 11.3(414) -2.51(1.94)
Skin (172-173) 80 096 -37 -03 -316 -186 220 21 -18.8(39.0) -35.0(25.6) 2.80(1.29)
Prostate (185) 319 1.01 08 -88 1.0 -101 16.9 2.6 -21.5(22.7) 17.1 (11.8) -0.08 (0.67)
Testes (186-187) 18 075 -103 220 — 39 1050 5.4 -74.8 (110.2) -32.1(49.0) -0.46(2.20)
Bladder (188) 105 076 -1080 -90 -567 470 -89 6.6  -21.5(44.0) 9.9 (20.6) -0.07 (1.05)
Kidney (189) 109 092 -41.7 -230 178 -213 200 1.8 345(31.3) 7.6 (20.6)  1.07 (1.08)
Brain, CNS (191-192) 51 110 154 -163 55.8 133 42 6.1 -439(327)  202(17.3) -1.61(0.79)
All lymphatic (200-209) 418 093 9.7 42 4.2 -3.6 0.6 0.8 44 (169) -19.3(10.6) -0.52(0.50)
Lympho/reticulosarcoma (200) 82 092 -237 -148 50.3 201 -129 35 434 (336) -350(244) 115(127)
Hodgkin’s disease (201) 39 077 -134 55 329 289 571 1.0 346 (51.1) -222(346) 0.04 (1.59)
Leukemia (204-207) 180 099 617 48 645 0.7 133 107 -39.7(27.9) -10.1(159) -0.46(0.74)
Other lymphatic (202, 203,208) 105 0.84 -92.8 8.2 719 -154 7.9 12.3 23.0(34.3) -27.0(22.2) -1.48(1.16)

“The “facility” factor is used as the reference category so that the first five-parameter estimates (columns 4-8) are the natural logarithms of the
SMRs in logarithmic percent (L %) units at the reference level of SES and length of employment at the midpoint (1965) of period of follow-up.

®Likelihood ratio test statistic is x* (with 4 df) for the null hypothesis of no difference in the facility effects adjusted for SES, length of employment
and period trend (values that exceed 9.49 are significant at 0.05 level).

“The reference category for SES is the non-monthly (compared to monthly) workers, and the reference level for length of employment is greater
than 1 year. The parameter estimates for SES and length of employment are log relative risks in L% units. These estimates can be compared with the
null value zero using the SES given in parentheses, or converted into estimates of relative risk.

“The period trend describes the change in the SMR (percentage per year) over the 40 years of follow-up.
leukemia estimate is lowest at Y-12 (-64.5L%) and is high The parameter estimates for the factor B (Tables III and
for X-10 (61.7L%). IV) are estimates of the log SMR for the referent group for

each birth cohort for each cause of death. The large nega-
Dose-Response Analyses tive values for all causes of death (Table III) indicate a

Selected results for main-effects model using ERR. The strong “healthy worker” selection effect for the X-10 facil-
marginal distribution (dose group by facility) of person ity, and that the effect is strongest among workers born
years, observed and expected cancer deaths, and average after 1930 [SMR = exp(-0.63) = 0.53]. Review of the esti-

dose is given in Table Al. The parameter estimates for the
ERR main-effects model (see Eq. 4) with external rates and
using unadjusted doses with a 10-year lag (2 years for
leukemia) are given in Tables III and 1V. The referent
group is non-monthly workers employed at least 1 year at the
X-10 facility who were eligible but not monitored for internal
radiation exposure and had zero external occupational dose.

mates of birth cohort effect shows a similar pattern for dis-
eases of the circulatory system and external causes of death.
For all cancer causes, lower rates were observed primarily
for those born after 1920 (see Table III). By contrast, the
estimates of birth cohort effect for selected cancer causes in
Table IV show a much different pattern. The estimates of
birth cohort effect for those born before 1930 are large and
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TABLE 111
Parameter Estimates for Selected Causes of Death for the X-10/Y-12 Subcohort (N = 28,347) Using Main-Effects
ERR Model with External Rates and Unadjusted Cumulative Dose with 10-Year Lag

All causes All cancer Circulatory system External causes
Term Est SE Est SE Est SE Est SE
A’ (age — 52.5)/100 0.35 0.17 -0.27 0.38 -0.1 0.26 0.83 0.51

B’ <1900 -28.8 6.2 -92 13.4 -19.5 8.7 -56.4 252
1900-1909 -17.0 4.8 —4.3 10.4 -93 6.9 -20.2 16.1
1910-1919 -20.9 4.5 -10.1 9.4 202 6.5 -27.8 14.1
1920-1929 -30.2 5.0 250 10.3 -31.8 7.5 -18.9 14.5

1930+ -63.1 7.8 -66.2 17.9 -71.3 14.4 —47.3 17.3

A\ Non-monthly 0 — 0 — 0 — 0 —

Monthly compared to non-monthly  —42.6 41 —41.4 8.3 -37.6 5.8 -55.5 12.82

L* Atleast 1 year 0 — 0 — 0 — 0 —
Less than 1 year 9.9 4.3 11.3 9.1 13 6.3 249 12.3

IG** EN 0 — 0 — 0 — 0 _
EM 2.4 3.7 43 7.5 =53 53 -15 12.5
NE 73 4.1 29 8.7 7.9 5.8 345 13.0

F¢ X-10 0 — 0 — 0 — 0 —
Y-12 compared to X-10 12.4 42 15.3 8.7 10.8 6.2 12.2 12.3
Multiple compared to X-10 8.4 38 5.9 7.8 31 5.4 8.5 12.4

D° Dose 0.31 - 145 - o — o —
95% CI¢ (0.16,1.01) - (0.15, 3.48) — (<0, 0.86) — (<0, 1.99) —

“This term describes (and adjusts for) any systematic age-related difference in the external rates (U.S. white males) and the study cohort in per-
centage per year units—see Eq. (3) and the Appendix of ref. (4) for further discussion.

