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Preface

Previous analyses of workers at ORNL have focused on a cohort, first defined by

Checkoway et al., of white males hired between 1943 and 1972. In this report we

refer to this group as the Checkoway cohort. The Checkoway cohort was limited to

white males, in part, because these workers had the most complete vital status follow­

up and the largest radiation exposures. In this study we have expanded the study

population to make it more representative of the workforce actually employed at

ORNL. This report describes analyses of an expanded cohort which includes all

workers hired at ORNL between 1943 and 1972 for whom data was adequately

complete.

In order to evaluate the consequences of using an expanded cohort, we first examined

associations between external ionizing radiation and cancer mortality among the

Checkoway cohort, and subsequently examined these associations among the

expanded cohort of workers. The outline of this report reflects this strategy. Chapter

One presents our specific aims and an introductory literature review. Chapter Two

presents cohort definitions for the Checkoway cohort and for the expanded cohort, as

well as a discussion of the variables considered in these analyses. Chapter Three

describes our analytical and statistical methods. We used a regression model

previously developed for analyses of the Checkoway cohort; however, to conduct

analyses using data for the expanded cohort, we had to develop a regression model

which included several additional variables. Consequently, Chapter Four presents

univariate analyses of the distribution of cancer deaths and person-time within the

expanded cohort; and, Chapter Five describes the development of a baseline

regression model for the expanded cohort.
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A primary concern of these analyses was the influence of age at exposure, latency, and

time-since-exposure on estimates of the association between radiation and cancer

mortality. These analytical questions were first investigated among the Checkoway

cohort, for whom data were most complete, and among whom we had least concern

about heterogeneity in radiation-cancer associations. Chapter Six presents our

investigation of the influence of time-related factors on the association between

radiation and all cancer mortality among the Checkoway cohort. After establishing the

time-related factors of primary interest, we examined these associations in the

expanded cohort. Chapter Seven presents analyses of the effects of age at exposure

and latency among the expanded cohort. Chapter Eight further investigates these

associations in the expanded cohort, examining the association between external

radiation and specific cancer and non-cancer causes of death, with an interest in

outcomes that could suggest problems of confounding. Finally, Chapter Nine

discusses our results, comparing findings between analyses of the Checkoway cohort

and analyses of the expanded cohort, as well as comparing our findings to other

reports on radiation health effects.
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SIGNIFICANT FINDINGS

Cumulative dose received after age 45 strongly predicts all cancer mortality among

these workers under a range of lag assumptions, and provides estimates of similar

magnitude for lung cancer mortality and mortality from cancers other than lung.

These analyses suggest that among workers at ORNL cumulative dose received at

older ages was more strongly associated with subsequent cancer mortality than lifetime

cumulative dose. The strong evidence of a dose response relationship, and the

substantial magnitude of this association, suggest that by considering age at exposure

we identified a smaller, more relevant time period of exposure.
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USEFULNESS OF FINDINGS

An estimated six hundred thousand workers have been employed by the DOE and its

predecessor organizations in the nuclear industry,[12] and many more people have

been affected by environmental releases of radiation from nuclear facilities and by

medical and occupational radiation sources. Epidemiologic research on low level

radiation provides information to the public about the consequences of these

exposures. Information about differences in sensitivity to radiation health effects

needs to be coupled with more information about the sources of radiation exposure, in

order to aid public evaluation of the risks created by nuclear technologies. These

results raise important questions about the magnitude of estimates of radiation-cancer

associations currently used for worker protection and environmental regulation, and

support previous findings of evidence that adults' sensitivity to radiation increases with

age. Data from DOE cohorts is important for evaluating these questions. The results

of cohort studies of badge-monitored workers, with extremely complete vital status

follow-up deserve particular attention. We have identified age at exposure as an

important determinant of differences in the effects of radiation among workers at

ORNL. If, as these results suggest, the effects oflow level radiation increase with age,

then differences in radiosensitivity need to be incorporated into considerations of

radiation protection, medical uses of radiation, and the implications of our industrial

and military applications of nuclear technologies.
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ABSTRACT

This report examines the effects of low-level, external exposure to ionizing radiation

on mortality among workers at Oak Ridge National Laboratory (ORNL). A

retrospective cohort study examines 14,095 ORNL workers hired between 1943 and

1972 who were followed through 1990. Analyses focus on time-related factors

influencing the association between all cancer mortality rates and cumulative external

radiation dose. A limited number of analyses further considered all cause mortality, all

causes except cancer, lung cancer, all cancers except lung, leukemia, ischemic heart

disease, non-malignant respiratory disease, and external causes. The effects of

external radiation dose were larger for doses received at older ages. Assuming a five

year lag between exposure and death, a 4.39 % (se=1.36) increase in all cancer

mortality was estimated per 10 mSv cumulative dose received after age 45. This

association increased to 4.98 % (se=1.48) per 10 mSv under a ten year lag, and 7.31

% (se=2.24) per 10 mSv under a twenty year lag. Lung cancer mortality followed a

similar pattern to all cancer mortality, while little evidence of association was observed

between all non-cancer causes of death or leukemia and radiation.
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Chapter One - Introduction And Literature Review

Introduction
,

For thousands of years the only exposures to ionizing radiation which people received

were the emissions of the sun and soil. This has changed, however, over the last

century, and particularly over the last fifty years, as technologies have developed

around the promises and profits of ionizing radiation and the sources of exposure have

multiplied. [1] Today, exposure to low level radiation is common for workers in many

industries, for patients receiving medical and dental care, and for everyone exposed to

the environmental releases from nuclear facilities, weapons detonations, and waste

sites. [2-4] Consequently, while exposures from these new radiation technologies have

occurred only recently, questions about their long-term effects are of broad public

concern. [5]

One way to address questions about the long-term health effects oflow level exposure

to ionizing radiation has been to study workers in the nuclear industry, many of whom

were hired during the early development of nuclear reactors and the United States'

atomic weapons program. [3] Summarizing what has been learned from these

occupational studies, the National Academy of Science's Committee on the Biological

Effects ofIonizing Radiation noted that no study has found "results which differ

significantly from the null. "[3] Similarly, discussing the literature on occupational

exposures to radiation, researchers for the International Agency for Research on

Cancer concluded that "in most studies the confidence intervals of risk estimates were

compatible with a range of possibilities, from negative effects to risks an order of

magnitude greater than those on which current radiation protection recommendations

are based. "[6, 7] Such "null" findings were interpreted by the authors as consistent

with findings from the Life Span Study (LSS) of atomic bomb survivors, which



estimate a 0. 1% increase in all cancer mortality per 10 mSv dose. [7] The LSS has

served, in this way, as an interpretative framework through which the results of other

epidemiologic studies of populations exposed to ionizing radiation have been read. [8]

The history of research on low level radiation effects, however, is not constituted only

by findings that converge at consensus; and, the statistical models which describe the

waves of mortality moving out from the ground-zeros at Hiroshima and Nagasaki do

not offer an overarching, or even adequate, summary of what has been reported about

the effects oflow level radiation on human health. [9-12] Rather, the literature on

radiation health effects is marked with inconsistent findings and critical debate. [12-14]

The work of Alice Stewart and George Kneale, for example, has repeatedly

demonstrated differences in the effects of radiation depending on time-related factors,

suggesting that low doses of radiation received at older ages and under long latency

assumptions, may be associated with substantial increases in cancer mortality. [1 0, 15­

18] Other researchers, reporting on occupational studies of exposure to ionizing

radiation, have also reported associations more than ten-fold larger than the estimates

derived from the study of A-bomb survivors. [19-22]

It has been suggested that studies which diverge from the findings of the LSS are

likely to represent random error, problems of bias and confounding, and the proclivity

ofjournals to print studies with positive rather than null findings. [3, 23] Some have

argued that interpretation of research findings on the effects of low level radiation

should give primacy to the results of the LSS, relegating findings that diverge from

these estimates to the domain of outliers and statistical aberrations. [3, 23, 24] Others

contend that the LSS also suffers the problems of biases, that the literature on

radiation health effects contains substantial inconsistencies, and that we should

continue to look for the threads of continuity which stitch together the entire body of

this research. [9, 13, 14]
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Establishing the historical ground upon which this research moves is important to the

introduction of this dissertation, since our formulation of what is not understood about

the effects of radiation exposure, and what appears promising for future research,

arises from the overview of past research that we construct.[25] Similarly, the

interpretation that we give to study findings is influenced by our understanding of what

has been established by past researchers. [26]

A critical evaluation of questions about the effects oflow level radiation is important

to the public's health. Over six hundred thousand Department ofEnergy (DOE)

workers have been occupationally exposed to low level radiation;[12] the number of

others occupationally, medically, and environmentally exposed to ionizing radiation is

much larger. [2] Currently, the LSS provides the basis for most radiation risk estimates

and radiation protection standards limiting these exposures. [27] The findings of this

dissertation, however, along with a substantial body of previous work,[14, 16,28-31]

challenge the conclusions currently drawn from the LSS, in particular the conclusion

that radiation sensitivity decreases with older age. [27] These results need further

attention, given the importance of such differences to our understanding of the health

effects from the public's exposures to the wide range of medical, environmental and

occupational irradiation.
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Specific Aims

Compared to other workers in the nuclear industry, workers employed at Oak Ridge

National Laboratory (ORNL) have a long history of vital status follow-up and

particularly detailed information about external radiation exposure, especially for

exposures received in the early years of operation ofthe nuclear industry.

Consequently, this cohort provides some of the best data available on occupational

radiation exposure. Previous studies have focused on the white males employed at

ORNL. The goal of this study was to examine the association between external

ionizing radiation and cancer mortality in an expanded ORNL cohort, while

considering time-related factors which may affect estimates of the dose-response

relationship as well as help to explain changes in these associations over periods of

follow-up. [19, 32] To do this, recently developed methods for analysis of time-related

factors in cohort studies were applied.

We examine an expanded cohort of workers at ORNL, including the most recent data

on vital status follow-up, and incorporating records that allowed us to consider

workers with previous employment at other DOE facilities. Analyses consider

differences in the effects of radiation depending on lag assumptions, time since

exposure, and the age at which exposure occurred. Interpretation of these findings

addressed concerns about time-related patterns of confounding, and the influence of

modeling assumptions on these estimates. In order to achieve our analytical goals, we

addressed the following specific aims:

1. Examine the association between external radiation dose and total cancer
mortality:

a. Considering a range of standard lag assumptions.

b. Evaluating the effects of expanding the cohort
definition to include women, workers of all races,
and those employed at other facilities.
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c. Evaluating the sensitivity of these estimates to
assumptions about the form (additive relative risk
versus multiplicative relative risk) of our regression
models.

2. Investigate differences in the effects of exposures received at
different ages.

a. Evaluating the separate effects of exposures received at
younger and older ages.

b. Considering the consistency of these effects
between periods of hire and follow-up.

c. Considering differences in the effects of age at
exposure under different lag assumptions.

3. Investigate critical time periods of exposure using induction time
analyses. These analyses examine exposure time-windows that
simultaneously consider lag and time-since-exposure. We considered
time-windows of exposure as an alternative to age at exposure.
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Background And Literature Review

The radiation exposure received by workers at ORNL is primarily due to gamma rays,

a form of high energy electromagnetic radiation which is emitted as unstable nuclei

undergo radioactive decay. Gamma radiation carries a tremendous amount of energy.

As gamma radiation passes through the body, however, very little of that energy is lost

to the surrounding environment. [33] Nonetheless, the energy which is expended is

sufficient to remove an electron from an atom, break molecules apart, and, by what is

known as the Compton effect, create cascades of ionized molecules.[3, 4] Because

the energy of gamma radiation is delivered in discrete quanta, known as photons, even

the lowest levels of exposure set these disruptive, ionizing, processes in motion. [34]

When ionizing radiation penetrates the human body, one type of molecule which can

be damaged is DNA.[35, 36] This damage to chromosomes may occur directly from

the interaction of the genetic material with ionizing radiation, or as an indirect

consequence of the formation offree radicals by ionizing radiation, which then react

with chromosomes or other cellular material involved in transcription or repair

processes of the chromosomes. [34] The damage to DNA may consist of a single point

mutation, which is a change in a single nucleotide base-pair. Alternately, both strands

of a chromosome may be broken, causing structural changes to the DNA, such as the

deletion or translocation of sections of chromosomal material, or the creation of

dicentrics, or ring chromosomes. [3 3, 37] Evidence of deletions, translocations,

dicentrics, and ring chromosomes following exposure to ionizing radiation have been

reported in laboratory experiments and among people with occupational, medical, and

environmental exposures to radiation. [3, 38-40]

Mutations and chromosomal abnormalities are widely believed to be important to the

development of cancer. Chromosome abnormalities, while of low occurrence in the

general population, are found almost universally in cancer cells. Furthermore, diseases

such as ataxia telangiectasia, which predispose a person to chromosome breakage and
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rearrangement, also predispose them to subsequent cancer mortality. [3, 41] Specific

chromosome abnormalities have been associated with certain types of cancer,

suggesting their role in the cancer's origin. For example, chronic myelocytic leukemia

and Burkitt lymphoma have both been associated with specific translocations between

chromosomes; and, small-cell carcinoma of the lung, renal carcinoma, neuroblastoma,

Wilms' tumors, retinoblastoma, and osteosarcoma have been associated with specific

deletions of chromosomal material. [3, 41]

The effects of low level radiation exposure on the occurrence of chromosomal

aberrations may increase for doses received at older adult ages, perhaps because of the

declining ability of cells' repair mechanisms at older ages. [42, 43] Among infants,

children, and young adults receiving medical irradiation, the yield of chromosomal

aberrations does not appear to vary with age at exposure.[44, 45] In studies of

shipyard workers, however, radiation doses received after age 40 were associated with

larger increases in the occurrence of dicentrics than doses received at younger

ages. [46, 47] Studies of workers at the Rocky Flats nuclear facility also found that the

association between plutonium body burden and chromosomal aberrations was greater

among workers exposed after age 40 than among workers exposed at younger

ages. [48-50]

However, age differences in the association between radiation and cancer mortality

may be expected for reasons other than the physical processes associated with

radiation-induced chromosomal damage and its subsequent repair. Stewart and others

have argued that the relative effect of radiation may be expected to increase for

exposures received at older age, since sensitivity to the effects of most exposures

increases as a person ages and the body's repair and immune system deteriorates. [2,

16, 51] Furthermore, cancer development is likely to be mediated by many exposures

during an individual's life. [52] At older age, a person may be more likely to have

received previous exposures which initiate carcinogenic processes. [53] The belief that
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cancer development is multi-stage process is supported by the evidence oflong latency

periods between exposures and subsequent cancer, the effects of age on cancer

incidence, and evidence that different exposures may act as initiators or promoters of

cancer. [54] Theoretical models of such multistage processes suggest that the effect of

an exposure depends on the age at which exposure occurs.[55] Under a multistage

model of cancer, in order for cancer to occur a cell must pass through several

sequential changes. [56] A carcinogen may act as an initiator, at an early stage of

carcinogenesis, and/or act as a promoter, at a later stage in the development of

cancer. [57] Since the age at which an exposure occurs is related to the probability of

a cell having undergone the necessary transitions preceding the stage upon which the

exposure acts, age may modifY an exposure's effect. [58]

Epidemiologic studies of occupational exposure to external ionizing radiation

The importance of considering differences in the relative effect of radiation doses

received at different ages was raised by Mancuso, Stewart, and Kneale, in their early

reports on cancer mortality among DOE workers at the Hanford facility. [59, 60] An

analysis of radiation-cancer associations among workers at the Hanford facility

compared accumulated doses among Hanford workers who died from cancer to the

doses accumulated among workers who died from non-cancer causes. Higher mean

cumulative doses were reported among workers who died from cancer than among

workers who died from other causes. The authors noted that" data from the Hanford

study have shown that sensitivity to the cancer-induction effects of radiation is at a

low ebb between 25 and 45 yr of age. "[59]

Their findings were followed by analyses by other researchers which reported lower

cancer mortality among workers at Hanford than among the general population, and

little evidence of dose response relationships between cumulative radiation and cancer

mortality, with the exception of positive associations with multiple myeloma and

carcinoma of the pancreas. [61-63] An early criticism of Stewart and Kneale's work
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was their choice of analytical methods. Kneale subsequently presented a comparison

of the methods used their early analyses with methods based on Standardized

Mortality Ratios (SMRs),[64] and presented further analyses using Cox regression

methods. [1 8, 60]

Reporting on vital status follow-up of the Hanford cohort through 1986, Stewart and

Kneale reported positive associations between radiation and cancer mortality, with

exposures received after age 50 being most important to this relationship. [1 8] Gilbert

et al., in contrast, reported negative associations between cumulative radiation dose

and leukemia mortality and all cancer mortality except leukemia. [65]

Stewa~ and Kneale have argued that attention to time-related factors, such as age at

exposure, year of exposure, and latency, are fundamental to explaining the differences

in results between their research and that of Gilbert et al. [66, 67] While Gilbert et al.

focused on the association between cancer mortality and cumulative radiation dose

under a ten year latency assumption, Stewart and Kneale evaluated the effects of

numerous time-related factors. Recognizing the complexity of analyses which

simultaneously evaluate several time-related factors, Stewart and Kneale later

published analyses which focused on the effects of age at exposure under a ten year lag

assumption. [16]

Critics have cautioned that Stewart and Kneale, by examining long latency

assumptions and doses received only at older age, restrict dose response analyses to

very small ranges of dose accrued over a short time interval.[68] Stewart and Kneale,

however, have presented tables of observed and expected deaths by dose which allow

assessment of the dose distribution upon which estimates were derived, and have

presented comparisons of dose response associations for exposures received at

younger and older ages.[16, 69] Stewart and Kneale have also reported analyses

which, by comparing dose response associations for lung cancer and other respiratory
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diseases, suggest that confounding by cigarette smoking is unlikely to account for the

radiation-cancer dose response relationships they observed at Hanford. [70]

Researchers have combined data for workers from ORNL, Hanford, as well as at the

DOE's Rocky Flats facility in order to conduct 'pooled' analyses.[71, 72] Such pooled

analyses have the advantage of increased statistical power since they consider large

numbers ofworkers;[73] however, the heterogeneity of the cohorts (in the quality and

completeness of data, the nature of work done at different facilities, and the types of

exposures received at the facilities) raises concern about pooling. [74] A report by

Gilbert et al. on these pooled analyses noted a negative association between external

radiation and leukemia, and no association between radiation and all cancer

mortality. [71] Dose response associations were reported to increase for deaths

occurring at older age among Hanford and ORNL workers, which the authors

interpreted as evidence of "biases in the data that are not well understood." Gilbert et

al. suggested that, "it is possible that smoking patterns could differ in early and later

birth cohorts. "[75] Since doses received at older ages can only be associated with

cancer mortality at older ages however, changes in dose response associations with

age at risk are difficult to distinguish from changes in these association with age at

exposure. [67]

Kneale and Stewart also reported on analyses that included workers from ORNL and

Hanford, as well as at three other DOE facilities. [17] They concluded that when time­

related factors were considered, a positive association existed between radiation dose

and cancer mortality among workers at each facility. However, significant differences

existed in radiation-cancer associations between the cohorts, suggesting that pooled

analyses may be inappropriate because of the heterogeneity between cohorts. For

workers at ORNL the association between radiation and all cancer mortality was

strongest when considering cumulative dose received after age 45 under a 21 year lag
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assumption; for workers at Hanford this association was strongest when considering

doses received after age 62 under a 17 year lag assumption.

Another pooled analysis considered cancer mortality among workers at nuclear

facilities in the United States, United Kingdom, and Canada. United States workers

were employed at ORNL, Hanford, and Rocky Flats. Cumulative radiation dose was

negatively associated with all cancers except leukemia, and positively associated with

leukemia excluding chronic lymphocytic leukemia (CLL) (2.18 % per Sv); in all cases

associations were smaller than those derived from extrapolation from A-bomb

survivors. [7]

Studies of the effects of cumulative external radiation dose and cumulative internal

exposure to alpha-radiation among workers at uranium processing facilities have

considered differences in dose response associations for workers hired at different

ages. The relative risk of lung cancer among uranium processing facility workers has

been observed to increase with increasing external radiation dose only among workers

hired after age 45.[22, 76]

Studies of Radiation Health Effects Among Workers at ORNL

The association between radiation and cancer mortality among ORNL workers has

been the subject of a number of analyses, in addition to the pooled analyses described

above (Table 1.1). Abd-Elghany examined the relationship between total cancer

mortality and low dose radiation in a nested case-control study of 423 ORNL workers

who died of cancer, and 846 matched controls. [77] These analyses suggested that

larger external radiation doses were accumulated among those who died of cancer

than among those who did not; and, these differences were greater among workers

hired at older ages than among workers hired at younger ages. In an analysis which

compared workers who had any recorded external radiation dose to workers who had

no recorded dose, odds ratios increased with age at hire from 0.64 for those hired
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before age 25 years, to 1.15 for those hired ages 25-39, to 1.44 for those hired at ages

>=39 years.

Checkoway et al. conducted SMR analyses among 8375 white male workers hired at

ORNL between 1943 and 1972. [78] As in other DOE cohorts, all cause and all cancer

mortality for these workers were lower than expected when compared to the general

population;[12] however, elevated SMRs were observed for leukemia, cancer of the

prostate, and Hodgkin's disease. Standardized rate ratios for leukemia increased with

increasing external radiation dose and with longer latency assumptions, although no

deaths were observed among those receiving the highest doses.
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Table 1. 1 Studies of Workers at ORNL

Author, Study Population Period of Analyses

Year (number of Follow-up

workers)

Elghany, All Males Hired 1943-1977 Case-Control Study
1983 1943-77

(1269)

Checkoway, White Males Hired 1943-1977 SMR analyses
1985 1943-72

(8375)
Frome, White Males Hired 1943-1977 Poisson Regression
1990 1943-47 at

ORNL, Y12, K25
(28,008)

Wing, White Males Hired 1943-1984 Poisson Regression
1991 1943-72

(8318)
Gilbert, White Males Hired 1943-1984 Mantel Haenszel
1992 1943-72

(8307)
Wing, White Males Hired 1943-1984 Poisson Regression
1993 1943-72

(8307)
Wing, White Males Hired 1943-1990 Poisson Regression
1995 1943-72

J(8307)
,·"u ... ~_.

Frome, et al. examined the mortality experience of 28,008 white ITI... .; Oak Ridge

workers employed during World War II (1943-47).[79] The study included workers

employed at ORNL as well as at uranium production facilities at Oak Ridge (Y-12 and

K-25). A trend of increasing SMRs for all cause mortality with increasing years of

follow-up was observed, primarily due to lung cancer and respiratory disease.

Regression analyses examined associations between radiation exposure and mortality.

Due to the poor monitoring of radiation exposure in the early years of operation,

radiation exposure was considered as either exposed or unexposed. Relationships
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between radiation exposure and all cancer, lung cancer, and other cancer mortality

were positive although the estimated associations had large standard errors.

Wing et aI. examined the association between radiation and cancer mortality among

ORNL workers hired between 1943 and 1972 with vital status follow-up through

1984. [19] Leukemia mortality was elevated in the cohort when compared to the

general population. Examination of dose response associations between radiation and

mortality among white male workers revealed that all cancer, lung cancer, and

leukemia exhibited positive associations with external radiation dose. Associations

were largest in magnitude for leukemia, intermediate for lung cancer, and smallest in

magnitude for all cancer mortality. The magnitude of associations increased with

longer lag assumptions. A 4.94% increase in all cancer mortality per 10 mSv dose was

reported under a twenty year lag assumption.

Gilbert also examined associations between radiation and mortality among white males

employed at ORNL. While reporting results similar to Wing et aI., Gilbert noted that

dose response associations were oflarger magnitude for smoking-related cancers than

for other cancers, and that dose response associations were positive for mortality due

to circulatory disease and respiratory disease, suggesting confounding due to

smoking.[80] Further analyses by Wing et aI, addressed potential confounding due to

cigarette smoking, [81] as well as confounding due to occupational exposures other

than radiation. [82] Wing et al. noted that the association, reported by Gilbert,

between radiation dose and mortality due to circulatory disease was due to a failure to

control for socioeconomic differences in the cohort. Furthermore, contrary to

expectations about confounding due to cigarette smoking, associations between

radiation and cancer mortality were smaller in magnitude for lung cancer mortality

than for smoking related cancer sites other than the lung; and, radiation-cancer

associations exhibited a strong sensitivity to lag assumptions.
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Preliminary analyses, reporting on vital status follow-up through 1990, noted that the

magnitude of the radiation-cancer dose response relationship had diminished with

additional follow up.[32] The SMR for leukemia was less elevated than in earlier

reports, and when considering a 20-year lag assumption, the magnitude of the dose

response association for the association between radiation and all cancer mortality was

approximately half of the value reported for vital status follow-up through 1984. The

association between radiation and cancer mortality was very small prior to 1977; rose

from 1977 through 1984; and declined after 1984 (Fig. 1.1). Wing et al. suggested

that further analyses should investigate whether these trends in dose response

associations with follow-up could be explained as a consequence of differences in the

effects of radiation received at different ages.
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Figure 1.1. All Cancer Dose Response, Follow-up 1977 through 1990, 20 Year Lag
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Conclusion

Recent national and international committees have reported that the effects of

exposure to ionizing radiation are greatest when received by the very young and

decrease when exposure is received at older ages.[3, 27] However, an alternative

description suggests, to the contrary, that sensitivity to the effects of radiation may be

greatest at very young and very old ages, with radiosensitivity at a low point for adults

in their 20s and 3Os. [16] This dissertation investigates associations between low level

radiation and cancer mortality with attention to potential differences in the relative

effect of radiation with older adult age. Understanding the effects of low level

radiation exposure, and potential changes in these effects with age, is necessary for an

evaluation of the consequences of environmental, occupational, and medical exposures

to low levels of radiation.
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Chapter Two - Materials and Study Variables

Overview

This chapter describes the study setting and the collection of data used for these

analyses. The difference between the Checkoway cohort considered in our preliminary

analyses, and the expanded cohort considered in subsequent analyses, is discussed.

The methods used for ascertainment of vital status and collection of cause of death

data are described, as are the methods used for collection of data on external radiation

exposures received at ORNL. Our choice of demographic and employment variables

is discussed with reference to previous research on this cohort and expectations from

the literature about associations between sociodemographic variables and cancer

mortality.



Study Setting

In December 1941, the United States government began to invest heavily in the

creation of an atomic weapon. In the preceding year, U. S. and British scientists had

convinced themselves that a rare isotope of uranium could be separated, gathered, and

used in a chain reaction to release tremendous amounts of energy. The government

authorized the rapid construction of full-scale, secret production facilities for this

enriched uranium. [83, 84]

The U.S. Army was in charge of the construction project under the direction of

Brigadier General Leslie R. Groves. In September, 1942, Groves approved the

purchase of 59,000 acres in rural, East Tennessee in order to start construction of the

massive compound originally named Clinton Laboratory (later renamed Oak Ridge

National Laboratory). The site was to include facilities for production of enriched

uranium, an experimental pile to produce plutonium, and research laboratories.

Construction began in the winter of 1942, and by April of 1943 the facility was

enclosed in its barb wire fence.[85]

The Du Pont Co. was contracted to build and operate an air-cooled experimental pile

(at the X-lO facility), a chemical separations plant, and supporting laboratories at the

Tennessee facility. Many of the workers coming to the facility were from out of town;

most of the researchers came from the Metallurgical Laboratory at the University of

Chicago, while the industrial and managerial workers came to Oak Ridge from other

Du Pont facilities. ORNL was created as a facility for research and development of

the atomic bomb, and the atomic pile there was used to create small amounts of

plutonium. Since World War II, the ORNL facility has been used for research in the

chemical, physical, and biological sciences.
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Cohort Definition and Rationale

When reviewing these study results attention should be given to the difference

between the two cohorts which were examined.

• The Checkoway cohort (n=8,307) included all white males, hired at ORNL

between January, 1943 and the end of 1972, who had worked at least 30 days, had

known dates of birth and hire, and for whom there was no record of employment

at any other Department ofEnergy facility. This cohort was first defined by

Checkoway et al., and has been examined by other researchers with small changes

over time in cohort definitions. [17, 19,71,78] Detailed information on vital status

follow-up, employment, demographic, and job characteristics has been reported

previously. [78, 82, 86]

• The expanded cohort (n=14,095) included all employees hired at ORNL between

January, 1943 and the end of 1972 who had worked at least 30 days, had known

gender, race, and dates of birth and hire, and had two years or less of missing

external radiation dose data from employment at other DOE facilities.

Preliminary analyses, in which we developed our analytical methods, were conducted

using the Checkoway cohort. These preliminary analyses allowed us to: verify that

our methods for generating person-time data produced regression estimates

comparable to those previously reported; compare the results of regression analyses

which considered latency and age at exposure to estimates previously reported; and

then, to assess the effects on these dose response associations of using an expanded

cohort definition.

The expanded cohort includes women, non-whites, and workers with employment at

other DOE facilities. Women and non-white workers were included in order to
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examine the effects of low level radiation among a cohort which was representative of

the complete workforce. Workers had been excluded from past studies because they

were known to have been employed at other DOE facilities. Employment at other.

DOE facilities was a common occurrence among workers at ORNL because ofthe

location of two other major DOE facilities at Oak Ridge (K-25 and Y-12). The three

Oak Ridge facilities were operated by the same contractors after 1947, so movement

of personnel across facilities occurred. ORNL workers were also employed at the

Savannah River Plant, Hanford and other DOE facilities.

By expanding the cohort definition, however, concerns were raised about potential

differences in data which could lead to biases or confounding. Occupational exposures

and radiation monitoring programs differed significantly between facilities; and, with

inclusion of nonwhite and female workers, the completeness of vital status

ascertainment decreased. Consequently, we conducted preliminary analyses among

the Checkoway cohort, which has the most complete data. We then assessed whether

associations between low dose radiation and cancer mortality differed when we used

our expanded cohort definition.
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Enumeration of the Expanded Cohort

Between 1943 and 1972, 17,517 workers were employed at ORNL. From these

workers, 675 were excluded because they were employed less than thirty days, or had

unknown gender, race, birth date, or employment dates. An additional 2,747 workers,

who also had been employed at another DOE facility and had more than two years of

exposure data missing from that employment, were excluded. These exclusions left

14,095 workers (80.5% of all workers employed between 1943 and 1972) eligible for

inclusion in the study cohort (Figure 2.1).

Figure 2.1 Enumeration of the Expanded Cohort

All employees at ORNL between 1943 and 1972

n=17,517 workers

___ 1 ,
( Exclude 675 workers employed less ,

than thirty days, or had unknown I
I gender, race, birth date, or
\. employment dates )

---[---
------- .........

(Exclude 27.17 workers who had more than 1
I

two years ofexposure data missing from
employment at another DOEfacility J

'----1----
All employees at ORNL between 1943 and 1972 worked 30 or more days, had
known gender. race. and dates of birth and hire, and had two or less years of

missing dose data from employment at other DOE facilities

n=14,095 workers
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Vital Status Ascertainment and Loss to Follow-up

Vital status follow-up of the ORNL cohort has been conducted by the Oak Ridge

Associated Universities, Center for Epidemiologic Research. Vital status was

determined from a variety of sources, including three searches of Social Security

Administration (SSA) records during the 1970s and 1980s, records of the Health Care

Financing Agency, Tennessee Department ofMotor Vehicles, a credit and pension

benefits research group, the benefits department of the contractor currently operating

the facility, personnel records, obituaries, and the National Death Index (NDI), which

includes all deaths in the United States beginning in 1979. [86]

Initially, SSA records were the primary resource for ascertaining vital status. Social

Security Administration records allowed identification not only of deaths, but also

identification of workers who were still alive. With access to SSA records

discontinued in 1987, searching the NOI became the preferred method for updating

vital status. A search of the NOI for the years 1979-1990 was conducted in 1992 for

all workers not already known to be deceased or currently employed. The NOI has

been shown to identifY essentially all deaths in the United States.[87-90] When a

subject's social security number is available, the NOI has been reported to accurately

identifY 97% of known deaths; overall the Index is reported to identifY 93% of deaths,

with sen'sitivity varying by race and gender.[89, 90] In a comparison of the NOI to the

SSA system for ascertainment of vital status, conducted among the white male

workers at Los Alamos National Laboratory, the NOI correctly identified 99.5% of

the deaths identified by SSA for the period 1979-1983.[91]

Individuals known to be alive as of 1 January 1979 or later were assumed to be alive at

the end of the study if the NOI gave no indication that they had died. Workers whose

vital status was unknown in 1979, and did not have a death indication from NOI, were

counted as unknown vital status. For workers with unknown vital status, person-time

was counted only until the date oflast contact (typically, the date of termination of
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employment at ORNL), thereby including all available person-time of observation

without making assumptions about the mortality of workers after loss to follow­

up.[92]
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Certification ofCause ofDeath

Information on cause of death was collected through retrieval of death certificates

from the vital registration offices of all 50 states, New York City and the District of

Columbia. Coding of cause of death information was done by a qualified nosologist

according to the eighth revision of the International Classification ofDiseases adapted

for use in the United States (ICDA). The underlying cause of death was coded as well

as any cancer that appeared on the death certificate that was not the underlying cause

of death; recording information other than the underlying cause of death was done to

increase the sensitivity of detection of cancer causes of death. [82]
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Annual External Radiation Dose Data

External radiation monitoring data for the period 1943-1985 were available for this

study from records at ORNL. External radiation doses were estimated for years of

employment at ORNL with missing dose data using a hierarchical decision algorithm

that first relied on the worker's dose estimates in adjacent time periods within one or

two years of the missing year, and, if those were not available, relied on average values

for similar workers or, in cases where department information was not available, all

workers. At ORNL the vast majority of missing doses were estimated from worker's

own data in adjacent years. This "nearby" procedure avoids making a most extreme

assumption about the missing dose (that no exposure occurred in the year with missing

dose data) and provides a complete set of annual dose estimates with a minimum of

assumptions. [93]

Dosimetry data from other facilities, including Y-12, K-25, Hanford, and the Savannah

River Plant were merged with the ORNL records. Workers with more than two years

of missing external dosimetry data during employment at other DOE facilities were

excluded from the expanded cohort.