"The estimates for each birth cohort are SMRs (in L% units) for the reference level of each of the other terms in the model, e.g., for the 1910-1919
cohort the estimated all-cause SMR = exp(-0.208) = 0.81. The reference group is nonmonthly workers employed at least 1 year at X-10 and who were

eligible but not monitored for internal radiation exposure.

‘For §, L, IG and F, the estimates are of relative risks in L% units; i.e., for all cancer the relative risk for monthly compared to non-monthly work-

ers is exp(-0.414) = 0.66.

“Internal radiation; EN, eligible and not monitored; EM, eligible and monitored; NE, not eligible for monitoring.
‘Dose response for the ERR per Sv (see Eq. 4) which is equivalent to percentage per 10 mSv (rem).
Likelihood maximized at value that would lead to negative relative risk estimate.

éLikelihood ratio-based confidence interval for ERR.

positive for cancer of the prostate and leukemia, indicating
that for the internal referent group these death rates are
higher that those for U.S. white males.

The estimates of the effect of SES (see S in Tables III
and IV) are large and negative, indicating that death
rates are substantially lower for monthly workers than
for non-monthly workers. For example, for all cancer the
relative risk for monthly compared to non-monthly
workers is exp(-0.419) = 0.66 with 95% CI of 0.56, 0.78.
The SES effect is most pronounced for lung cancer,
where the relative risk for monthly workers is 0.43 with
95% CI of 0.31, 0.59.

The log relative risk for all-cause mortality for short-term
workers is 9.9L%, mostly due to higher rates for external
causes. Differences in mortality rates among the three levels
of the internal radiation risk group (IG) were unstable and in
varying directions (see Tables III and IV). Likelihood ratio
test statistics (not shown in the table) for the null hypothesis
of no difference among the levels of this factor were all
below the 95th percentile of the x> distribution with 2 df.

There are differences in the death rates in the facility
groups in the X-10/Y-12 subcohort. All-cause death rates for

those employed only at Y-12 are 12.4L% higher than for
those employed only at X-10, and those for multiple-facility
workers are higher by 8.4L% (see Tables III and IV). These
differences appear to be due primarily to higher lung cancer
rates for the Y-12 workers (log relative risk = 46L.%) and
multiple-facility workers (log relative risk = 33L%). A
notable exception occurs for leukemia, where the rates are
substantially lower for the Y-12 (-121.4L %) and multiple-
facility (-64.0L %) workers than for X-10 workers.

The last lines in Tables III and IV provide an estimate of
and 95% CI for the ERR per Sv. The average lifetime dose
for the X-10/Y-12 subcohort is about 10 mSv, so this coeffi-
cient can be used to compute the relative risk of the “aver-
age” worker in the subcohort of Oak Ridge workers with
potential for exposure to external penetrating radiation.
This estimate can be compared with the other estimates of
the log relative risk parameters for each cause of death.
Using all cancer as an example, the log relative risk for the
average worker is about 100 X log(1 + 0.0145) = 1.44L%.
By contrast, the effect of being a non-monthly worker is
41.4L %, suggesting that SES factors are far more influential
than external radiation exposure in determining cancer risk
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TABLE IV
Parameter Estimates for Selected Cancer Causes of Death for the X-10/Y-12 Subcohort (N = 28,347) Using Main-Effects
ERR Model with External Rates and Unadjusted Cumulative Dose with 10-Year Lag (2-Year Lag for Leukemia)

Digestive Lung Prostate Leukemia

Term Est SE Est SE Est SE Est SE

A (age - 52.5)/100 2.50 0.83 -1.17 0.69 -1.78 1.68 -2.55 15
B’ <1900 -64.7 27.7 -11.6 25.3 71.9 50.3 68.9 59.7
1900-1909 -30.5 21.6 -6.9 182 275 45.0 85.3 44.8
1910-1919 -17.7 19.3 =55 16.1 89 41.7 47.6 431
1920-1929 -269 219 -36.4 174 54.6 432 39.2 45.7

1930+ -34.8 414 -104.5 34.9 — — -105.1 82.4

N Non-monthly 0 — 0 — 0 — 0 —
Monthly compared to non-monthly ~ -21.7 16.2 -84.0 16.1 -18.2 30.3 -93 334

L At least 1 year 0 — 0 — 0 — 0 —
Less than 1 year -9.6 189 19.7 15.5 371 34.1 84 39.9

IG** EN 0 — 0 — 0 - 0 —
EM -143 15.8 11.2 119 -153 29.1 20.0 36.2

NE =57 17.6 0.5 15.4 —42.0 321 33 392

F X-10 0 — 0 — 0 — 0 —
Y-12 compared to X-10 -14.2 184 46.0 14.6 =53 36.0 -113.9 482
Multiple compared to X-10 -23.0 15.8 33.4 13.5 20.7 289 -64.4 35.0

D¢ Dose (10 mSv) 1.42 — 1.68 — 2.06 — o -
95% CI¥ (<0, 6.79) — (0.03, 4.94) — (<0, 24.6) — (<0, 6.5) —

“This term describes (and adjusts for) any systematic age-related difference in the external rates (U.S. white males) and the study cohort in per-
centage per year units—see Eq. (3) and the Appendix of ref. (4) for the discussion.

The estimates for each birth cohort are SMRs (in L% units) for the reference level of each of the other terms in the model; e.g., for the 1910-1919
cohort the estimated lung cancer SMR = exp(-0.055) = 0.95. The reference group is non-monthly workers employed at least 1 year at X-10 and who

were eligible but not monitored for internal radiation exposure.