Changes over time in External Radiation Dosimetry at ORNL

Health physicists at ORNL developed much of the technology for radiation dosimetry;

consequently ORNL is one of the occupational cohorts with the longest and most

complete histories of radiation dosimetry. Monitoring began at ORNL in February,

1943 and continues through to today.

Occupational exposure to radiation at Oak Ridge is described as beginning when the

X-lO graphite reactor went critical on November 3, 1943. In December of that year,

irradiated fuel was removed from the reactor for processing. About fifty percent of

the workers in the Checkoway cohort were monitored for external exposure in 1943;

by 1944 eighty-six percent of the cohort was monitored, and over ninety-eight percent
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of the cohort was monitored by 1948.[94] By November, 1951 all ORNL workers

were required to have a film badge, and in September, 1953 this film badge was

incorporated into a security badge that was required to be worn at all times. [86] A

computerized file contains a record of the measurements for each worker from

February, 1943 through December, 1985; this file contains nearly 700,000 entries for

over 28,000 monitored workers.[86]

Measured external ionizing radiation exposures at ORNL are characterized by a spike

of high annual exposure in 1944, followed by a rise from the late 1940s to the late

1950s, and then a gradual decline in measured exposures to the end of the study

period. [19] Changes in recorded dose over time may, in part, reflect changes in

production processes at ORNL. Changes in recorded dose over time may also be

related to changes in the techniques used for measuring external radiation

exposure,[95] and in the frequency of reading dosimeters. The different techniques

can be summarized as follows. Pocket ionization chambers were used from February,

1943 through May, 1944, film badge dosimeters were used from June, 1944 through

December, 1975, and thermoluminescent dosimeters (TLDs) have been used since

January, 1976.[96]

In the early years of the radiation monitoring program, dosimeters were read

frequently. Pocket ionization chambers were read daily, and film badges were read

weekly until 1956. The frequent reading of dosimeters was not well-suited to

detecting low doses of occupational radiation exposure, since when monitoring

devices were read frequently a worker could have been exposed to radiation yet not

received a sufficient amount to be detectable. [97] After 1956 film badges were read

quarterly or annually. For doses received below the minimum detectable dose (MDD)

the practice for recording MDDs appears to have changed over time; in some periods

a zero dose appears to have been recorded while in other periods doses between zero

and the detection limit may have been recorded. [94, 98]
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There are further reasons to that recorded doses could underestimate the actual whole

body dose received. When interpreting the dose recorded on the badge, it is assumed

that the radiation exposure occurred at a horizontal angle (the angle of exposure can

affect the dose recorded by the badge) to the front of the worker. [99] However, in

actuality it is rare that a worker is exposed to a uniform radiation field. [100] Some

individual behaviors, which might follow from incentives to avoid documentation of

higher doses, could also lead to underestimation of radiation exposures. It has been

suggested that some workers might have removed their badges before performing

tasks which entailed high exposures; this action would have been taken in order to

ensure that their recorded exposures were below standards which would otherwise

require them to stop work.

These problems could lead to underestimation of doses received by workers in all dose

groups, or to differential underestimation with respect to exposure;[94] consequently,

underestimation of dose could lead to under- or over-estimation of the effects oflow

level radiation. As well as underestimation of doses, some factors may have led to

non-differential misclassification of exposures; these include laboratory errors in

readings dosimeters, and errors in correctly matching the large number of dosimetry

records to the correct workers. [10 1]

Changes in dosimetry techniques are not just relevant to considerations of the

magnitude of radiation-cancer dose response estimates. These changes are also

relevant to considerations of trends in dose response estimates over calendar time.

Changes over time in the (under)estimation of doses, for example, could lead to

changes in estimates of dose response associations. Also, temporal trends in the

minimum detectable dose could affect the comparative magnitude of dose-response

estimates under differing lag assumptions. Since longer lag analyses are more heavily

dependent on dose measurements in earlier calendar years, if problems of dose
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underestimation were larger in the early years of operation, smaller doses could be

associated with larger observed effects. To investigate concerns about potential

underascertainment of exposure in the early years of ORNL's operation, we conducted

a series of analyses considering workers hired in earlier and later historical periods.
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Internal Radionuclide Exposure

We considered internal exposure to radionuclides as a potential confounder of the

association between external radiation and cancer mortality. Internal deposition of

radionucides was believed to be uncommon and the levels of exposure were believed

to be much less substantial than exposures to external radiation. [86] However,

understanding of the health effects of internal deposition of radionuclides is

limited. [74, 102] Previous studies have suggested that occupational exposure to

plutonium may lead to excess cancers, as well as measurable increases in chromosomal

aberrations;[49, 50, 74, 103, 104] and, previous analyses of workers at ORNL suggest

differences in the mortality experience of workers who were monitored for internal

radionuclide deposition. [19] At ORNL, workers who were monitored for internal

exposure had lower SMRs than the entire study cohort for all cause mortality, all

circulatory disease, and external causes; however, workers who were monitored for

internal exposure had larger SMRs than the entire cohort for lung cancer,

lymphosarcoma, and leukemia. [19] Consequently, although the level of exposure from

internal deposition of radionuclide is expected to be small, attention was given in our

analyses to the available data on internal radionuclide monitoring.

The decision to monitor a worker for internal deposition of radionuclides was

determined by health physicists at ORNL, and indicated that the worker was at risk of

contamination. [86] Monitoring consisted of regular urinalysis, and potentially fecal

monitoring as well. Since the methods for detecting radionuclides by internal

monitoring are poor, we considered evidence that the worker was monitored as an

indication of a job at higher risk of internal contamination. An important limitation of

these data is that internal exposure monitoring was not conducted prior to 1951. [86]

Consequently, in the early years of operation there is no way to assess confounding

effects of internal exposure.
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Employment Status

A common observation in studies of workers in the nuclear industry is that nuclear

workers tend to be a group of people with good health and low mortality rates

compared to the general population.[12] This has been described as evidence ofa

'healthy worker effect', in which people with good health are selected for employment

in a particular industry. [92]

In analyses which compare the mortality rates of workers within an industry by level of

exposure, selection factors related to a worker's health may be associated with their

level of cumulative exposure. [105] For example, physical examinations might be

required for workers to perform jobs in radiation exposed areas, and jobs involving

radiation exposure might also require special education which could lead to

socioeconomic (and related mortality) differences between exposed and unexposed

workers.[106] Such selection processes suggest that workers receiving radiation

exposure might have lower baseline mortality rates than other workers within the same

industry, biasing dose response associations downward. [107]

Short term employment in an industry may be associated with higher mortality rates

than long term employment, especially in blue collar jobs in which short term

employment may be associated with lower socioeconomic status. Short term

employment is also associated with low cumulative exposure; hence, if workers with

short term employment have poorer health this could lead to a downward bias in

estimates of dose response relationships. [92] Workers employed less than 30 days

have been excluded from our analyses.

Similarly, when workers develop poor health they tend to leave, or be selected out of,

the workforce, while those with good health remain employed and may accumulate

exposure. Such patterns of employment selection might also be expected to lead to a

downward bias in dose response associations. However, in analyses which investigate
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a lag assumption, only those exposures received several years before the onset of the

disease are considered. In a lagged analysis, it is less likely that differences in

cumulative dose between workers would be due to health-related selection out of the

workforce.[108] We considered analyses with five, ten, and twenty years lag

assumptions.

The converse was also considered: healthier workers may tend to be selected into the

workforce.[109] Workers who were recently hired may be expected to have very

good health, and are necessarily assigned to the lowest dose group in a lagged

analysis.[82] However, the relatively better mortality experience ofa recent hire

cohort compared to others in the industry tends to decline with longer follow-up. In

our analyses, all workers had at least eighteen years of follow-up; consequently these

differentials would be expected to be minimized.

An exception to the observation that mortality differentials between hire cohorts tends

to decline with increasing follow-up, however, is that this differential tends to decline

only after workers exit the workforce.[108] Actively employed workers, with longer

time since hire, tend to be healthier than workers who terminated employment (and

these workers tend to have higher cumulative exposures). This has been referred to as

a 'healthy worker survivor effect' which may lead to an underestimation of dose

response relationships in an occupational cohort.[110] One method for limiting the

effect of these selection processes is to consider active employment status as a time

dependent variable; and consider an interaction so that with increasing age, the

mortality differential between actively employed workers and terminated workers may

differ.[111, 112] Arrighi evaluated methods for controlling employment selection

factors among ORNL workers, examining associations between external radiation and

mortality due to lung cancer, circulatory disease, and accidents. Arrighi concluded

that the use of an age-specific indicator of active employment status was useful,
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although perhaps not entirely sufficient, to adjust for this "health worker survivor

effect. "[11 0]

33



Paycode

When examining exposure-disease associations in a working population it is important

to recognize the role of socioeconomic status as a determinant of mortality. [113]

Overall, the mortality experience of workers at ORNL was better than the mortality

experience of persons in the general population. [19] In internal comparisons of

mortality among workers at ORNL, it must be further considered whether differences

in cancer mortality rates by exposure level are confounded by socioeconomic

differences between employees.

Our analyses examined paycode as an indication of socioeconomic differences in the

workforce.[82] Paycode was based on the worker's pay schedule when hired. Among

male workers, monthly-paid workers were mostly in professional positions which

require a high level of education; non-union supervisors were paid weekly; and,

unionized blue-collar workers were paid hourly. Female workers were most often

paid weekly; weekly-paid women were often employed in different jobs than weekly

paid men, and typically were assigned job titles such as clerical worker. Hoffinann

examined the association between mortality and paycodes among Oak Ridge facility

workers and reported that important differences existed between paycodes in the

mortality experience of ORNL workers. [114]
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Age, Birth Cohort, Gender, Race, and Facility

Previous analyses of workers at ORNL, similar to analyses of people in other study

populations, have established age and birth cohort as two factors that are important

determinants of cancer mortality, [51, 57, 115] that may also be associated with levels

of cumulative dose. Consequently, similar to previous analyses of this cohort, we have

attempted to control for these potential confounding factors in our analyses.

Following previous analyses,[19, 32, 82] we examined the use ofa continuous term in

our regression models to describe changes in cancer mortality rates with age. In

previous analyses the association between age and cancer mortality was found to be

described adequately using a continuous term for age; this simplified analyses, since it

was not necessary to include a large number of indicator terms for age categories. In

order to control for age using a continuous term, it was necessary to specify the shape

of this association. As in previous analyses, cancer mortality has been described using

a Weibull function (log-log association between age and cancer mortality). [19, 71, 80]

Age-specific mortality rates are not simply fixed consequences of aging, but rather

exhibit significant historical trends (as do patterns of annual external radiation

exposure at ORNL). We considered birth cohort in our analyses by including

categorical terms for year of birth.

The inclusion of women, non-white workers, and workers with employment at other

facilities led to our examination of these factors as potential confounders in our

analyses. Women and non-white workers may have different age-specific mortality

rates than white males for numerous sociobiological reasons; furthermore, at ORNL,

cumulative external radiation dose (under almost any hypothesized lag or age at

exposure weighting scenario) is also related to race and gender. We also examined an

indicator of whether a worker was employed at ORNL only, or was employed at other

DOE facilities. Changing jobs may be associated with differences in health status,
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while employment at other DOE facilities may be associated with differences in

exposures as well as differences in the quality of radiation dosimetry data.

36



Unmeasured Potential Confounders

Workers at ORNL were potentially exposed to many agents other than external

ionizing radiation. Other potentially carcinogenic occupational exposures at ORNL

include benzene, organic solvents, and powerful electromagnetic fields. [86]

However, little quantitative data are available on these exposures, and an evaluation of

indicators of potential exposures, such as job titles, [82] was beyond the scope of this

dissertation.

Cigarette smoking has been suggested as another potential confounder of concern,[80,

116] although previous analyses have not supported this contention. [81] It has been

argued from epidemiologic principles that smoking is unlikely to be an important

confounder of dose-response relationships in occupational studies;[117-119] and,

previous analyses of workers at the Hanford nuclear facility have found no evidence of

an association between tobacco use and external radiation dose.[120] Several analyses

in this dissertation assess confounding due to cigarette smoking indirectly by

examining the association between radiation and lung cancer, cardiovascular disease,

and non-malignant respiratory disease. [121]
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Outcomes ofInterest

The outcome of primary interest in these analyses was all cancer mortality. In contrast

to studies of people exposed to medical irradiation of a specific organ, this study

examines a cohort of workers with whole body exposure to radiation. Since radiation

is thought to be a general mutagen to chromosomes across cell types,[4] whole body

exposure to radiation may affect the risk of mortality from most types of cancer.[33]

Furthermore, since the etiology of radiation-induced cancer is poorly understood, the

biological rationale for studying all cancers may be as strong as the rationale for

studying an a priori defined group of radiosensitive cancers. Previous attempts to

define a group of radiosensitive cancers have been found to be inconsistent between

study populations. [63, 122] For example, Stewart and Kneale derived a list of

radiosensitive cancers from an ICRP publication which included cancers of the

pharynx, digestive system, breast, lung, thyroid, and lymphatic and hematopoietic

cancers. Subsequent critics, however, noted that in other populations, including the

LSS of A-bomb survivors, the relative risk estimate for this group of radiosensitive

cancers was slightly lower that the estimate for cancers excluded from this group.[122]

Previous studies of radiation-cancer associations among workers at ORNL have

examined all cancer mortality and provide evidence of an association in this

population. Since the research questions being investigated in this study were partly

motivated by these previous analyses, this provides further rationale for examining of

all cancer mortality. Finally, while death certificate data are reasonably accurate for

identifying all cancers as a group, they are a less sensitive tool for making distinctions

between specific types of cancer; consequently, consideration of deaths due to

particular cancers may not strengthen this study.[3, 123] To the extent that

radiosensitivity differs by cancer type, our results reflect an average of effects between

more and less radiosensitive cancers.
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In order to evaluate questions about potential confounding (in particular, due to

cigarette smoking), however, dose response analyses were conducted for a limited

number of cancer and non-cancer causes of death (Table 2.1). Specific cancers, such

as female breast cancer and leukemia, which were of interest because of previous

reports of radiosensitivity, occurred too rarely to allow analyses of dose response

associations.

Table 2.1 Causes ofDeath Examined and Associated ICD Codes, Eighth Revision

Cause Of Death ICD Codes Number of

cases

All Cause vital status='D' 3269

All Cancers 140-209 879

Lung Cancer 162 245

Ischemic Heart Disease 410-414 976

Nonmalignant Diseases Of 460-519 167

The Respiratory System

Categories based on combinations of these groups were also considered; these

included all causes except cancer, and all cancers except lung.
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Chapter Three - Analytical and Statistical Methods

Overview

This chapter discusses the analytical and statistical methods used in these analyses.

We begin with a discussion of time-related variables, and then describe our methods

for examining cumulative external radiation dose, latency, time-since-exposure, and

age at exposure. We next discuss our methods for creating tables of person-time and

events, and the assignment of specific values to categories of dose and age for use in

our regression analyses. Finally, we discuss the regression models used in these

analyses and the influence of modeling assumptions on our estimation of radiation­

cancer associations.



Time-related Factors

In these analyses we examine cancer mortality rates in a population of workers, some

of whom received radiation exposure, and some of whom have been followed to the

end of their life. To estimate the effects of radiation on cancer mortality, we first

describe cancer mortality rates in terms of demographic and employment

characteristics of the workforce. The effect of radiation, then, can be expressed as the

absolute, or the proportional, difference in cancer mortality rates among the exposed

when compared to the unexposed. [124]

Since the level of radiation dose differed between workers, we evaluated dose

response associations, estimating the percent change in cancer mortality per unit

dose. [2] Dose was examined in a time-dependent fashion by calculating cumulative

dose; since using a cumulative measure of exposure raises the possibility of time­

related confounders, our analyses examined factors which might relate employment or

demographic factors to a worker's cumulative dose.[125, 126] Furthermore, we were

interested in examining time-related factors which might modify the effects of

exposures.[92] We examined lag assumptions, time since exposure, and age at

exposure.

In the previous chapter we discussed our handling of time-related study covariates. In

this chapter, we address our use of cumulative dose, our analytical methods for

examining differences in the effects of doses received at different periods of exposure

(defined by age at exposure and lag assumptions), our use of relative risk models, and

our evaluation of multiplicative and additive relative risk functions to describe dose

response associations.
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Cumulative External Radiation Dose

Use of cumulative dose as a measure of exposure carries with it a number of

assumptions, including that: separate doses of radiation act independently; the effect of

separate doses is cumulative, even for the lowest dose rates of exposure; similar

exposure intensities at different ages have similar consequences; and, prolonged

exposure is not required for disease induction. [16, 92] Alternatives to examining

cumulative dose include examining the effects only of peak doses or periods of high

dose rate exposure (for example positing that very low doses have no effect). [127]

However, at ORNL, exposure patterns were complex; and, in general, the effects of

exposure intensity and duration are difficult to distinguish from the effects of

cumulative exposure. Consequently, in these analyses we relied on cumulative

radiation dose as a simple method for summarizing workers' exposure histories.