‘For S, L, IG and F, the estimates are of relative risks in L% units; i.e., for lung cancer the relative risk for monthly compared to non-monthly

workers is exp(-0.84) = 0.43.

“Internal radiation: EN, eligible and not monitored; EM, eligible and monitored; NE, not eligible for monitoring.
‘Dose response for the ERR per Sv (see Eq. 4) which is equivalent to percentage per 10 mSv (rem).
fLikelihood maximized at value that would lead to negative relative risk estimate.

¢Likelihood ratio-based confidence interval for ERR.

in this group of workers. The estimated dose-response rela-
tionships are represented graphically in Figs. 1 and 2.
Results of the screening procedure for selected causes of
death. Table V gives the unadjusted SMR (in percentage
and L %), the value of the score test statistic based on all of
the data, and the estimated dose-response coefficient based
on the main-effects model with exponential relative risk
using the “low-dose” data. In this low-dose analysis all cells
in the analytical data structure in the highest (640 mSv+)
dose group were omitted so that once an individual’s cumu-
lative dose exceeded 640 mSv he was censored. This choice
was based on the results of the regression diagnostics and
the fact that a radiation worker would be very unlikely to
receive a cumulative lifetime dose above 640 mSv—see
Figs. 4 and All in Frome et al. (4). There are 41 cells with
220 person-years (total person-years is 603,365) and 3 can-
cer deaths in the highest dose group (Table AI). The
regression diagnostics in the Appendix of ref. (4) (which
are based on Eq. 3 using all data) suggest that these few
cells with cumulative dose values that exceed 640 mSv have
a large influence on the estimate of the dose-response coef-
ficient for the exponential relative risk model. For the X-

10/Y-12 subcohort about 0.1% of the workers exceeded 640
mSv. (It may be more appropriate to think of this as a low
to medium dose analysis.)

The effect of the high-dose group is to decrease the
trend estimate when the exponential model is used, since
most of the 41 cells have no events and high leverage val-
ues. For all cancer causes the estimate obtained using the
exponential relative risk model and all the data is lower
than that obtained when cells for the highest dose group
are omitted. The low-dose estimate (1.59 per Sv) is three
times larger than the estimate using all the data (0.49 per
Sv). Figure 1A shows the relative risk estimates for all can-
cer for each dose group (10-year lag). These estimates
were obtained using the 10-level factor XG in the main-
effects model and are therefore “adjusted” for factors B, S,
L, IG, F and age through use of the external rates—see
Appendix of ref. (4). Figure 1A shows that the exponential
dose response is reasonable in the low-dose region, but
that it does not provide a good description of the relation-
ship between risk and dose over the range of doses in this
study. Note that while the relative risk for the highest dose
group is lower than that predicted from the exponential



72
A All Cancer
All Data Log-L.og Plot Low-Dose Data Linear-Linear Plot
109 z.ow
141450
—— 14139008 y
--~ exp(0.45 D)
v exp(1.59 Diow)
5.01
3 k]
T 25 o
g 2
E -
& &
1.04
05 0.5
0001  0.005 0.050 0.500 00 01 02 03 04 05
Dose (Sv) Dose (Sv)
B Lung Cancer
All Data Log-Log Plot Low-Dose Data Linear-Linear Plot
100 2.0
1+1.68D
—— 14163 D2
-=~~- exp(0.65 D)
........ €xp(0.96 Dijow)
5.01
5 5
4 [
s 2.5 o
- s
& &
- °
1.04 °
L
05 05!
0.001  0.005 0.050 0.500 00 01 02 03 04 05
Dose (Sv) Dose (Sv)

FROME ET AL.

C Digestive Cancer
All Data Log-Log Plot Low-Dose Data Linear-Linear Plot
10.0 4
1+1420
T ewoasD), /
/ °
5.01 I

2.#

Relative Risk
Relative Risk
N

1.0

05! °
0001  0.005 0.050 0.500 00 01 02 03 04 05 06
Dose (Sv) Dose (Sv)
D Prostate Cancer
All Data Log-Log Plot Low-Dose Data Linear-Linear Plot
100 4
141910
~~-exp(0.16 D)
-------- xp(2.66 Diow] o /
LI
501 /

2.5

Relative Risk
\‘«...
Relative Risk

osl

0.001

0.005 0.050

Dose (Sv)

0.500 00 01 02 03 04

Dose (Sv)

05 06

FIG. 1. Fitted dose-response functions for all cancer (panel A) and selected sites (panels B-D). Point estimates (<) and 90% ClIs (vertical lines) are
shown for each dose group. Dy, indicates that the high-dose group was not used in the fitting.

model fitted over the lower doses, it is roughly in line with
the linear ERR model.

In Table V, the score test values in column 6 were based
on all the data, and the likelihood ratio test values in col-
umn 9 were obtained with the cells in the highest dose cate-
gory excluded. When all the data are used, the results for all
cancer and lung cancer show the strongest association
between external dose and deaths attributed to these causes
(see column 6 of Table V). When the high-dose data are
excluded, there is a decrease in strength of the association
for all cancer, and a large decrease occurs for lung cancer
(see column 9 of Table V). The opposite pattern is
observed for emphysema and cancer of the digestive sys-
tem. Estimates of the relative risk by dose group and those
derived from the exponential relative risk and ERR models
are shown graphically for lung cancer in Fig. 1B and for
cancer of the digestive system in Fig. 1C. For cancer of the

digestive system, there were no deaths in the highest dose
group, so the relative risk was estimated for the last two
groups combined. The dose values used for the graphical
displays in Figs. 1 and 2 were the person-year weighted
average of the doses associated with each stratum in the
analytical data structure (see the Appendix) for a given
dose category. For prostate cancer there were no deaths in
the highest two dose categories, so the relative risk at the
highest dose value in Fig. 1D is a combined estimate for the
three highest dose groups. The dose-response coefficient
for prostate cancer is positive, but the score test and likeli-
hood ratio test do not show a strong association with dose
(see Table V). Figure 1D shows that the risk is increased
for workers with external doses greater than zero (recall
that the internal referent group is based on cumulative life-
time occupational dose with a 10-year lag). An ad hoc anal-
ysis yields a relative risk estimate of 70.4L% (SE = 29.8) for
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FIG. 2. Fitted dose-response functions for all causes (panel A) and selected causes (panels B-D). Point estimates (<) and 90% ClIs (vertical lines)
are shown for each dose group. D,,,, indicates that the high-dose group was not used in the fitting.

those with any external radiation exposure compared to
those with zero dose. This ad hoc result was obtained using
the main-effects model with an indicator variable for exter-
nal radiation exposure. The unadjusted SMR for the
10-year lag zero-dose group is —19.8L% (SE = 21.8), and for
those with dose greater than zero the unadjusted SMR is
16.4L% (SE =13.4).

Figure 2A shows relative risk as a function of dose for all-
cause mortality. Figures 2B-2D show similar results for dis-
eases of the circulatory system, non-malignant respiratory
disease and all external causes of death. Dose-response
coefficients, score test statistics and likelihood ratio test
statistics are given in Table V.

Dose response using adjusted doses. To evaluate the
effect of the dose adjustment procedure at each facility on
the ERR dose-response coefficients, analyses were done
using 2-, 10- and 20-year lag intervals for all cancer causes.
The impact of facility differences on the dose adjustment

procedures is of interest because external radiation monitor-
ing differed in coverage and other respects at X-10 and Y-12
before 1961. Most dose adjustment at Y-12 resulted from
the replacement of missing values for unmonitored workers
with one of three assumed values, whereas at X-10 most
workers were monitored for external radiation after 1947
and individual yearly doses for each worker were adjusted
using the preliminary ad hoc procedure (2, 3). The cumula-
tive adjusted dose assignments for the 20-year lag are based
almost entirely on annual doses obtained during the period
when the adjustments were made.

The first row of section (a) in Table VI shows the esti-
mated ERR per Sv for each lag using the unadjusted
doses. The second line gives the value of the likelihood
ratio test statistic comparing the estimated ERR to the
assumption of zero slope. Lines three, four and five show
the estimated ERRs for each facility separately, and the
final line is the likelihood ratio test statistic for facility dif-
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TABLEV
White Males Ever Employed at X-10 or Y-12 Plant between 1943 and 1984 (N = 28,347): Dose-Response Estimates
for Multiplicative Relative Risk for Selected Causes of Death Based on Main-Effects Model
Using Unadjusted Doses with 10-Year Lag (2-Year Lag for Leukemia)

SMR* Low-dose B¢
Obs Percentage L% SE Score’ Est SE LRT

All causes 4,786 79.84 -22.52 1.45 1.10 0.56 0.50 1.19
All cancer causes (140-209) 1,134 87.31 -13.57 297 2.46 1.59 0.83 323
Digestive (150-159) 258 76.10 2732 6.22 53 2.90 1.46 312
Lung (162-163) 424 94.40 -5.76 4.83 291 0.97 1.39 0.43
Skin (172-173) 29 109.60 9.16 18.52 -0.42 -7.33 10.44 0.71
Prostate (185) 77 105.33 5.19 11.26 0.13 2.67 2.98 0.62
Kidney (189) 35 104.81 4.70 16.86 0.13 2.61 4.22 0.30
Brain (191-192) 46 108.50 8.16 14.73 -0.62 ~-15.97 14.15 213
Leukemia (204-207) 50 99.51 -0.49 14.12 -0.65 -3.93 6.83 0.42
Other lymphatic (202-203, 208) 34 92.16 -8.16 17.12 0.47 5.67 3.50 1.62
All lymphatic (200-209) 123 95.72 —4.38 8.96 0.08 1.71 2.48 0.42
Non-cancer causes 3,652 77.77 -25.14 1.65 -0.22 0.06 0.63 0.01
Circulatory system (390-458) 2,281 78.03 -24.81 2.09 -0.30 0.45 0.74 0.35
Arteriosclerotic disease (410-413) 1,658 78.85 -23.76 2.45 0.09 0.81 0.83 0.87
Cerebrovascular disease (430-438) 292 88.53 -12.18 5.85 -0.35 0.25 2.26 0.01
Respiratory (460-519) 275 78.41 -24.33 5.98 0.01 217 1.73 1.30
Emphysema (492) 73 95.97 —4.11 11.64 125 6.91 1.86 7.93
Digestive (420-577) 165 54.80 -60.15 7.78 -0.21 0.35 2.78 0.02
Ill-defined (790-799) 185 264.64 97.32 7.35 1.59 =217 3.06 0.98
All external causes (800-998) 485 75.40 -28.24 4.51 -0.69 -1.82 241 0.65
All accidents (800-949) 298 70.25 -35.31 5.79 -0.86 -6.27 4.66 2.54
Motor vehicle (810-827) 147 72.37 ~-32.33 8.24 -0.90 -19.53 11.38 5.23
Suicide (950-959) 146 93.81 -6.39 8.25 0.03 1.53 2.64 0.30

“Marginal SMRs for the X-10/Y-12 subcohort.
PScore test statistic using all data.