In these analyses, cumulative dose was categorized in order to allocate person-time

and events within tables. We calculated cumulative dose as the time-dependent

summation of annual recorded doses; person-time and events were categorized by

seven levels of exposure, as follows: 0, >0-20, 20-40, 40-60, 60-80, 80-100, 100+

mSv. Although the first categories may be too narrow to be useful fr,;- identifying

differences in radiation risk, comparisons of risk between the °group and the "almost

0" groups are of interest in relation to questions about selective differences between

workers who are never exposed, many of whom have shorter durations of employment

or did not enter potentially exposed jobs, and those who were employed in jobs with

potential for radiation exposure but who did not have recorded exposures above very

low levels.

The appropriateness of this categorization was assessed by examining the distribution

of person-years and events within each of the dose groups, with attention given to

differences in these distributions under different assumptions about latency and age at

exposure. Since records of external doses were reported as annual doses, in order to
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calculate cumulative dose in a time-dependent fashion we assumed that the entire

annual dose was received at the midpoint of each calendar years (July 1st).
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Latency and Time windows

Under the premise that there is typically a latency period of several years between a

relevant exposure and the clinical detection of a cancer (or death due to cancer),

exposures are often 'lagged.' In our analyses, to consider a lag assumption of 'y' years,

we assigned person-time and events according to the level of cumulative exposure

achieved 'y' years earlier. It is assumed that ignoring those exposures immediately

before the diagnosis of disease (or death) removes irrelevant exposure information

which might lead to a biased estimate of the exposure disease relationship. [128]

Since latency periods are likely to differ between people, the best fitting lag

assumption may be considered to represent an average latency. Latency periods may

differ for different types of cancer, and be modified by exposure rates;[129] when

considering time trends in dose response associations, the best fitting lag assumption

may be dependent on historical changes in the distribution of cancers by type, and may

differ between historical periods in which there are differences in exposure rates.[130]

The effect of misspecifying lag assumptions may differ for different groups of workers

within a cohort. To the extent that one misspecifies a lag assumption, suggesting a lag

which is shorter than it should be, one includes doses that are not relevant. For

workers with the shortest period of follow-up, and for those workers most recently

hired, such misspecification will lead to greater bias in estimates of dose response

associations (since the majority of their follow-up time occurs during the actual latency

period).

Analyses of time related factors can be further complicated by assessing time since

exposure as well as lag assumptions. [51] For a given age at risk, not only might

recent exposures be irrelevant (due to latency considerations), but very distant

exposures may also be irrelevant (for example, due to death of all initiated cells and

their progeny). It has been proposed that an empirical induction time can be examined
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by the use oftime windows. [92] Thus, time windows that take into account both lag

and time-since-exposure allow investigation of potentially critical time periods of

exposure. In our time window analyses, exposures within the time window are

weighted as 1, and outside exposures are disregarded--assigned a weight ofzero.[57]

Only simple step functions were considered in these analyses oflag and time since

exposure.

It is not clear, however, that doses received in the distant past are etiologically

irrelevant to the onset of disease. [4] While some studies suggest that the excess

relative risk of leukemia declines several decades after radiation exposure, the effects

of radiation on the relative risk of all cancer mortality continues in most studies after

very long latencies, with effects persisting for up to forty years after exposure. [4]

Some evidence suggests that the excess risk of all cancer mortality following radiation

exposure may increase faster over time than the increase in cancer rates with age

among the unexposed, [4] which would suggest that with longer lag assumptions, the

excess relative risk associated with radiation exposure may increase.
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Age at Exposure

In an occupational setting, such as that at ORNL, radiation exposure generally occurs

over many years and workers may be exposed over a range of ages. Consequently,

examination of a fixed age, such as the age at hire or age at first exposure, is not

sufficient for assessing differences in the effects of workers' exposures received at

different ages.

We were particularly interested in the hypothesis that effects of exposure increase with

older age. Our ability to examine the effects of exposures at very old ages was limited,

however, since if exposure occurs at an older age, when the years of remaining life

expectancy may be less than the minimum latency period, the excess risk associated

with that exposure will approach zero. Within an occupational cohort, a further

limitation of examining exposures received at older age is that employment generally

ends around age 65; consequently, examination of the effects of cumulative exposure

after age 60, or even age 55, is limited by the short period over which occupational

exposures might be accumulated.

We investigated hypotheses about the effects of age at exposure by using methods

which took account of the age at which exposures were received when allocating

person-time and events by level of exposure.

Weighting Annual Doses by Age

One method we used for investigating age at exposure was to assign different weights

to exposures received at different ages. The level of cumulative dose associated with a

unit of person-time at any specific age, was the sum of the weighted annual doses

received up to that age.

The approach of weighting exposures is common in studies of cancer mortality in

relation to radiation or chemical exposures. For example, in order to take into account
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a lag assumption, researchers often discount doses which were received during a

period immediately preceding detection of a cancer. Discounting exposures may

improve the fit of a dose response model by excluding etiologically irrelevant

exposures. Analogously, we investigated the effects of assigning less weight to annual

doses received at younger ages.

Among the workers at ORNL, we assigned an age to each calendar year of exposure.

We determined a worker's age at July 1st of each calendar year of exposure and

associated that age with exposures recorded for that calendar year. Each worker in

the cohort has a recorded annual dose each year from 1943-1985. If the worker was

not employed the recorded annual dose was zero.

Our first analyses investigating age at exposure used a step weighting function.

Annual doses received before a critical age were weighted zero and annual doses

received after that critical age were weighted one (weighting function 1, figure 3.1).

We examined a range of critical ages using this model. Entirely discounting doses

received at younger ages, however, seemed conceptually less plausible than gradually

discounting doses which occurred at younger ages. So, we considered the following

functions (figures 3.1, 3.2) for weighting dose received in a calendar year 'y' by the age

at which the exposure occurred:

(1). Lifetime cumulative dose:

Weighted annual dose(y) = Annual dose (y) * w, where w=1.

(2). Step weighting function:

Weighted annual dose(y) = Annual dose (y) *w, where w=O if age<critical age;

and, w=1 if age>=critical age.

(3). Linear weighting function:

Weighted annual dose(y) = Annual dose (y) * Age(y) / 45; bounded by 0,1.
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(4). Quadratic weighting function:

Weighted annual dose(y) = Annual dose (y) * (Age(y»2/ (45)2; bounded by 0,1.

(5). Sigmoid weighting function:

Weighted annual dose(y) = Annual dose (y) * (Age(y)/45l / [(Age(y)/45)k + (Age(y)/45)]

The sigmoid weighting function (weighting function 5) is a ratio, which, for large

values ofk, approximates a step function similar to weighting function 1, however,

there is a smooth gradation of weights across age.

Figure 3.1 Functions to weight annual radiation dose by age at exposure
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Figure 3.2 Sigmoid function to weight annual radiation dose by age at exposure.
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Partitioning Cumulative Doses by Age

In order to conduct analyses in which we controlled for the effects of radiation doses

received at earlier ages, we partitioned a worker's cumulative dose by the age at which

exposures were received. Under this method, person-time and events are classified

into two dose categories, indicating the level of dose accrued before, and after some

critical age.

For example, consider partitioning cumulative dose at age 45. A table in which

person-time and events were cross-classified by the levels of exposure received before

and after age 45 would be examined. Person-time and events would be allocated

according to the level of dose received after age 45 while also classifying the person­

time and events according to the level of dose received before age 45. In such a table,
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columns may represent the dose categories for exposures received before 45, and rows

the categories for exposures received after age 45.

The pattern of radiation risk moving down a column would be the dose response

pattern for exposures received after age 45 for workers, all ofwhom were in the same

category of exposure received before age 45. Hypotheses can then be tested in order

to assess whether row effects are homogenous across columns. This would assess

whether the effect of exposure received after age 45 was modified by the level of

exposure received before age 45; ifit was not, then a single summary measure could

be reported for the dose-response pattern for exposures received after age 45,

controlling for exposures received before age 45. Finally, in a lagged analysis, person­

time is associated with an exposure only a number of years after the dose was

received. For example, under a ten year lag assumption, in the table described above,

until age 55, all person-time would be attributed to the lowest level of dose received

after age 45.
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Creation of Tables ofPerson-Time and Events

Tables of person-years of follow-up and cancer deaths were created using a modified

version of Pearce's person-time program, which tabulates each day from the date of

first observation to the date of last observation for each person in the cohort within a

multi-dimensional array. [131, 132] After the last day of observation, a person's vital

status was assessed; if the person has died, a death was counted, classified by the same

levels of the variables observed at the last day of observation. This method for making

stratified person-time tables doesn't require rounding of person-years. A large number

of stratifying variables were considered, many ofwhich were time-related variables.

Since this program does not round follow-up time, the level of each time-dependent

variable (which in our analyses included age at risk, employment status, internal

monitoring status, and cumulative dose) was calculated for each person-day of

observation. A detailed description of this program is presented in the paper"A

simple program to create exact person-time data in cohort analyses." [132]
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Assignment ofdose values to dose categories

In these analyses, study variables were categorized in order to tabulate follow-up and

events within person-time tables.[133, 134] However, when conducting regression

analyses of data in these tables of person-time and events, we examined continuous,

rather than categorical, terms for age at risk and cumulative dose. To examine these

factors using continuous terms, we had to associate specific values with age at risk and

cumulative dose categories.

A simple method to associate specific values with dose categories would be to

calculate the mean or median cumulative dose for each dose category, and use these

values to fit a continuous term across dose categories. However, an overall mean is

often not representative of the range of values within a group, particularly when a

category is open-ended.

In our analyses, rather than assigning a single value to each dose category, we

calculated the person-time weighted mean value for each dose group cross-classified

by age, birth cohort, paycode, employment status, and internal exposure. This allowed

us to assign each dose group a different value when cross-classified with each of the

other variables--using what is referred to as the"cell-specific mean value. "[ 135, 136]

Cell-specific mean doses were calculated by summing the cumulati\Tiose counted

within each cell each day of follow-up; the mean dose for a cell, then, is the sum of the

doses divided by the number of person-days of observation.

Compared to the overall mean for a category, values assigned to dose groups under

this method better reflect the range of observed levels of cumulative dose.

Furthermore, this method more closely approximates an analysis of ungrouped data,

permits a wider range of dose values to which to fit a continuous term, and leads to

analyses which are less sensitive to decisions about dose category boundaries. [135]
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We calculated the cell-specific mean age in the same fashion in order to associate

specific values with age at risk categories.
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Absolute Risk and Relative Risk Models

Dose-response relationships may be evaluated using absolute risk or relative risk

models.[137, 138] Our analyses used relative risk models, under which the excess risk

of cancer persists on a proportional scale as cancer rates increase with age. [13 9]

Relative risk models have been used in many analyses of cancer because of the

epidemiological observation that cancer rates appear to be well described by such a

model. [3]

Under a relative risk model, the increase in risk of cancer per unit of exposure is

dependent on the spontaneous risk of cancer among those not exposed, and

proportional to baseline cancer risks. In interpreting our dose response coefficients, a

unit of radiation exposure is not simply associated with a fixed change in the absolute

risk of cancer; rather it is associated with an increased relative risk of cancer that

persists as the population ages and baseline cancer rates increase.

We were interested in evaluating modification of the radiation-cancer relationship by

age at exposure; consequently, the distinction between absolute risk and relative risk

models was important. Modification by age at exposure under a relative risk model,

for example, might mean that an exposure received after age 45 under a ten year lag

would lead to a larger relative increase in cancer mortality rates per rem per year after

age 55 than an exposure received before age 45; and, under a relative risk model, this

excess persists, on a proportional scale, even as baseline (or spontaneous) cancer

mortality rates increase with age.
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Forms ojDose Response Functions

Our analyses of radiation cancer associations evaluated two forms of the relative risk

model: the additive relative risk model; and, the multiplicative relative risk model.

When estimating the change in cancer mortality rate per unit cumulative dose, a

mulitiplicative relative risk model assumes that exposure is exponentially related to the

risk of cancer. The multiplicative relative risk model is of the form, It (Z,x) = e Za +fJx ,

where the cancer mortality rate It is considered in terms of a vector of covariates (Z)

and radiation dose (x).[136, 138] A vector of parameter estimates, a, is associated

with the covariates, and the parameter estimates f3 represent the association between

cumulative radiation dose and cancer mortality. As cumulative dose increases, the risk

of cancer mortality increases logarithmically, so that there is a linear relationship

between dose and the log ofrisk.[138]

Alternately, under an additive relative risk model, as radiation dose increases the

relative risk of cancer mortality increases linearly (Figure 3.4).[138] Using the same

notation as above, an additive relative risk model is of the form It (Z,x) = e Za (J +f3 x

). It should be noted that in terms of the previous discussion, these are both relative

risk models; whether evaluating multiplicative relative risk or additive relative risk

models, the excess cancer rate associated with exposure is proportional to baseline

cancer rates.
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Figure 3.3 Excess Risk per Unit Dose for Multiplicative and Additive Relative Risk
Models
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Estimates of the radiation-cancer dose response association in the LSS of A-bomb

survivors evaluated both multiplicative relative risk and additive relative risk models.

Additive relative risk models, which tend to yield higher risk estimates and wider

confidence intervals, are more commonly used than multiplicative risk model;

however, when evaluating the effects of low cumulative doses, the estimates of effect

using either of these relative risk functions will be similar.

A range of functions can be considered which further change the form of the dose

response pattern. One might investigate functions of the dose response pattern based

on ideas about the underlying biological processes involved in the association between

radiation and cancer mortality. For example, in the BEIR III report the dose response

relationship was modeled as F(D) = (ao+alD+a2D2)exp(-~lD-~2D2), where Dis

dose. [2] This model, which includes a negative exponential relationship with dose,

allows for cell sterilization as a competing process with cell initiation at high levels of

dose; furthermore, the model includes the square of dose in order to evaluate a

carcinogenic process in which two events are necessary for cell initiation. At ORNL,

however, occupational exposures to external radiation rarely occurred at dose rates

which would suggest concern about cell-killing effects, and our analyses were not
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focused on elucidating the effects of a multistage model. Consequently, we fitted

models with a simple linear dose function which allowed easy interpretation of dose

coefficients.

The additive relative risk and multiplicative relative risk models are used to describe

the same tables of person-time and events, consequently their ability to describe the

observed data may be compared quantitatively. The Aikaike information criterion

(AlC), has been suggested for comparing the fit of different (non-nested) models to a

dataset; this criterion imposes a penalty for increasing the number of parameters, as

follows AlC= -2(maximum likelihood - number of parameters in model).[140]
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Statistical Evaluation ofDose Weighting Functions

We relied on change in deviance statistics as a guide for evaluating the fit of dose

terms in our regression models to the observed data. [136] The change in deviance

values we report reflect the difference between the residual deviance in the full

regression model and the residual deviance in the model in which one dose term has

been dropped. These change in deviance statistics can be evaluated under a chi­

squared distribution with one degree of freedom, providing a likelihood ratio test of

the improvement in fit of the regression model upon inclusion of the dose term.

While the application of different weighting schemes is a common technique used in

dose response analyses which evaluate lag assumptions, this method creates a problem

for Poisson regression analyses which is seldom acknowledged. [92, 128] Since

different ways of weighting cumulative dose lead to different tables of person-time and

events, estimates of dose response associations derived from these tables cannot,

formally, be compared using change in deviance statistics. However, the change in

deviance upon exclusion of a dose term from the regression model does provide a

quantitative indication of improvement in fit under different weighting functions. The

larger the change in deviance, the better the dose term describes the observed

mortality rates. [135]

Another method we used for evaluating the improvement in fit of a regression model

when including separate terms for age-specific doses, was to compare two nested

regression models. The table of person-time and events, which includes separate terms

for the cumulative dose received before and after some critical age, may be thought of

partitioning cumulative dose by age at exposure. We made the following comparison

between nested statistical models (Figure 3.4):
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Figure 3.4 Nested regression models of Age at Exposure Effects

Model 1: In(rate)= ZBz+B] (dose<45)+B2 (dose>=45).

Model 2: In(rate)=ZB+B] (dose<45 + dose>=45).

Model 1 includes a vector of covariates as included in all models (Z) and their

associated parameter estimates (Bz), as well as separate parameter estimates (B 1 and

B2 ) for cumulative dose received before and after age 45. Model 2 includes the same

covariates, and a single parameter estimate (B 1) for the sum of the age-specific

cumulative doses. Model 2 provides an estimate of the effects of lifetime cumulative

dose, and is a nested form of Modell. The difference in the residual deviances

between the two models represents the change in deviance upon including the

additional term for the separate of effects of doses received in two age periods, and

provides a measure of the extent to which doses received in the two age periods have

different effects.

Finally, we evaluated the fit of age-specific dose terms visually. Using the cell­

specific mean doses associated with each cell of the person-time table, we created

graphs of observed over expected cancer deaths by level of cumulative dose (see

Appendix 1). These graphs allow evaluation of the fit of our regression models to the

range of observed data.

Comments on Software for Regression Analyses

Regression analyses were conducted using the AMFIT program, which is part of the

EPICURE software package.[136] In all analyses the convergence criterion was set to

10 -5, with forty iterations.
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Chapter Four - Assessment of Study Variables in the Expanded Cohort

Overview

This chapter first describes the completeness of vital status follow-up and retrieval of

death certificates for the expanded cohort of ORNL workers, and then presents an

assessment of the distribution of person-time and cancer deaths by study covariates.

These analyses were conducted in order to inform our decisions about how to

categorize study variables, as well as to develop an understanding of differences in

cancer mortality rates between groups within the study population.

In order to calculate stable regression estimates, variables were constructed so that at

least one event was observed for each level of a stratifying variable, and the reference

level for categorical variables was assigned to a stratum with a substantial number of

observed events.



Vital Status Follow-up and Death Certificate Retrieval

Vital status has been ascertained for 94% of the expanded cohort in follow-up through

1990 (Table 4.1). Searches failed to identify the vital status for 13% of the women

and 3.9% of the men.

Table 4.1 Vital Status for the expanded cohort as ofDecember 31, 1990

Men Women Total

(percent) Number (Percent) Number (percent) Number

Alive (69.1) 7399 (75.8) 2568 (70.7) 9967

Dead (27.0) 2890 (11.2) 379 (23.2) 3269

Unknown (3.9)417 (13.0) 442 (6.1) 859

Death certificates were retrieved for 97% of the decedents; however, there is evidence

that retrieval of death certificates was not as complete in the last years of follow-up.

The percentage of deaths without death certificates increases in the last four years of

follow up (Fig. 4. 1).. Fewer states may have been contacted at the end of follow-up in

the search to retrieve death certificates.

Figure 4.1 Percent of Deaths Without Death certificates by Calendar Year
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Age at risk

Age at risk was a time-dependent variable classified in five year intervals, from under

25 years to ninety years and over. The appropriateness of this categorization was

assessed by examining the distribution of person-years and events within each of the

age groups (Table 4.2).

Table 4.2 Cancer Deaths and Person-Time by Age Group

Age Group All Cancer Deaths Person-Years
<25 1 18009.7
25-30 5 34683.0
30-35 7 47752.2
35-40 15 55263.6
40-45 31 57343.2
45-50 45 53838.8
50-55 89 47527.0
55-60 103 40017.7
60-65 151 31558.2
65-70 176 20903.7
70-75 122 10984.1
75-80 75 5034.4
80-85 44 1887.1
85-90 12 584.5
90+ 3 98.7

In regression analyses, age was treated as a continuous variable centered at 55 years,

in a log-log (Weibull) relationship with cancer causes of death. [141] The

appropriateness of a Weibull regression model was evaluated visually be graphing

In(age) by In(risk) for all cancer mortality (Fig. 4.2). A Weibull model has previously

been compared to a regression model using indicators term for age categories, and

shown to be an efficient method for modeling cancer mortality as a function of age at

risk. [71]
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Figure 4.2 Graph ofLog-log relation of Age at risk to Total Cancer mortality rate
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Weibull and Gompertz models for total cancer mortality were compared with

reference to change in deviance. The change in deviance for the Weibull model was

substantial (1444.86, 1 d.f), and larger t~an the change in deviance (1424.71, 1 d.f.)

when using a Gompertz model. We concluded that age at risk can be well described in

the expanded cohort using a continuous term under a Weibull model for all cancer

mortality.
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Gender

Since workers with missing information about gender were excluded from our

analyses, all members of the expanded cohort had an indicator of gender (Table 4.3).

Table 4.3 Number of Workers, Person-Years, and Deaths by Gender

Gender Frequency (Percent) Person- All Cancer Crude All Cancer Age-adj All Cancer
Years Deaths Rate (/100,000 p-y) Rate (/100,000 p-y)

M 10706 (76.0) 326,767 750 229 249
F 3389 (24.0) 98,718 129 131 185

Similar to patterns observed nationally,[142] cancer mortality rates were higher among

men than among women, and this difference remained after adjustment for age (Table

4.3). In a simple regression model which included age at risk as a main effect,

inclusion of a term for gender resulted in a substantial improvement in fit for the

regression model (change in deviance = 10.17, 1 d±). While only 129 cancer deaths

occurred among women, there were adequate numbers to examine gender as a main

effect; we concluded that consideration of gender is important to a description of

cancer mortality rates in this cohort.
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Race

Workers were assigned to the following racial categories on the employment files:

White, Black, Other. Workers of unknown race were excluded from analyses. Only

158 workers were classified as a race other than White or Black, and only one cancer

death occurred in this category (Table 4.4). Consequently, we assessed the difference

between Caucasian and non-Caucasian workers.

Table 4.4 Number of Workers, and Deaths by Race

Race Frequency (Percent) All Cancer (Percent)
Deaths

White 13024 (924) 819 (93.2)
Black 913 (65) 59 (6.7)
Other 158 ( II) 1 (0.1)

The crude all cancer mortality rate was lower among Caucasian workers than among

workers of other races (Table 4.5). After adjustment for age in a simple regression

model which included age and race as main effects, this difference was found to be

small (Beta=O.084, se=O. 13; change in deviance=O.39, 1 d.f.).

Table 4.5 Number of Workers, Person-Years, and Deaths by Race

Race Frequency (Percent) Person- All Cancer Crude All Cancer Age adj All Cancer
Years Deaths Rate (1100 .: :--y) Rate (1100,000 p-y)

Caucasian 13024 (924) 398,674 819 2054 235
Other 1071 (7.6) 26,812 60 223.8 256

We concluded that there was not sufficient data to examine more than two race groups

in this cohort, and that the difference in age-adjusted cancer mortality rates between

race groups was small.
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Facility ofEmployment

We included workers who worked at some time at a DOE facility other than ORNL. Crude all

cancer mortality rates were comparable between workers employed only at ORNL and those

employed at other facilities as well as ORNL (Table 4.6).

Table 4.6 Person-years and Events, and Rate by Number of Facilities employed

Facility Person- All Cancer Crude All Cancer Rate Age adj All Cancer
Years Deaths (1100,000 p-y) Rate (1100,000 p-v)

ORNL only 334,318 693 207 237.5
Other facilities as well 91.168 186 204 230.8

Similarly, after adjustment for age, little difference in cancer mortality rates was

observed between these groups of workers (change in deviance upon inclusion of the

facility term=O, 1 d.f.). We concluded that differences in all cancer mortality rates

between workers employed at one, or more than one, facility were not substantial.
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Paycode

There were six different indications of paycode recorded in the dataset, and some

workers had missing paycode information (Table 4.7). In order to simplify our

evaluation of differences among workers in the effects of paycode, we classified

workers into three paycode categories. MontWy- and Hourly-paid workers were

categorized according to their recorded paycode. The small number ofworkers for

whom paycode was either missing or recorded as E,G, or S (which were categories

with no assigned definition and may reflect data abstraction or keypunch errors) were

assigned to the largest paycode group (Weekly-paid).

Table 4.7 Recorded Paycodes

Paycode Frequency Percent

A - Monthly 4844 34.6
E 1 <0.1
H - Hourly 2221 15.8
0 7 <0.1
S 11 0.1
W - Weekly 6935 49.5
Frequency Missing = 76

Crude all cancer mortality rates were highest among hourly-paid workers, lowest

among monthly-paid workers, and intermediate among the weekI, ;'id (Table 4.8).

Table 4.8 Number of Workers, Person-Years, and Deaths by Paycode

Paycode Frequency Person- All Cancer Crude All Age adj All Cancer

(Percent) Years Deaths Cancer Rate Rate (1100,000 p-y)
(1100,000 p-y)

Weekly, 7030 214,684 442 205.8 251.6
or other (49.9)
Hourly 2221 65,706 181 275.4 297.0

(I5.8)
Monthly 4844 145,096 256 176.4 188.7

(34.4)
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Adjustment for age did not change the impact of paycode on cancer mortality rates.

Monthly paid workers were estimated to have lower age-adjusted cancer mortality

rates than weekly-paid workers (Beta=-O.287, se=O.079), and age-adjusted mortality

rates were higher for hourly than weekly-paid workers (Beta=O.166, se=O.088). The

change in deviance upon inclusion of indicator terms for paycode was substantial

(24.46, 2 d±). We concluded that paycode should be considered in three categories,

and that the important distinction may be the lower cancer mortality rates among

monthly-paid workers.
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Birth Cohort

Based upon the distribution of all cancer deaths (Figure 4.2; Table 4.9), and upon the

previous classification of birth cohort, [19] we decided to categorize workers into four

birth cohorts.

Figure 4.3 Distribution of Workforce and Cancer Deaths by Year ofBirth
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While crude all cancer mortality rates differed substantially between birth cohorts

(Table 4.9), this was largely due to differences in the age distribution of person-time

between these groups.

Table 4.9 Number of Workers, Person-Years, and Deaths by Birth Cohort

Year of Birth Frequency (Percent) Person- All Crude All Age Adjusted
Years Cancer Cancer rate All Cancer rate

Deaths (1100,000 p-y) (1100,000 p-y)

<1905 874 (6.2) 22,902 162 706.9 241.08
1905-15 1650 (11.7) 55,968 252 450.0 258.3
1915-25 3798 (26.9) 139,233 321 230.4 245.2
1925+ 7773 (552) 207,383 144 69.4 207.9

Adjustment for age in a simple model which included age at risk and birth cohort as

main effects suggests that differences in age adjusted cancer mortality rates between

birth cohorts are small (change dev= 3.4,3 dt). Examination of age-specific cancer

mortality rates for each birth cohort provides further information about cancer

mortality rates across birth cohorts ( Table 4.10).

Table 4.10 Age-specific cancer mortality rates (per 100,000 p-y) by birth cohort

Born <1905 Born 1905-15 Born 1915-25 Born >=1925

Rate Rate Rate Rate

(# deaths) (# deaths) (# deaths) (# deaths)

Age 55-60 223.2 198.1 311.7 228.7

(8) (14) (52) (29)

Age 65-70 1013.3 819.58 811.6 544.0

(32) (48) (95) (1)

Age 75-80 1308.9 1640.6 0 0

(25) (50) (0) (0)
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The 1925+ birth cohort, for which deaths could not yet have occurred among persons

at the oldest ages, appears to have the lowest age-adjusted cancer mortality rate

(Table 4.9); however, differences in rates between birth cohorts are small when

considering the standard errors for the age-adjusted estimates of the birth cohort

effects (Table 4.11).

Table 4.11 Age- and Birth Cohort- adjusted cancer mortality rates

Parameter Beta se
Intercept 5.502 0.059
In(age) 5.397 0.215
Birth Cohort(2) [1905-1915] 0.052 0.087
Birth Cohort(3) [<1905] -0.017 0.104
Birth Cohort(4) [>=1925] -0.165 0.107
model: In(rate)=In(age)+cohort
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Employment Status

While crude all cancer mortality rates differed between actively employed and

terminated workers, this was largely due to differences in the age distribution of

person-time between categories of employment status (Table 4.12). Upon inclusion of

employment status in a simple model that included age, the change in deviance was

1.53 (1 d£). However, our interest in this factor is primarily in its relationship in

interaction with age at risk. (11 0]

Table 4.12 Person-years and Events by Active Work Status

Employment Person- All Cancer Crude All Cancer Age Adjusted All Cancer
Status y'ears Deaths rate (1100,000 p-v) rate (1100,000 p-v)

Not active 255670 717 280.34 243.7

Active 169816 162 95.39 217.4
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Internal Radiation Monitoring

There were not substantial differences in cancer mortality between workers by status

of internal monitoring (lagged ten years) after adjustment for age (change in deviance

upon including internal monitoring status=O.64, 2 d.t). While cancer deaths were

observed for each category of internal monitoring status, only ten deaths occurred

among those not eligible to be monitored (Table 4.13).

Table 4.13 Person-Years and Events by Internal Monitoring Status Lagged 10 yr.

Internal Monit Person- All Cancer Crude All Cancer Age Adjusted All Cancer
Status Years Deaths rate (/100,000 p-y) rate (1100,000 p-y)

Not monitored 306,384 589 192.3 239.4
Monitored 95,659.4 280 292.8 227.2
Not Eligible 23,442.5 10 42.65 263.5
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Categorization ofStudy Variables in Person-time Tables

At· k1ge a rIS -
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15

<25 25<= 30<= 35<= 40<= 45<= 50<= 55<= 60<= 65<= 70<= 75<= 80<= 85<= >=90
<30 <35 <40 <45 <50 <55 <60 <65 <70 <75 <80 <85 <90

Birth Cohort -

1915 <= vob < 1925

3

yob < 1905

4

1925 <=

E t St tumpJOymen a s-
1 2

No longer actively
working employed

6

80 < 100

7

100 < 120

Facilitv -
2

loyed at more than one faci1itv

Gender -
2

Female

S1MI nterna omtormg tatus-

1 2 3

Not Monitored Monitored Not Eligible
(Year of obs < 1951)

Race -
2

Caucasian Not Caucasian
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Chapter Five - Regression Model Development for the Expanded Cohort

Overview

This chapter presents bivariate analyses of the study covariates, and describes the

development of a regression model for the expanded cohort. Development of a

regression model could not proceed by simply assessing the effect of interaction and

main effect terms on our dose response estimates, since we were interested in the

effects of doses received in different periods of exposure (defined by age and latency),

which lead to different distributions of dose. Consequently, our approach was to

develop a regression model which would describe mortality rates using the available

covariates, and use this model to control for confounding when assessing different

dose response relationships. While our primary interest was in analyses of all cancer

mortality, we attempted to develop a model which could be used for analyses of the

association between radiation and specific cancer and non-cancer causes of death.

To develop this model, we began by examining ·the distribution of cancer deaths by

cross-classification of covariates. Stratified analyses revealed that some interactions

between covariates could not be examined because they involved few, or no, cancer

deaths. We examined differences in crude and age-adjusted cancer rates within strata

of cross-classified covariates as an initial method to identify interactions of interest.

Interactions of interest were included in a regression model, and, by step-wise

elimination, we evaluated the contribution of these interaction terms to our regression

model.



Analyses examined the following:

Cross-tabulations of age with-

gender
race
pay
internal
cohort
work

Cross-tabulations of gender with-
race
pay
internal
cohort
work

Cross-tabulations of race with-
pay
internal
cohort
work

Cross-tabulations of paycode with­
internal
cohort
work

Cross-tabulations of internal with­
cohort
work

Cross-tabulations of cohort with work
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Interaction ofGender with Age

We considered whether age-specific mortality rates were similar, on a relative risk

scale, for men and women. We examined age-specific mortality rates by gender

(Figure 5.1); we then evaluated the interaction between age and gender using a

regression model. This model included main effects for age (using a Weibull model)

and gender, and an interaction term between the two. Inclusion of the interaction term

was associated with a change in deviance of 4.07 (1 d.f.); the parameter estimate for

this interaction term was -0.926 (se=0.450). The results suggest that the slope of the

Weibull model for women may not be as steep as that for men. While it appears

appropriate to model the increase in cancer rates on a In-In scale with age, the

interaction term suggests a difference in this model by gender.

Figure 5.1 Age-specific Total Cancer Rates by Gender

8100

n
co
f; 109l--------1
n....

:3 14st----------+-------------
Q.-

4.553877

[95]
4.4426514.317488

[75]
4.007333 4.174387

In (age)
[age in years]

3.806662

[45]
3.555348

2.7l---r--.---r----r--.---.---.....,....-......-----.-.......--......-----.-.......----,
3.218876

[25]

77



Interaction ofRace with Age

Similarly, we considered whether the effect of race was constant on relative risk scale

with age (Figure 5.2). Using a regression model which included main effects for age

and race, and an interaction term between the two, resulted in a change in deviance of

0.93 (1 d.£.) upon inclusion of this interaction term; the parameter estimate for the

interaction term was -0.614 (se=0.628). The small change in deviance suggests that an

interaction term does not substantially add to the regression model; in part this may

reflect the lack of data for non-Caucasian workers. The small number of non­

Caucasian workers in this cohort is evident by the lack of data upon which to estimate

cancer mortality rates for some age groups (Figure 5.2).

Figure 5.2 Age-Specific Total Cancer Rates By Race
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Interaction ofPaycode with Age
To examine whether age-specific mortality rates differed between the three paycode

categories, we used a regression model including age and paycode as main effects, and

an interaction between the age at risk and paycode (Table 5.1). A small change in

deviance upon inclusion of these interaction terms (1.25,2 df) suggests that there is

little modification of age-specific mortality rates by paycode, when considered on a

multiplicative scale.