‘Relative risk is represented as exp(BD), where D is cumulative dose in Sv, so B represents the change in the log relative risk per sievert (which is
equivalent to L% per 10 mSv). Data in the highest dose group (greater than 640 mSv) were excluded.
“Likelihood ratio test statistic for null hypothesis 8 (values that exceed 3.84 are significant at 0.05 level).

ferences in slope compared to the assumption of a com-
mon slope. Section (b) gives the same results for adjusted
doses. The estimated ERRs for all X-10 and Y-12 workers
combined based on unadjusted doses are approximately
50% larger than those based on adjusted doses, and the
largest ERR and likelihood ratio test values are observed
for the 10-year lag.

The lower lines of each section of Table VI show that
the change in ERR with increasing lag differs between X-
10 workers and the other groups. Estimated ERRs at X-10
increase with increasing lag for both unadjusted and
adjusted doses, while estimates for Y-12 and multiple-facil-
ity workers are positive for 2- and 10-year lags but negative
for the 20-year lag, the period when the majority of Y-12
workers were not monitored for external radiation and
adjusted annual doses for Y-12 workers took on one of
three assigned values. The likelihood ratio test statistic for
facility differences in ERR increases with increasing lag.
The difference between ERRs based on adjusted and
unadjusted doses is proportionately larger for Y-12 than
for X-10 workers. Unadjusted values for multiple-facility
workers are closest to zero and change the least with
adjustment assumptions.

Further results—see Table IX of Frome et al. (4)—
show the effect of using the adjusted doses on the score
test values and the dose-response coefficients and like-
lihood ratio test statistics (for the low-dose data) for
each cause-of-death category that was presented in
Table V. The results suggest that the effect of missing
dose is an overestimation of the strength of the
dose-response association, and an upward bias in the
dose-response coefficients.

Alternative representations of dose-response relation-
ship. The results in Table V and Fig. 1 show that the restric-
tion of results to the low-dose region has a stronger effect
on B (using the exponential relative risk model) than does
dose adjustment. The graphical results in Fig. 1A and
regression diagnostics—see the Appendix of Frome et al.
(4)—further indicate that the main-effects model with
cumulative dose represented as a linear term in the expo-
nent (see Eq. 3) does not provide an adequate description
of the dose-response relationship over the entire range of
doses. This dose-response model was used in some previ-
ous studies of the X-10-only subcohort of Oak Ridge work-
ers (21, 22). The results presented in Tables III and IV are
based on the ERR (see Eq. 4), which has been used widely
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TABLE VI
Estimates® of Linear Excess Relative Risk (per Sv) (and
Likelihood Ratio Test Statistics) for All Cancer Causes
by Facility and Lag Interval Using Unadjusted and
Adjusted Cumulative Doses for the X-10/Y-12
Subcohort (N = 28,347)

Lag interval (years)

Facility 2 10 20
(a) Results using unadjusted doses
Combined 0.79 1.45 127
LRT® (2.42) (5.30) (1.05)
X-10 1.87 3.59 6.27
Y-12 123 1.75 -0.33
Multiple 0.16 0.36 -0.24
LRT* (1.41) (3.32) (7.87)
(b) Results using adjusted doses
Combined 0.48 0.93 0.84
LRT’ (1.53) (3.65) 0.62)
X-10 1.43 2.80 4.68
Y-12 0.72 0.91 -0.17
Multiple 0.00 0.21 -0.17
LRT* (1.62) (2.89) (7.81)

“Using main-effects model with external rates for baseline risk.

’Likelihood ratio test for slope equal to zero has x? distribution
with 1 df.

“Likelihood ratio test for common slope, has x* distribution with 2 df.

in radiation epidemiology (5, 23, 24). These two regression
functions cannot be compared directly using likelihood
ratio tests but can be compared indirectly using the values
of the deviance and df for each model. Results of a more
extensive analysis of all-cancer mortality that further
explain and clarify the differences between the ERR and
exponential relative risk functions are given in Table XI of
ref. (4). These results further support the conclusion that
the linear ERR model is a reasonable representation of the
relationship of the relative risk to dose over the entire dose
range. Figure 1 also presents the results of fitting the expo-
nential and linear ERR function to lung, digestive and
prostate cancer. Figure 2 presents similar results for all-
cause mortality, diseases of the circulatory system, non-
malignant respiratory disease and all external causes.

DISCUSSION

This study presents results of the combined analysis of all
workers employed for at least 30 days at one or more of the
four nuclear industry facilities in Oak Ridge, Tennessee.
Numerical and graphical summaries based on Poisson regres-
sion methods that effectively describe the joint influence of
several risk factors on cause-specific mortality were pre-
sented. The primary focus of this report was on the statistical
aspects of this multiple-facility analysis. A detailed account
of the nature and extent of the radiation hazards and moni-
toring programs is presented in companion reports (2, 3).

All-cause mortality rates for male Oak Ridge workers
over the entire follow-up period were similar to national
rates (Table I; SMR = 1.00 and 0.96 for white and non-
white males, respectively). This is unusual in occupational
studies; workers in large industries typically show a
“healthy worker effect” [see chapter 4 of ref. (25)]. One
possible explanation is the large proportion of male work-
ers who were hired at young ages during the war years—
all-cause SMR = 1.11 (/)—and who worked for only a
short time. These may have been transient workers not eli-
gible for the draft due to poor health, and/or they may
have been subjected to more hazardous working condi-
tions because of the war effort. Notable excesses in mortal-
ity occurred only for white males for lung cancer and non-
malignant respiratory disease, and notable deficits
occurred for diseases of the digestive system (both malig-
nant and non-malignant) and diseases of the circulatory
system. For both white and non-white females, the SMRs
based on U.S. rates are generally lower than one. This
apparent negative bias may be due to underascertainment
of vital status. It is known that females are more difficult to
follow through some national data sources. If, however,
failure to determine vital status is not differentially related
to one or more risk factors of interest, then internal com-
parisons of disease rates are appropriate. This assumption
is implicit in our presentation of results for the facility
comparison analyses in Table III of Frome et al. (4).