Table 5.1 Interaction between Paycode and Age

Parameter Beta se
Intercept 5.55 0.06
Pav(2) [Hourlv-paid] 0.12 0.11
Pav(3) [Monthlv-paid] -0.34 0.09
lnage 5.39 0.23
In(age)*Pav(2) [A,ge* Hourly-paid] 0.34 0.47
In(age)*Pay(3) [Age*!v1onthly-paid] 0.42 0.41
model: In(rate)=In(age)+paycodc+In(age)*paycode
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Interaction ofInternalMonitoring with Age
We evaluated the difference in age-specific mortality rates by internal monitoring

status using a regression model including age and internal monitoring status as main

effects, and an interaction between the two terms. Examination of the parameter

estimates for the interaction terms suggests that age-specific rates may differ by

internal monitoring status, particularly among those workers not eligible to be

monitored. However, only ten cancer deaths occurred among the group of workers

not eligible for internal monitoring (Table 4.13), so a difference in age-specific cancer

mortality rates for this group is difficult to assess. The change in deviance upon

inclusion of these interaction terms was 5.05 (2 df).

Table 5.2 Interaction between Internal and Age

Parameter Beta se
Intercept 5.48 0.05
In(age) 5.53 0.20
Internal(2) [Not Monitored] -0.11 0.09
Internal(3) [Not Eligible] -0.45 0.48
In(age)*Internal(2) [Age*Not Monitored] 0.40 0.42
In(age)*Internal(3) [Age*Not Eligible] -2.44 1.21
model: In(rate)=In(age)+Internal+In(age)*Internal
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Interaction ofBirth Cohort with Age
We evaluated the difference in age-specific mortality rates by birth cohort using a

regression model which included age and birth cohort as main effects, and interactions

between these terms (Table 5.3). The small change in deviance upon inclusion of

these interaction terms (change deviance with inclusion of interaction term =1.2, 3 df)

suggests that there is little modification on a multiplicative scale.

Table 5.3 Interaction between Birth Cohort and Age

Parameter Beta se
Intercept 5.50 0.06
In(age) 5.42 0.36
Cohort(2) [1905-1915] -0.01 0.12
Cohort(3) [<1905] 0.06 0.17
Cohort(4) [>=1925] -0.18 0.11
In(age)*Cohort(2) [Age*1905-1915] 0.31 0.55
In(age)* Cohort(3) [Age*<1905] -0.30 0.63
In(age)*Cohort(4) [Age*>=1925] -0.25 0.59
model: In(rate)=In(age)+cohort+ln(age)*cohort
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Interaction ofEmployment Status with Age
Previous analyses of the ORNL cohort hClYe considered an interaction between the effects of

employment status and age at risk. As discussed in Chapter 2, the difference in health status

between employed and terminated workers has been observed to change with older ages in many

cohorts. This may be because workers who remain employed at older ages are healthier than

those who leave the workforce at older ages, while at younger ages terminating employment may

be less often an indicator of poor health (and more often a reflection ofjob changes). Age­

specific cancer mortality rates appear to follow this pattern in the ORNL cohort; at younger ages

mortality rates tend to be higher among the actively employed, while at older ages mortality rates

tend to be lower among the actively employed (Figure 5.3).

Figure 5.3 All Cancer Rates by Age group and Employment Status (2-yr. lag)
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We constructed a regression model which included age and employment status; the change in

deviance upon inclusion of employment status-Inage interaction term was 6.4, 1 d.f. (Table 5.4).
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Table 5.4 Interaction between Employment Status and Age

Parameter Beta se
Intercept 5.46 0.05
In(age) 5.71 0.21
Work(2) [Actively Employed] -0.12 0.096
In(age)*Work(2) [Age* Actively Employed] -1.20 0.46
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Interaction ofGender with Race

There is a limited amount of data with which to assess an interaction between race and

gender (Table 5.5). However, in our univariate analyses (Tables 4.2 and 4.4) we

noted that men had higher cancer mortality rates than women, and that nonwhites had

higher cancer mortality rates than whites. In bivariate analyses these associations are

complicated by an interaction between race and gender (Table 5.5). Nonwhite women

had the highest cancer rates. Nonwhite males had lower rates than white males. The

main effect for women (lower rates than men) appears to be due to the rates for white

women; and, the main effect for race (higher rates for nonwhites than for whites)

appears to be due to the higher rates among nonwhite women. This interaction

persisted in age-adjusted analyses. In a model which included race, gender, and age as

main effects, and an interaction between race and gender, a substantial change in

deviance was observed upon inclusion of this interaction term (change in deviance

with inclusion ofinteraction= 474, 1 d.£.; parameter estimate for the interaction term

which represented non-white women= 0.71, se=0.31).

Table 5.5 Person-years, Deaths, Crude and Age-adjusted Cancer Rates by Race and
Gender

Person- All Cancer Crude All Cancer Rate Age-adj All Cancer

Years Deaths (/100,000 p-y) Rate (/100,000 p-y)

White males 306,880 706 230.0 249.6
White females 91,793 113 123.1 174.4
non-White males 19,887 44 221.2 165.2
non-White females 6,925 16 231.0 334.5
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Interaction ofPaycode with Gender

Crude cancer mortality rates were similar for men and women among montWy-paid

workers (Table 5.6, column 3); however, among weekly-paid workers (where the

most person-time and deaths were observed) crude cancer mortality rates for women

were at their lowest, while among weekly-paid men crude cancer mortality rates were

higher than for monthly-paid men.

Table 5.6 All Cancer Deaths and Crude All Cancer Rates by Gender and Paycode

Weekly-Paid Hourly-Paid MontWy-Paid
All Cancer All Cancer All Cancer
Rates (Deaths) Rates (Deaths) Rates (Deaths)

males 258.7 (341) 284.25 (171) 176.6 (238)
females 121.87 (101) 180.31 (10) 174.8 (18)

Ratio 2.12 1.57 1.01

After adjustment for age at risk, the difference in cancer mortality rates by paycode

and gender were not substantial (change in deviance with inclusion ofinteraction= 2.0,

2 d.f.). As noted earlier, the effects of gender appeared to differ by race;

consequently, we further examined differences in the effects of paycode when

simultaneously considering race and gender (see Table 5.11).

Table 5.7 Age-Adjusted All Cancer Mortality Rates by Gender and Paycode

Parameter Beta se
Intercept [Men, Weekly-Paid] 5.65 0.06
In(age) 5.51 0.17
Gender(2) [Women, Weekly-Paid] -0.43 0.11
Pay(2) [Men, Hourly-Paid] 0.077 0.09
Pay(3) [Men, Monthly-Paid] -0.40 0.08
Gender(2)*Pay(2) [Women, Hourly-Paid] 0.01 0.34
Gender(2)*Pay(3) [Women, Monthly-Paid] 0.39 0.27
model: rate= In(age)+pay+gender+pay*gender
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Interaction ofInternal Monitoring with Gender
We evaluated differences in the effects of internal monitoring status among men and

women; however, there were no deaths observed among women not eligible to be

monitored (Table 5.8). Consequently, a regression model which included an

interaction between gender and internal monitoring status had problems with

convergence because of the lack of deaths among women not eligible for internal

monitoring (change in deviance was 3.89,2 d.£.)

Table 5.8 Crude Cancer Mortality Rate and Cancer Deaths by Gender and Internal
Monitoring Status

Not monitored Monitored Not Eligible

All Cancer Rate All Cancer Rate All Cancer Rate
per 100,000 p-y per 100,000 p-y per 100,000 p-y

(Deaths) (Deaths) (Deaths)

males 211.8 316.4 55.1
(479) (261) (0)

females 137.1 144.2 --
(110) (19) (0)
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Interaction ofBirth Cohort with Gender
As demonstrated in univariate analyses, an examination of differences in cancer

mortality rates by birth cohort must account for confounding by age at risk. Using an

age adjusted model (Table 5.9), important differences were observed in birth cohort

specific cancer mortality rates by gender (change in deviance with inclusion of

interaction terms=12.64, 3 df).

Table 5.9 Age-adjusted All Cancer Mortality Rates by Gender and Birth Cohort

Parameter Beta se
Intercept [Men, 1915-25] 5.527 .06542
Gender(2) [Women, 1915-25] -.1281 .1389
Cohort (2) [Men, 1905-15] .1101 .09318
Cohort (3) [Men, <1905] .01849 .1090
Cohort (4) [Men, 1925+] -.2039 .1205
Gender(2)*Cohort (2) [Women, 1905-15] -.6725 .2761
Gender(2)*Cohort (3) [Women, <1905] -.6899 .3702
Gender(2)*Cohort (4) [Women, 1925+] .1968 .2373
In(age) 5.427 .2152
model: In(rate)=ln(age)-'-gcndcr+cohort+gender*cohort
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Interaction ofActive Employment Status with Gender
Evaluation of differences in the effects of employment status by gender should further

consider the interaction between age at risk and employment status (as described

earlier). This requires examination of a three-way interaction. In order to assess this

interaction, we created a new indicator variable 'genderwork' which included four

levels (representing the combination of the two levels of the gender variable and the

two levels of the employment status variable). It should be noted that there is little

data for women with which to assess differences in age-specific cancer rates by

employment status (Table 5. 10).

Table 5.10 Cancer Deaths by Gender and Employment Status

No Longer Employed Actively Employed

Male 600 150

Female 117 12

To assess this modification we compared two regression models. The first was a

model that included age, gender, and employment status as main effects, and an

interaction between employment status and age. The second model included age and

the 'genderwork' term as main effects (although the genderwork term includes four

levels thereby allowing differences in employment status by gender), and an interaction

between 'genderwork' and age. The difference in deviance between the two models is

8.0, 3 d.f.

model: In(rate)=In(age)+work+gender+ln(age)*work

Residual Deviance = 2336.1, 8323 d.f.

model: In(rate)=In(age)+genderwork+ln(age)*genderwork

Residual Deviance = 2328.1, 8320 d.f.
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However, this change in deviance also reflects, in part, the consequence of controlling

for the two-way interaction between age and gender. We evaluated the effect of

including the three-way interaction in a model which already included an age-gender

interaction. The model with an age-gender interaction, then, was compared to the

model with a three-way age-gender-work interaction. The inclusion of the three-way

interaction leads to a change in deviance of 4.2 (2 d.f.).

model: In(rate)=In(age)+work+gender+ln(age)*work+ln(age)*gender

Residual Deviance = 2332.3 , 8322 d.f.

model: In(rate)=In(age)+genderwork+ln(age)*genderwork

Residual Deviance = 2328.1, 8320 d.f.
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Interaction ofPaycode with Race
As we described above, racial differences in cancer mortality rates appear to differ by

gender; consequently, we present tabulations of person-time and events stratified by

race and gender, as well as paycode. However, in this cohort differences in mortality

rates by race and paycode cannot be evaluated with any certainty, whether or not one

stratifies by gender (Table 5. 11). Only one cancer death occurred among nonwhites in

the monthly paycode group, and no deaths occurred among non-white women paid

monthly.

Table 5.11 Cancer Deaths by Race, Gender and Paycode

Weekly Hourly Monthly
All Cancer All Cancer All Cancer

White males 311 158 237
White females 88 7 18
non-White males 30 13 1
non-White females 13 3 0
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Interaction ofInternal Monitoring with Race
Similarly, examination of differences in cancer mortality rates by internal monitoring

status and race was limited by the small number of cancer deaths. Only 5 cancer death

were observed among all nonwhite workers who were not monitored for internal

deposition of radionuclides (Table 5.12).

Table 5.12 Cancer Deaths by Race, Gender and Internal Monitoring Status

Not monitored Monitored Not Eligible
All Cancer All Cancer All Cancer

White males 111 250 345

White females 23 14 76

non-White males 2 11 31

non-White females
..,

5 8j

Evaluation of the interaction between internal monitoring and race, in a model which

includes age, race, and internal monitoring as main effects, suggests there is little

difference in the effects of internal monitoring by race (change in deviance=2.2, 2 d.f.).

Interaction ofBirth Cohort with Race
We evaluated whether birth cohort effects differed by race, using a regression model

which included age, birth cohort, and race as main effects; the inclusion of birth

cohort-race interaction was associated with a small change in deviance (change

dev=3.8, 3 dt). Evaluation of differences due to a race-gender interaction were not

evaluated, given the limited number of cancer deaths distributed by race, gender and

birth cohort (Table 513).

Table 5.13 Cancer Deaths by Race, Gender, and Birth cohort

1915-25 1905-15 <1905 1925+
All Cancer All Cancer All Cancer All Cancer

White males 236 226 142 192
White females 62 13 5 33
non-White males 20 7 11 6
non-White females 3 6 4 3
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Interaction ojEmployment Status with Race
Evaluation of differences in the effects of employment status by race requires

considering the interaction between age at risk and employment status (as described

earlier). In order to assess this three-way interaction, we created a new indicator

variable 'racework' which included four levels (representing the combination of the two

levels of the race variable and the two levels of the employment status variable). It

should be noted that there are few cancer deaths among nonwhites with which to

assess differences in age-specific cancer rates by employment status (Table 5.14).

Table 5.14 Cancer Deaths by Race, Gender, and Employment Status

No Longer Employed Actively Employed
White males 566 140
White females 105 8
non-White males 34 10
non-White females 12 4

To assess this modification we compared two regression models. The first was a

model that included age, race, and employment status as main effects, and an

interaction between employment status and age. The second model included age and

the 'racework' term as main effects (although the racework term includes four levels

thereby allowing differences in employment status by race), and an interaction between

'racework' and age. We did not include the other two-way interaction (race with age),

since we were not planing on including this interaction in our final model and are more

interested in assessing the overall effect of including the 3-way interaction in the final

model. The difference in residual deviances was 3.1 (3 d.f.).

model: In(rate)=In(age)+work+race+ln(age)*work

Residual Deviance = 2346.6, 8323 d.f.

model: In(rate)=In(age)+racework+ln(age)*racework

Residual Deviance = 2343.5, 8320 d.f.
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Interaction ofInternal Monitoring with Paycode
We examined the distribution of all cancer deaths by paycode and internal monitoring

status (Table 5.15).

Table 5.15 Cancer Deaths by Paycode by Internal

Weekly-Paid Hourly-Paid Monthly-Paid

Not Monitored 330 80 179
Monitored 105 100 75

Not Eligible 7 1 2

Using a simple regression model which included age, paycode and internal monitoring

status, we evaluated the interaction of paycode with internal monitoring status. The

interaction was associated with a change in deviance of 1.8 (4 d£).
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Interaction ofBirth Cohort with Paycode

Previous analyses of this cohort have included an interaction between paycode and

birth cohort. This interaction has been attributed to temporal changes in the

association between socioeconomic factors and cause-specific mortality. We

evaluated the age-adjusted difference in paycode effects between cohorts (Table 5.16).

The most important distinction is between monthly and nonmonthly workers. For all

cancer mortality, inclusion of the interaction between paycode and birth cohort did not

contribute much to the fit of the regression model (change in deviance with inclusion

of interaction terms= 6.79,6 df).

Table 5.16 Age-Adjusted Paycode-Birth Cohort Interaction

Parameter Beta se
1 5.62 0.08
Pay (2) [Hourly] 0.14 0.14
Pay (3) [Monthly] -0.42 0.13
Cohort (2) [1905-1915] -0.07 0.13
Cohort (3) [<1905] -0.17 0.14
Cohort (4) [>=1925] -0.11 0.15
Pay(2)* Cohort(2) [Hourly* 1905-15] 0.04 0.22
Pay(2)* Cohort(3) [Hourly*<1905] 0.09 0.27
Pay(2)* Cohort(4) [Hourly*>=1925] -0.06 0.26
Pay(3)* Cohort(2) [Monthly* 1905-15] 0.31 0.19
Pay(3)* Cohort(3) [Monthly*<1905] 0.38 o.23
Pay(3)* Cohort(4) [Monthly*>=1925] -0.17 0.24
In(age) 5.44 0.22
model: In(rate)=In(age)+cohort+pay+pay*cohort
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Interaction ofEmployment Status with Paycode
Evaluation of differences in the effects of employment status by paycode requires

considering the interaction between age at risk and employment status (Table 5.17).

In order to assess this three-way interaction, we created a new indicator variable

'paywork' which included six levels (representing the combination of the three levels of

the pay variable and the two levels of the employment status variable).

Table 5.17 Cancer Deaths by Race, Gender and Employment Status

No Longer Working Actively Employed
Weekly-Paid 377 65
Hourly-Paid 128 53

Monthly-Paid 212 44

To assess this modification we compared two regression models. The first was a

model that included age, paycode, and employment status as main effects, and an

interaction between employment status and age. The second model included age and

the 'paywork' term as main effects (although the paywork term includes six levels

thereby allowing differences in employment status by paycode), and an interaction

between 'paywork' and age. The difference in residual deviances was 6.0 (6 d.f.).

model: In(rate)=In(age)+work+pay+ln(age) *work

Residual Deviance = 2321.1, 8322 d.f.

model: In(rate)=In(age)+paywork+ln(age)*paywork

Residual Deviance = 2315.1, 8316 d.f.
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Interaction ofBirth Cohort with Internal Monitoring
We had a limited ability to evaluate potential differences in the association between

internal monitoring status and all cancer mortality between birth cohorts (Table 5.18).

Until 1951, no worker was monitored for internal radionuclide exposure;

consequently, for workers in the first two birth cohorts, nearly all the person-time is

classified as not eligible for internal monitoring. Similarly, with later birth cohorts, the

proportion of person-time and cases classified as not eligible for internal monitoring

declines.

Table 5.18 Cancer Deaths by Birth Cohort and Internal Monitoring

Born Born Born Born

<1905 1905-15 1915-25 1925+

Not monitored 130 164 209 86
Monitored 28 85 109 58
Not Eligible 4 3 3 0

There are no deaths observed in the most recent birth cohort among those not eligible

for internal monitoring; consequently, there is a lack of convergence when this

interaction is included in a regression model.

Among those categories where there were data, we might expect that the association

between birth cohorts and internal monitoring status would differ. Few workers from

the early birth cohorts remained employed long enough to become eligible for internal

monitoring. Consequently, those workers born in the earlier birth cohorts who

remained employed long enough to be eligible for internal monitoring, had remained

employed until older ages. As we noted above, workers actively employed at older

ages had lower cancer mortality rates than terminated workers in this cohort. This

effect should be addressed in part by controlling for employment status in our final

model.
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Interaction ofEmployment Status with Internal Monitoring
Evaluation of differences in the effects of employment status by internal monitoring,

requires considering the interaction between age at risk and employment status (Table

5.19). In order to assess this three-way interaction, we created a new indicator

variable 'intwork' which included six levels (representing the combination of the three

levels of the internal variable and the two levels of the employment status variable).

Table 5.19 Cancer Deaths by Race, Gender, and Employment Status

No Longer Employed Actively Employed
Not Monitored 521 68
Monitored 193 87
Not Eligible 3 7

To assess this modification we compared two regression models. The first was a

model that included age, internal, and employment status as main effects, and an

interaction between employment status and age. The second model included age and

the 'internalwork' term as main effects (although the internalwork term includes six

levels thereby allowing differences in employment status by internal), and an

interaction between 'internalwork' and age. The difference in residual deviances was

4.4 (6 d.f.).

model: In(rate)=In(age)+work+internal+ln(age)*work

Residual Deviance = 2346.9, 8322 d.f.

model: In(rate)=In(age)+internalwork+ln(age)*internalwork

Residual Deviance = 2342.5, 8316 d.f.
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Interaction ofEmployment Status with Birth Cohort
Evaluation of differences in the effects of employment status by cohort, requires

considering the interaction between age at risk and employment status (as described

earlier). This requires consideration of a three-way interaction (Table 5.20). In order

to assess this interaction, we created a new indicator variable 'cohortwork' which

included eight levels (representing the combination of the four levels of the cohort

variable and the two levels of the employment status variable).

Table 5.20 Cancer Deaths by Birth Cohort and Employment Status

No Longer Employed Actively Employed
Born 1915-1925 252 69
Born 1905-1915 219 33
Born <1905 147 15
Born 1925+ 99 45

To assess this modification we compared two regression models. The first was a

model that included age, cohort, and employment status as main effects, and an

interaction between employment status and age. The second model included age and

the 'cohortwork' term as main effects (although the cohortwork term includes eight

levels thereby allowing differences in employment status by cohort), and an interaction

between 'cohortwork' and age. The difference in residual deviances was 7.1 (9 d.£).

model: In(rate)=In(age)+work+cohort+ln(age)*work

Residual Deviance = 2343.6,8321 d.f.

model: In(rate)=In(age)+cohortwork+ln(age)*cohortwork

Residual Deviance = 2336.52, 8312 d.f.
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Table 5.21 Summary of Evaluation ofInteractions Between Covariates

Terms Change in deviance (d.f.) Interaction of Interest

Interactions with age- gender 4.1 (1) X
race 0.9 (1)
pay 1.3 (2)
internal 5.1 (2)
cohort 1.2 (3)
work 6.4 (1) X

Interactions with gender+- race 4.7 (1) X
pay 2.0 (2)
internal not evaluated-sparse #'s
cohort 12.6 (3) X
workt 4.2 (2)

Interactions with race+- pay not evaluated-sparse #'s
internal 2.2 (2)
cohort 3.8 (3)
work 3.1 (3)

Interactions with pay+- internal 1.8 (4)
cohort 6.8 (6) X
work 6.0 (6)

Interactions with internal+- cohort not evaluated-sparse #'s
work 4.4 (6)

Interactions with cohort+- work 7.1 (9)

t age-adjusted
t adjusted for age*gender interaction
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Stepwise Model Development

We evaluated the following five interactions, suggested by the stratified analyses and

by previous research, using stepwise elimination from a regression model:[82, 110,

114, 143]

(1) Age specific cancer rates differ by gender

(2) Age specific cancer rates differ by employment status

(3) Socioeconomic inequalities in mortality differ between birth cohorts

(4) Race effects modified by gender

(5) Birth cohort effects differ by gender

Our approach to this model building was to develop a regression model for all cancer

mortality in this cohort which would allow us to consider cumulative dose under

different weighting strategies. Consequently, our evaluation of the stepwise

elimination of an interaction term was not made with reference to the effect on some

radiation-cancer association Rather, we entered all main effects and interactions, and

then examined the magnitude of the associated parameter estimates for the interaction

terms (Figures 5.4, 5.5) and the change in deviance for the regression model upon

dropping the interaction terms (Figure 5.6).
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Figure 5.4 Parameter Estimates for Regression model

ScoreName
Parameter

Estimate Std. Err.

%CON .
LNMAGE .
RACE 2 .
GENDER 2 .
PAY 2 .
PAY 3 .
COHORT 2 .
COHORT 3 .
COHORT 4 .
WORK 2 .
INTERNAL 2 .
INTERNAL 3 .
FACIL 2 .
RACE 2 * GENDER 2 .

- -
COHORT 2 * GENDER 2- -
COHORT 3 * GENDER 2 .....- -
COHORT 4 * GENDER 2 .
PAY 2 * COHORT 2 .

- -
PAY 2 * COHORT 3 .- -
PAY 2 * COHORT 4 .

- -
PAY 3 * COHORT 2 .

- -
PAY 3 * COHORT 3 .

- -
PAY 3 * COHORT 4 .
WORK 2 * LNMAGE .
GENDER 2 * LNMAGE .

Deviance

5.825
5.697

-.1685
-.4015
.09596
-.5525

-.07868
-.3111
-.1674
-.1549

-.08358
.04311
- .1192

.9036
-.5772
-.5173

.1985
-.01022

.1747
-.01449

.2837

.5156
-.08961
-1.204

-.09694
2272.91

101

.1074

.2873

.1570

.1619

.1510

.1387

.1416

.1555

.1783

.1031
.08220

.3378
.08564

.3122

.2951

.3964

.2771

.2234

.2703

.2700

.2020

.2327

.2527

.4693

.5728

-.480E-10
.257E-10

-.731E-11
-.474E-11
-.665E-11
-.100E-10
-.167E-10
-.424E-10
-.601E-12
-.338E-10

.358E-15
-.151E-09
-.653E-11
-.247E-11
-.226E-11
-.344E-11
-.428E-12
-.315E-11
-.634E-11
-.130E-12
-.536E-11
-.749E-11
-.302E-13

.336E-10

. 723E-11
df 8303



Figure 5.5 Parameter Estimates for Regression model after dropping InCage) - Gender
Interaction

Parameter
Name Estimate Std. Err. Score

%CON .
LNMAGE .
RACE 2 .
GENDER 2 .
PAY 2 .
PAY 3 .
COHORT 2 .
COHORT 3 .
COHORT 4 .
WORK 2- .
INTERNAL 2 .
INTERNAL 3 .
FACIL 2 .
RACE 2 * GENDER 2 .
COHORT 2 * GENDER 2- -
COHORT 3 * GENDER 2 .....- -
COHORT 4 * GENDER 2 .
PAY 2 * COHORT 2 .
PAY 2 * COHORT 3 .- -
PAY 2 * COHORT 4 .

- -
PAY 3 * COHORT 2 .- -
PAY 3 * COHORT 3 .- -
PAY 3 * COHORT 4 .
WORK 2 * LNMAGE .

Deviance

5.826 .1071
5.680 .2681

-.1685 .1570
-.4102 .1536
.09588 .1510
-.5523 .1387

-.07683 .1412
-.3076 .1542
-.1703 .1774
-.1562 .1028

-.08259 .08198
.04013 .3374
-.1192 .08564

.9054 .3120
-.5883 .2876
-.5386 .3759

.2166 .2554
-.01015 .2234

.1742 .2703
-.01506 .2700

.2837 .2020

.5155 .2327
-.09001 .2527

-1.205 .4696
2272.93

102

-.151E-06
-.957E-07
-.392E-07
-.215E-06
-.134E-07
-.424E-07
-.517E-07
-.143E-06
-.102E-07
-.121E-07
-.175E-07
-.806E-08
-.172E-07
-.778E-07
-.105E-06
-.348E-06
-.137E-07
-.546E-08
-.147E-07
-.108E-08
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Figure 5.6 Summary of Stepwise Elimination of interaction terms from regression
model

In(rate)=In(age)+race+gender+pay+cohort+work+internal+facility+race*gender
+cohort*gender+work*In(age)+pay*cohort+gender*ln(age)

Deviance=2272.91, d.f=8303

In(rate)=In(age)+race+gender+pay+cohort+work+internal+facility+race*gender
+cohort*gender+work*In(age)+pay*cohort

Deviance=2272.93, d.f.=8304
Change in deviance on dropping gender-In(age) interaction = 0.02, 1 d.f.

In(rate)=In(age)+race+gender+pay+cohort+work+internal+facility+race*gender
+cohort*gender+work*In(age)

Deviance=2280AO, d.f=8310
Change in deviance on dropping pay-cohort interaction = 7.5, 6 d.f.

With the results of the stepwise evaluation of interaction terms, we made the following

decisions about the inclusion of interaction terms in our final baseline regression

model.

1. Age-Gender Interaction. While we were concerned that age-specific mortality

rates may have not been proportional by gender, our analyses using stepwise

elimination of terms suggest that for all cancer an interaction term is not needed. The

parameter estimate for the interaction is small compared to the gender main effect

(Figure 5.5), and the change in deviance upon dropping the term was only 0.02 (1

d.f.). We dropped this interaction from our final model.

2. Age-Employment Status Interaction. As might be expected from sociological

processes of worker selection and previous analyses of this cohort, the difference in

health status between employed and terminated workers differs with age.[110] These

differences increase with older age; workers still employed (or employed within the

last two years) at older ages have lower mortality rates than those who left the

workforce. Given the results of our stratified analyses and the apparent strong effect
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of this interaction in our regression model (Figure 5.5), we retained this interaction in

our final model.

3. Paycode-Birth cohort Interaction. Detailed analyses have been conducted for a

range of causes of death among ORNL workers as part of a combined Oak Ridge

facilities study. [114] These analyses emphasized the importance of considering

paycode differences in mortality, and the changes in this relationship between birth

cohorts. It is hypothesized these patterns in paycode effects reflect changes in the

relationship between socioeconomic position (and perhaps associated behaviors such

as cigarette smoking) and different causes of death. In our analyses of all cancer

mortality, the largest paycode effects are between monthly and non-monthly paid

workers, and these differences emerge only in later birth cohorts. Among workers in

the earlier birth cohorts, monthly-paid workers did not have substantially lower cancer

mortality rates than non-monthly paid workers. However, for those born after 1915,

differences in mortality by paycode emerge and become important descriptors of

cancer mortality. In our regression model the interaction between paycode and birth

cohort accounts for only a change in deviance of7.5 (6 d.f.); however, given previous

analyses which examined a wider range of causes of death (and our interest in

developing a model which could be applied to a range of causes of death), the

interaction terms between paycode and birth cohort was retained in our final model.

4. Race-Gender Interaction. Similar to observations from other occupational and

demographic descriptions of mortality in the United States, we found that the effects

of racial differences in mortality differed by gender.[144] In this cohort, the highest

cancer mortality rates were observed among non-white females and white males; the

lowest mortality rates were among white females. Given the results of our stratified

analyses and the strong association of this interaction in our regression model (Figure

5.5), we retained this interaction in our final model.
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5. Birth Cohort-Gender Interaction. Our stratified analyses suggested that the age­

adjusted difference in mortality rates between genders have changed over historical

periods. The largest differences in cancer mortality rates between men and women

were in the earliest birth cohorts. It may be likely that the largest differences were

between white men and women who were paid non-monthly, and were born in the

earliest birth cohorts; however, these three-way interactions can't be described in this

model. Given the results of our stratified analyses and the parameter estimates in our

final model (Figure 5.5), this interaction will be retained in our final model.

Our final model for demographic effects was as follows:

rate = lnage + gender + race + facility + paycode+ internal + birth_cohort + work +
(Inage*work) + (race*gender) + (birth cohort*gender) + (paycode*birth cohort)
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Table 5.22 Estimates of effect for terms in Baseline Model for All Cancer Mortalityt

Variable [Group] Estimate Std. error

Intercept 5.826 .1071

Lnage [In(age)] 5.680 .2681

Gender 2 [White Female] -.4102 .1536

Race 2 [Non-White Male] -.1685 .1570

Pay_2 [Paid Hourly] .09588 .1510

PaL3 [Paid Monthly] -.5523 .1387

Cohort 2 [Born 1905-15] -.07683 .1412

Cohort 3 [Born <1905] -.3076 .1542

Cohort_4 [Born 1925+] -.1703 .1774

Work 2 [Actively Employed] -.1562 .1028

Internal 2 [Monitored] -.08259 .08198

1nternal_3 [Not Elig) .04013 .3374

Facil 2 [More Than 1 Facility] -.1192 .08564

Race 2 * Gender 2 [N-W Female] .9054 .3120- -

Cohort_2 * Pay_2 [Born 1905-15, Paid Hourly] -.01015 .2234

Cohort_2 * Pay_3 [Born 1905-15, Paid Monthly] .2837 .2020

Cohort_3 * PaL2 [Born <1905, Paid Hourly] .1742 .2703

Cohort_3 * PaL3 [Born < 1905, Paid Monthly] .5155 .2327

Cohort_4 * Pay_2 [Born 1925+, Paid Hourly] -.01506 .2700

Cohort_4 * Pay_3 [Born 1925+, Paid Monthly] -.09001 .2527

Cohort_2 * Gender_2 [Born 1905-15, Female] -.5883 .2876

Cohort 3 * Gender 2 [Born <1905, Female] -.5386 .3759- -

Cohort_4 * Gender_2 [Born 1925+, Female] .2166 .2554

Work_2 * Lnage [Actively Employed-ln(age)] -1.205 .4696

t For different dose distributions, cell specific mean ages will change slightly leading to slight
changes in parameter estimates.
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Chapter Six - Radiation-Cancer Associations in the Checkoway Cohort

Overview

In these preliminary analyses, we restricted our study to the Checkoway cohort. The

materials and regression model development for the expanded cohort, described in

Chapters 4 and 5 were not used in these analyses. Rather, for analyses of the

Checkoway cohort, we used the regression model which was developed for analyses

reported previously. [19]

In contrast to previous reports about radiation-cancer associations among the

Checkoway cohort of workers, these analyses consider follow-up through 1990 and

focus on differences in the effects of radiation doses received at different ages. Since

age at exposure may be associated with other time-related factors, we evaluate the

consistency of our estimates between periods of hire, across periods of follow-up, and

for different ages at risk.
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Materials andMethods

Study cohort

These analyses were restricted to the Checkoway cohort, which includes white males

hired before 1973 who worked at least 30 days and who had no known employment at

other DOE facilities prior to 1978 (n=8307). Using the National Death Index, vital

status was ascertained through 1990; death certificates were obtained for 97.5 percent

of those who died in the Checkoway cohort. All cancer mortality was the outcome of

interest in these analyses. Any death for which the underlying or contributing cause of

death was assigned codes 140-209 of the Eighth revision of the International

Classification of Diseases was considered a cancer death.

Statistical Methods

The selection of study covariates for the Checkoway cohort has been described

previously. [19, 78] Briefly, age at risk was classified in five year intervals from under

25 years to ninety years and over. In Poisson regression analyses, age at risk was

centered at 52.5 years, in a log-log relationship with cancer mortality; this has been

shown to be an efficient method for controlling for the association between cancer

mortality and age at risk. [71] Indicator terms were included for the following: birth

cohort, which categorized workers born before 1905, born between 1905 and 1915, or

born after 1915; paycode, which was used to control for socioeconomic differences in

cancer mortality, was based on the worker's pay schedule when hired, and indicated

whether or not a worker was paid on a montWy schedule; employment status, which

indicated whether a worker had been employed within the last two years or not, and

was used to control for mortality differences between actively employed and

terminated workers; and, internal monitoring, which was lagged the same number of

years as external dose, and indicated whether a worker was employed during those

years when monitoring was conducted, and if so, whether the worker had ever been
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tested for internal exposure. Cumulative external radiation dose was categorized in

eight groups as follows: 0, -20, -40, -60, -80, -100, -120 and >=120 mSv. Terms

were also included to describe differences between birth cohorts in the effect of

paycode, and changes with age in the association between cancer mortality and

employment status. In contrast to previously published analyses of this cohort, when

calculating regression estimates of the percent change in cancer mortality per unit

dose, we assigned values to categories of cumulative dose by using the cell-specific­

mean dose (as described in Chapter 3).