A more detailed analysis based on facility, SES, length of
employment and period trend revealed substantial differ-
ences in the death rates among workers at the four Oak
Ridge sites for white males (see Table II). Estimates of the
internally adjusted log SMRs (facility effect estimates) show
that the TEC, K-25 and multiple-facility workers have
higher death rates than similar workers employed only at
X-10 or Y-12. The likelihood ratio test statistics indicate that
the differences among the facilities are due primarily to non-
cancer causes of death. However, further analysis of selected
cancer causes (see likelihood ratio test statistics in Table II)
shows that there are large differences among the four facili-
ties for lung cancer, leukemia and other lymphatic cancer.
Monthly paid workers had substantially lower mortality
than weekly or hourly workers; this is in agreement with
other studies showing socioeconomic differentials in mortal-
ity. For white males, paycode differentials in mortality were
greatest for respiratory diseases in general and emphysema
in particular. These observations are consistent with studies
showing socioeconomic differentials in smoking. Excess
mortality was also observed for workers employed for less
than 1 year, and among white males the relative risk was
greatest for external causes of death. Over calendar time
SMRs tended to increase. For white males, all-cause SMRs
increased at an average rate of 0.49L.% per year, with values
of 0.58L% for all cancer, 0.59L% for diseases of the circula-
tory system and 0.97L % for respiratory diseases. The mag-
nitude of changes in SMRs with calendar time and differ-
ences in trends for causes of death of interest, including can-
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cer and smoking-related diseases, suggests the importance of
continued follow-up of these populations.

All dose-response analyses were restricted to the subco-
hort of white males employed at X-10 or Y-12 (see Materi-
als and Methods). In previous studies with follow-up
through 1984, the dose-response analyses were based on
white males (N = 8,318, with 346 cancer deaths) employed
only at X-10 (21, 22). The addition of Y-12 and multiple-
facility workers increased the cohort size to 28,347, with
1,038 cancer deaths. The methods used in this study differ
in several ways from those in our previous analysis of the
X-10 only group. First, there were 10 dose groups equally
spaced on a logarithmic scale (instead of 8 equally spaced
on a linear scale with a width of 20 mSv). Second, we used
the person-year weighted average dose in each cell of the
analytical data structure. In the previous analysis the
median value of all of the person-years in all of the cells in
the highest (greater than 120 mSv) dose category was used
as the value of D for all cells in the highest dose group, and
the interval midpoint was used for all of the other cells.
Third, external rates and a multiplicative main-effects
model were used to describe the baseline rates, and internal
radiation monitoring status and facility factors were
included in the model. In the previous dose-response analy-
ses, external rates were not used, and the baseline rates
were described with a parametric model—see the
Appendix of ref. (4) for further discussion. Fourth, in previ-
ous dose-response analyses, deaths where cancer was a
“contributing cause” were included. Only underlying causes
of death were used in the current study. Fifth, all of the pre-
vious dose-response analyses were limited to the exponen-
tial relative risk model.

For all-cancer mortality with a 10-year lag, the estimated
ERR for the X-10/Y-12 subcohort was 1.45 per Sv with a
likelihood ratio-based 95% CI = (0.15, 3.48)—see Table III
and Fig. 1A. Results were also presented for all cancers for
2- and 20-year lags by facility group. The results based on
unadjusted doses for the X-10-only subcohort (see Table
VI) are consistent with results in earlier studies, which
showed a positive dose-response relationship for all cancers
(21, 22). The dissimilarity of dose-response associations
between X-10, Y-12 and multiple-facility workers increases
with the lag assumption, as indicated by both the slope esti-
mate and the likelihood ratio test. A similar pattern is
observed for adjusted doses. Results for the 20-year lag are
based on doses received before 1965, the period when radi-
ation monitoring was substantially more complete at X-10
than at Y-12—see Watkins et al. (2, 3).

Most dose-response analyses were based on unadjusted
doses with a 10-year lag. There was no evidence for an asso-
ciation between leukemia deaths (using a 2-year lag) and
external radiation dose. Except for those born after 1930,
leukemia mortality rates at X-10 were higher than those for
U.S. white males and higher than those for similar Y-12 and
multiple-facility workers (see Table IV). Prostate cancer
rates were elevated relative to the U.S. rates and were about

two times higher in workers with any amount of recorded
external doses relative to those who received no occupa-
tional dose (see Fig. 1D). There was, however, no evidence
for a smoothly increasing dose response for prostate cancer.
Two studies of UK workers have reported statistical associa-
tions between radiation dose and mortality from cancer of
the prostate (26, 27). Cardis and colleagues (24), however,
note that more recent studies indicate that the association
with external dose was largely a result of correlation
between external radiation and radionuclide contamination.

The only specific cancer for which there was evidence for
a positive association with external radiation was lung can-
cer (see Tables IV and V and Fig. 1B). There were two lung
cancers in the highest dose group, and exclusion of high-
dose data results in a likelihood ratio test statistic of 0.43 for
the multiplicative dose-response model. The estimate of the
lung cancer ERR per Sv is 1.68 with a likelihood ratio-based
95% CI of 0.03, 4.94. Results in Table IV show that there
was a strong SES effect, that baseline rates were higher for
Y-12 and multiple-facility workers, and that the relative risk
for workers monitored for internal exposure was slightly ele-
vated. Information on cigarette smoking for this cohort is
not available for analysis, and residual confounding by
cigarette smoking patterns cannot be ruled out. Such con-
founding could bias dose-response estimates in either direc-
tion. There was no evidence for an association between dis-
eases of the circulatory system or non-malignant respiratory
disease and external radiation (see Table V and Figs. 2B and
2C). Note, however, that the largest likelihood ratio test
statistic in Table V occurred for emphysema for the low-
dose data (there were two deaths in the 320-640-mSv dose
group with 0.16 expected based on U.S. rates).

Another important issue that has not been considered
previously for this cohort is the “missing dose” that may
have occurred as the result of recording a zero for below-
detectable doses, especially for frequent (weekly) film
badge readings at X-10. The results presented here are
based on a preliminary dose adjustment procedure that was
derived from a small sample of hard-copy X-10 personnel
dose records (2, 3, 6). The sample was needed because daily
and weekly radiation monitoring data prior to 1957 are not
available in electronic form. Future studies that include X-10
workers should use all available dosimetry data to deal with
the uncertainty (systematic bias and random measurement
error) in these data (28-32). Our preliminary dose adjust-
ment method does not consider other sources of systematic
(e.g. neutron exposures) and random measurement error,
nor did we consider the effect of measurement error on
other covariates (internal exposures, SES) used in the anal-
yses. Results based on adjusted doses are consistent with
earlier studies, but suggest that the effect of missing dose
was to introduce an upward bias in the dose-response coef-
ficient and the score test statistics. Differences in measure-
ment of external radiation at X-10 and Y-12 are relevant to
the results reported in Table VI, which show consistently
increasing dose coefficients for longer lags only at X-10.
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The lag-20 coefficients are based entirely on exposure
measurements made before 1965. For most of those years,
less than one-quarter of Y-12 workers routinely wore exter-
nal dosimeters, while the proportion for white male X-10
workers after 1946 was much higher (30). If there were an
association between radiation exposures and cancer mortal-
ity during this period, it would be difficult to detect if few
workers were monitored. In addition, recorded external
exposures were higher at X-10 than at Y-12 during this
period, resulting in a less skewed dose distribution upon
which to base the dose-response estimates.

The factor /G was included as a crude indicator of occu-
pational hazard associated with internal radiation monitor-
ing status in all dose-response analyses. The results for this
factor are never impressive and no doubt mix selection fac-
tors (including facility selection) with any effect of hetero-
geneous exposures. It is likely that these estimates are
affected by measurement error since the accuracy and com-
pleteness of internal exposure data vary considerably by
facility and over time—see Watkins et al. (2, 3). The EM
coefficient for lung cancer is positive and may reflect the
contribution of Y-12 workers to this category (33). The
coefficient for circulatory diseases is negative, suggesting
that the positive EM coefficient for lung cancer is not
merely a smoking-related phenomenon. The NE group has
a large coefficient for external causes, which has been inter-
preted in other places as an SES effect. This is noteworthy
because it is adjusted for paycode, facility and cohort.

In all dose-response analyses the potential biases associ-
ated with time-related factors and time-dependent expo-
sures were dealt with through the use of an internal control
group based on birth cohort, age at risk and length of
employment. Different approaches to dealing with time-
dependent variables are possible—see e.g. refs. (13, 25)—
and alternative approaches to dealing with these and other
variables in mortality studies of nuclear industry workers
have been presented (5, 27, 34-39).

In the most recent combined analyses of the data for
workers in several countries exposed to low-level external
radiation, Cardis et al. (24, 40) present an excellent discus-
sion of the importance of and difficulties encountered in
studies of occupational effects of external radiation. The
subgroup of workers from Oak Ridge who are in these com-
bined studies are referred to as the ORNL subpopulation
and correspond to X-10-only workers in this report. Their
estimates of ERR per Sv for the ORNL subpopulation for
all cancer excluding leukemia is 1.66 with a 90% CI of 0.04,
4.4 and for leukemia excluding CLL is —1.06 with a 90% CI
of <0, 4.8—see Table V in ref. (24). Their results are consis-
tent with the results presented here for the larger X-10/Y-12
subcohort of Oak Ridge workers. Cardis et al. [Table IV of
ref. (24)] give estimates of ERR per Sv for all cancer for
their combined data of —0.02 with a 90% CI of -0.34, 0.35;
for leukemia the estimate is 1.55 with a 90% CI of -0.21, 4.7.

A recent high-dose study by Pierce et al. (41) presented
risk estimates based on mortality in the atomic bomb sur-

vivors through 1990 (see Table Al of ref. 41). Their excess
relative risk estimates for all cancers (0.37 per Sv with a
90% CI of 0.31, 0.44) and lung cancer (0.42 per Sv with a
90% CI of 0.24, 0.63) are compatible with those derived
here. Failure of this study to detect a significant dose
response for leukemia may be due to a lack of power, con-
founding or measurement error. Another possibility is the
presence of an unidentified toxic chemical that is present
only at X-10 (e.g. some type of solvent) that is independent
of, or negatively correlated with, external dose, and causes
leukemia. This would also be a possible explanation of the
increase in leukemia risk at X-10 relative to U.S. rates and
other Oak Ridge facilities. The combined risk estimates
derived from the present study are generally comparable to
the positive dose-response estimates in Pierce et al. (41) for
those categories where there were larger numbers of
deaths. However, this study also suggests that there are dif-
ferences in dose response between worker cohorts in the
same location followed over about the same period, and
that these differences are associated with measurement
issues. Specifically, dose-response associations are stronger
for X-10 workers, the population with more complete
external radiation monitoring. Differences in dose response
between X-10 and other workers are larger under longer
latency assumptions that depend more on exposure classifi-
cation based on radiation data from that historical period
when monitoring differences between populations were
greatest. This observation suggests that investigations of
external radiation effects in combined-facility studies
should be sensitive to differences in other exposures and in
radiation measurement characteristics between the cohorts.

APPENDIX

The analysis files (which are SAS data sets) at the top of Fig. Al were
the starting point for all results in this report. These four analysis files and
two additional files that contain adjusted doses for X-10 and Y-12 are
available through CEDR (7) at URL http://cedr.lbl.gov/CEDRhomepage
.html. A detailed description of the data collection and validation proce-
dures, as well as tabular and graphical summaries of the resulting database,
are presented in companion reports—see Watkins et al. (2, 3, 6). The facil-
ity comparison results presented in Table II were obtained using data
derived from the demographic analysis file. The dose-response results
were restricted to white males employed at either X-10 or Y-12 and use
the yearly external and internal radiation exposure data contained in the
three additional analysis files shown at the top of Fig. Al. Several steps
were required to generate the analytical data structure, which contains a
seven-dimensional table for each cause of death. Each of the 4,230 cells
contains the index values for each of the factors, the person-years, the
average dose, the observed deaths and the expected deaths for each cause-
of-death category. The analytical data structure used to obtain the results
in Tables III-V is also available through CEDR.

The marginal distribution of person-years by facility and dose group
for X-10/Y-12 workers (white males) with a 10-year lag is given in
Table Al Line 3 of Table Al shows the marginal average dose, i.e. the
person-year weighted average of all the average doses from each cell in
the full table. In most dose groups the marginal average dose was
slightly less than the midpoint of the interval used to define the cate-
gory. The dose distribution for Y-12 workers differed considerably
from that of the other two groups. The person-years in the X-10-only
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DEMOGRAPHIC X-10 EXPOSURES Y-12 EXPOSURES K-25 EXPOSURES
FILE ANNUAL VALUES ANNUAL VALUES ANNUAL VALUES
118,588 EXTERNAL DOSES EXTERNAL DOSES EXTERNAL DOSES
INTERNAL INDICATOR| | INTERNAL INDICATOR| | INTERNAL INDICATOR
23,049 20,818 45470
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(WHITE MALES)
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FIG. Al. Procedure used to generate the analytical data structure.

category is greater than reported in previous studies (21, 22) since indi-
viduals who were initially employed at X-10 and then at another Oak
Ridge facility contributed person-years to the appropriate dose groups
in the X-10-only category until 10 years (the lag) after the date at which
each became a multiple-facility worker. Table AI also shows the
marginal distribution of observed and expected deaths (using U.S.
rates) by facility and dose groups for all cancer deaths, and the
marginal total for each dose group. These unadjusted SMRs indicate

that mortality rates for all cancer causes are less than those for U.S.
white males. To adjust for this selection effect, Eq. (3) with D = 0 was
used. The adjusted SMRs are given in Table AL

A detailed outline of the steps in the data analysis process is given in the
Appendix of an ORNL report (4) available via the WWW at URL
http://www.epm.ornl.gov/~frome/. The 10-year lag all-cancer data, a GLIM
program to compute Table Al and an AMFIT (20) program that uses these
data to fit the ERR model are also provided.
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TABLE Al
Summary Results for White Males Ever Employed at X-10 or Y-12 by Dose Group Using 10-Year Lag

Dose category (mSv)

Interval 0 01-5 5-10 10-20 20-40 40-80 80-160 160-320  320-640 640+

Midpoint 0 25 7.5 15 30 60 120 240 480 —

Average 0 19 7.2 14.2 27.8 55.2 110.8 219.6 4148 17738

Facility Person years Total

X-10 140,426 57,666 17,220 18,288 12,255 6,258 3,271 1,681 571 89 257,726

Y-12 125,574 35,718 12,504 8,661 4,699 1,233 239 17 0 39 188,684

MULT 89,456 31,798 13,420 9,199 6,046 3,997 1,888 872 188 91 156,955

Total 355,457 125,182 43,144 36,148 23,000 11,488 5,398 2,570 759 220 603,365

Observed and expected” deaths for all cancer causes

X-10  Obs 110 100 42 54 30 22 14 10 3 1 386
Exp 153.56 138.44 53.53 65.98 42.58 24.17 11.16 6.08 2.47 0.32 498.3

Y-12 Obs 153 69 42 30 14 4 0 0 0 1 313
Exp 149.79 7297 45.46 28.09 16.23 5.19 0.79 0.01 0.00 0.14 318.7

MULT Obs 173 117 54 39 24 17 [ 3 1 1 435
Exp 200.30 116.08 66.93 41.89 26.30 18.37 7.54 311 0.73 0.58 481.8

Total Obs 436 286 138 123 68 43 20 13 4 3 1,134
Exp 503.65 327.49 165.92 135.96 85.11 47.73 19.48 9.21 3.20 1.04 1,299

SMR 86.6 87.3 83.2 90.5 79.9 90.1 102.7 141.2 125.1 287.6 87.3

Adjusted” expected deaths for all cancer causes

X-10 115.72 105.71 41.78 52.05 33.13 20.37 9.52 5.31 2.14 0.29

Y-12 148.35 69.43 44.91 27.97 16.18 5.23 0.79 0.01 0.00 0.15

MULT 182.39 104.00 59.99 37.82 23.60 16.35 6.75 2.85 0.68 0.59

Total 446.47 279.12 146.69 117.83 72.90 41.96 17.06 8.17 2.82 1.03

SMR 97.7 102.5 94.1 104.4 93.3 102.5 117.3 159.1 141.8 290.3

“Expected deaths based on U.S. white male rates.

®Adjusted for all factors (except external dose) in main-effects model (see Table III).
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