The regression model for analyses of the Checkoway cohort was:

In(cancer rate)=In(age)+cohort+paycode+intemal+work+age*work+pay*cohort+dose
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Person-time and Eventsfor Followup through 1990

By the end of follow-up in 1990, 2110 deaths were identified, of which 561 were

cancer deaths. The distribution of person-years of observation and cancer deaths was

examined in stratified analyses by demographic and employment variables (Table 6.1).

Table 6.1 Distribution of person-years and cancer deaths by study factors among the
Checkoway Cohort

Person- All Cancer
Years Deaths

Age
<25 8522 1
25-45 113970 29
45-65 107404 235
65-85 24102 285
85+ 409 11

Pay Code
Monthly 118920 204
Non-monthly 135486 357

Birth Cohort
<1905 15670 115
1905-1914 35927 184
1915- 202809 262

Employment Status
Employed within last 2 years 104832 112
Not Employed 149574 449

Internal Monitoring Status
Not Monitored 177587 358
Monitored 64169 197
Not Eligible to be Monitored 12650 6
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Results

The estimated association between external dose and all cancer mortality for follow-up

through 1990 was 1. 8% increase per 10 mSv. In contrast to reports for follow-up

through 1984, associations did not increase under longer lag assumptions (Table 6.2).

Table 6.2 Estimated Association Between Lifetime Cumulative Dose (under 10 and 20
yr Lags) and All Cancer mortality in the Checkoway Cohort.

10 yr. lag 20 yr. lag

Percent increase per 1.8 1.8
lOmSv (0.9) (1.1 )

(se)
change in deviance 3.8 2.4

for dose term
Model: In(rate)= In(age)+cohort+work+pay+intemal+pay*cohort+work*ln(age)+dose.

The difference in parameter estimates between our analyses and those reported

previously for follow-up through 1990 (2.05% per 10 mSv) appears to be due to our

use of cell-specific mean doses. [32] When we assign values to dose categories using

median dose categories, as previously done, dose response estimates for a 10 year

lagged association increase to 2.02% increase per 10 mSv.
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Age at Exposure

We evaluated whether the effects of radiation doses differed depending on the age at

which exposure occurred. Examining Figure 6.1, the mean annual external radiation

dose received by workers in the Checkoway cohort declined with older ages at

exposure. A workers' cumulative dose received after a critical age was the sum ofthe

annual doses received each year after that age (Figure 6.1).

Figure 6.1 Mean Annual External Radiation Dose by Age at Exposure
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Doses Received at Older Ages

We examined dose response associations for cumulative doses received after a range

of critical ages (Table 6.3). A 5.9 percent increase in total cancer mortality per 10

mSv dose received after age 45 was observed (change in deviance=1O.6, 1 d.f.). A

smaller magnitude of association was observed when annual doses received after age

40 were examined, with a somewhat smaller change in deviance upon inclusion of the

dose term. When older critical ages were examined, larger, less precise dose response

relationships were estimated, which were associated with smaller changes in deviance

upon inclusion of the dose term. These analyses suggested that doses received after

age 45 have a strong association with subsequent cancer mortality.

Table 6.3 Estimated Percent Increase in All Cancer Mortality per 10 mSv dose
Received after a Range of Critical Ages, under a 10 year Lag Assumption.

Lifetime Cumulative Cumulative Cumulative Cumulative
Cumulative Dose Dose Dose Dose

Dose received at received at received at received at
(Age >=15) Age >=40 Age >=45 Age >=50 Age >=55

% Increase 1.8 4.3 5.9 6.2 9.9
standard error 0.9 1.3 1.6 2.4 3.5

Change in Deviance 3.8 9.6 10.6 5.6 5.9
for Dose Term

Model: In(rate)= age+cohort+work+pay+mtema1+pay*cohort+work*age+dose. 10 year lag.
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Doses Received at Younger Ages

As one way to assess potential confounding by exposures received at earlier ages, we

conducted separate analyses for two subgroups of workers: those whose exposures

were entirely accrued before age 45 and those whose exposures were entirely accrued

at ages 45 and above. It should be noted that both analyses include those workers

who had no recorded dose. Among those exposed only before age 45 (6316 workers,

and 329 cancer deaths), the association between lO-year lagged cumulative dose and

cancer mortality was poor fitting and of similar magnitude to its standard error (Table

6.4).

We were primarily interested, however, in assessing whether the association between

dose received after age 45 and all cancer mortality was due to confounding by

exposures received at earlier ages. Among those exposed only after age 45 (2657

workers, and 188 cancer deaths), the estimated association between 10 year lagged

cumulative dose and cancer mortality was of larger magnitude and associated with a

change in deviance of3.4 (Table 6.4).

Table 6.4 Estimated Percent Increase in All Cancer Mortality per 10 mSv dose among
Those Who Received No Exposure at Ages 45 and above, and Those Who Received
no Exposure before age 45, under a 10 year Lag Assumption.

Received Doses only at Received Doses only at
ages < 45 ages >=45

% Increase perl 0 mSv 3.02 8.55
(se) (3.08) (4.20)

Change in deviance for dose 0.8 3.4
term (l d.£.)

Model: In(rate)= age+cohort+work+pay+mtemal+pay*cohort+work*age+dose. 10 year lag.
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Adjustment Using Partitioned Cumulative Doses

We next examined the entire Checkoway cohort, stratifying the years of follow-up
,

according to the cumulative doses received before and after age 45 (Table 6.5). In this

table, one can examine the relative risk of cancer mortality by level of dose received

after age 45, among workers with different levels of dose received before age 45.

Relative risks tend to increase with increasing cumulative dose received after age 45,

while there is little evidence of such an increase with increasing doses received before

age 45.

Table 6.5 Estimated Relative Rate (RR) and Number of Cancer Deaths (d) by Age­
specific Cumulative Doses, Under a Ten year Lag Assumption

>=45 >=45 >=45 >=45 >=45 >=45 >=45 >=45
OmSv 0-20 20 -40 40 - 60 60-80 80-100 100-120 >=120

mSv mSv mSv mSv mSv mSv mSv
RR RR RR RR RR RR RR
(d) (d) (d) (d) (d) (d) (d) RR

(d)
<45 1 1.04 0.60 0.96 1.22 5.41

OmSv (136) (60) (3) (2) (2) (0) (0) (4)
<45 1.21 1.15 1.11 1.00 1.73 3.30 3.86

0-20 mSv (201) (60) (6) (3) (3) (2) (0) (2)
<45 1.02 1.37 1.08 1.01 7.28 3.33

20- 40 mSv (14) (16) (2) (0) (1) (1 ) (0) (1)
<45 1.27 0.90 1.15 2.83 2.40 4.83

40-60 mSv (6) (3) (1) (1) (1) (0) (0) (3)
<45 1.36 1.46

60-80 mSv (3) (2) (0) (0) (0) (0) (0) (0)
<45 0.77 1.72

80-100mSv (1) (2) (0) (0) (0) (0) (0) (0)
<45 1.38 4.24 27.02 117.24
100- (1) (0) (1) (0) (1) (0) (1) (0)

120mSv
<45 1.11 1.12 2.82 1.86 1.92 3.12

>=120mSv (4) (3) (0) (2) (1) (0) (1) (4)
model: cohort+work+pay+mtemal+age+wrk*age +pay*cohort +doseyg+doseold +doseyg*doseold

We were interested in evaluating whether the association between cumulative dose

received after age 45 and all cancer mortality differed at different levels of cumulative
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dose received before age 45 (Table 6.5); modification of the effects oflate exposures

by earlier exposures might be postulated, for example, if doses act at different stages

of a muti-stage process. To allow an easier examination of this table, we calculated

the relative risk of age-specific doses collapsed into four categories (Table 6.6).

Table 6.6 Estimated Relative Rate (RR) and Number of Cancer Deaths (d) by Age­
specific Cumulative Doses in Four Dose Groups, Under a Ten year Lag Assumption

>=45 >=45 >=45 >=45
omSv 0- 60 mSv 60 -120 mSv >=120 mSv

RR RR RR RR
(d) (d) (d) (d)

<45 1 1.01 0.99 5.56
OmSv (136) (221) (5) (4)
<45 1.21 1.18 1.90 4.32

0-60 mSv (65) (92) (8) (6)

<45 1.20 1.16 4.82 --
60-120 mSv (5) (5) (2) (0)

<45 1.13 1.15 1.36 3.2
>=120 mSv (4) (5) (2) (4)

model: cohort+work+pay+mtemal+age+wrk*age +pay*cohort +doseyg+doseold +doseyg*doseold

Using a regression model, we evaluated modification of the effects oflate exposures

by earlier exposures by comparing a model which included interaction terms between

the categorical terms for dose received before and after age 45, to a model with only

main effects for older and younger doses. Inclusion of the interaction terms resulted

in a change in deviance of33.6 (with 46 d.f.), suggesting little evidence of interaction

between age-specific doses. We also considered a model in which doses were

categorized into four groups (as in Table 6.6); inclusion of the interaction between

age-specific dose terms resulted in a change in deviance of5.5 (with 9 d.f.). We

concluded there was little evidence of modification of the effects of doses received

after age 45 by doses received before age 45.

Table 6.7. presents estimates of the main effects in these model. The table reports rate

ratios by level of dose received before and after age 45, controlling for effects of dose
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received in the earlier, or later, age period. Relative risks were larger for the highest

categories of exposure received after age 45, while there was little evidence of

association between relative risks of cancer mortality and level of dose received before

age 45.

Table 6.7 Estimated cancer mortality rate ratios for age-specific radiation doses

0 0-20 20-40 40-60 60-80 80-100 100-120 >=120

mSv mSv mSv mSv mSv mSv mSv mSv

Cumulative Dose Rate 100 101 0.77 0.91 1.47 1.54 1.56 3.32
received at Ratio

Age >= 45 yr (# deaths)
(366) (146) (13) (8) (9) (3) (2) (14)

Cumulative Dose Rate 100 1.20 1.14 1.22 0.96 1.00 1.99 1.04
received at Ratio

Age < 45 yT (# deaths)
(207) (277) (35) (15) (5) (3) (4) (15)

Model: In(rate)= age+cohort+work+pay+internai+pay*cohort+work*age+(dose<45)+(dose>=45). 10
yr lag.

The association between cancer mortality and dose received after age 45 was next

evaluated using a continuous term for mean cumulative dose received after age 45.

We assigned values to dose categories using cell-specific mean doses, as discussed in

Chapter Three. Replacing the indicator terms for dose received after age 45 with a

single term for cumulative dose received after age 45 resulted in a change in deviance

of 0.2 (6 d.f.). Similarly, the association between cancer mortality and cumulative

dose received before age 45 was examined using a continuous term (the associated

change in deviance was 2.7, 6 d.f.).

Doses received at ages 45 and above were associated with a 5.9 (se=1.7) percent

increase in all cancer mortality per 10 mSv, after adjusting for doses before age 45

(Table 6.8). The association between doses received before age 45 and cancer

mortality was weak, and slightly negative. The change in deviance for inclusion of the

term for doses received after age 45, in a model that included a term for dose received

before age 45, was 9.8 (1 d.f). Doses received before age 45 contributed little to the
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prediction of cancer mortality in the model which included a term for dose received

after age 45. Under a 20 year lag assumption, the magnitude of the association

between cumulative dose received after age 45 increased, although the goodness offit

of the association decreased.

Table 6.8 Estimated Increase in All Cancer Mortality per 10 mSv Cumulative Dose
Partitioned in Two Age Groups

Model: age+gender+race+factltty+pay-tntemal+cohort+work+age*work+race*gender+cohort*gender+pay*cohort+doseyg+doseold

10 year 20 year
Lag Lag

Cumulative Cumulative Cumulative Cumulative
Dose received Dose received Dose received Dose received
Before Age 45 After Age 45 Before Age 45 After Age 45

Percent Increase -0.7 5.9 0.6 7.4
standard error 1.2 1.7 1.2 2.5

Change in Deviance 0.3 9.8 0.2 6.9
..

To evaluate the improvement in fit due to partitioning cumulative dose by age at

exposure, we compared the regression model which included separate terms for doses

received at older and younger ages, Model 1: In(rate)=ZBz+B 1 (dose<45)+B2

(dose>=45), to a model which included a single term for the sum of these age-specific

cumulative doses, Model 2: In(rate)=ZB+B 1 (dose<45 + dose>=45), as described in

Chapter 3. The difference in residual deviances between the two models (7.94, 1 d.t)

represents the improvement of fit upon including an additional term to describe the

separate of effects of doses received at two different age periods.

Examination of the ratio of observed to expected cancer deaths (figures 6.2, 6.4),

support the conclusion that a dose response relationship exists primarily between

doses received at older ages and cancer mortality, and that the association is much

stronger than for lifetime cumulative dose (figure 6.3).
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Figures 6.2 - 6.4 Ratio of observed to expected deaths and fitted line by dose

Figure 6.2 Cumulative dose received
before age 45 adjusted for dose received
at age >=45. 10 yr Lag

Figure 6.4 Cumulative dose received at
age >= 45 adjusted for dose received
before age 45. 10 yr Lag.
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Applying Age-specific Weights to Annual Doses

We investigated weighting doses using other time-dependent functions as described in

Chapter 3. The dose response associations for neither the linear (weighting function

3) nor the quadratic (weighting function 4) function fit the observed data as well as the

dose response association under a step weighting function for a critical age of 45 years

(Table 6.9). However, a dose response association in which annual doses are

weighted under weighting function 5, did fit the data better, when exponents greater

than thirty were considered; this weighting function approaches the step function but

applies non-zero weights to younger ages at exposure. The estimated dose response

relationship was 6.3 percent per 10 mSv (change in deviance=12.39, 1 d.£) for doses

weighted under function 5 (k=50).

Table 6.9 Estimated percent increase in cancer mortality per 10 mSv dose weighted by
age at exposure among ORNL workers under a 10 year lag assumption.

Weighting Weighting Weighting Weighting Weighting Weighting
Function 3 Function 4 Function 5 Function 5 Function 5 Function 5

age/45 age2/2025 exponent exponent exponent exponent
k=lO k=30 k=50 k=100

% increase 2.28 2.51 5.65 6.01 6.29 6.49
standard error

0.97 1.07 1.72 1.64 1.59 1.60
Change in 4.95 4.92 8.79 10.79 12.39 13.09

Deviance with
Dose Term

Model: In(rate)= age+cohort+work+pay+internal+pay*cohort+work*age+dose. 10 year lag.
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Additive Relative Risk Models

We examined the effect of using an additive relative risk model. The dose response

association with lifetime cumulative dose under a ten year lag appeared to fit the

multiplicative relative risk (Table 6.2) and additive (Table 6.10) relative risk models

equally well. The residual deviance under the multiplicative relative risk model was

546.72; the residual deviance under the additive relative risk model was 546.59 (both

models having 11 d.f.).

When doses received at age 45 and above were considered, the multiplicative relative

risk model (Table 6.8) appeared to fit the data somewhat better than the additive

relative risk model (Table 6.10) The residual deviance under the multiplicative

relative risk model was 778.28; the residual deviance under the additive relative risk

model was 779.78 (both models having 12 d.f.).

Table 6.10 Additive Relative Risk Model, 10 year Lag

Lifetime Dose received Dose received
Cumulative before age 45 after

Dose age 45
% Increase 2.32 -0.63 7.68

standard error lAO 1.33 3.74
Change in Deviance 3.9 0.2 8.2

with Dose Term

In order to compare the magnitude of dose response estimates derived using

multiplicative relative risk and additive relative risk models, we calculated estimates of

the risk at 25 and 100 mSv received after age 45. 25 mSv dose received after age 45

was associated with a 1. 19 fold increase in cancer risk under the additive relative risk

model and with a 1. 17 fold increase under a multiplicative relative risk model. 100

mSv dose was associated with a 1.77 fold increase in cancer risk under the additive

relative risk model and with a 1.87 fold increase under a multiplicative relative risk

model.
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Examination ofalternative hypotheses

These analyses demonstrated associations of substantial magnitude and very good fit

between doses received at older age and cancer mortality. We next investigated

hypotheses about potential time-related patterns of bias, confounding, or modification,

that might account for these observed effects. The following hypotheses were

considered:

1. These results reflect differences in radiation cancer associations between workers

hired in early and later historical periods. Such differences might be hypothesized as a

consequence of confounding due to the poorer health of workers hired during the

World War II period, when radiation doses were received at older ages and at higher

dose rates, or as a consequence of changes over time in the measurement of exposure.

2. These results reflect differences in the minimal latency periods associated with doses

received at different ages.

3. These results reflect increases in the magnitude of dose response associations for

deaths occurring at older ages, rather than increases in the magnitude of dose response

associations for doses received at older ages.

4. These results reflect the decline in the association between cancer mortality and

radiation with time since exposure; since cancer mortality occurs primarily at older

ages, younger ages at exposure may be associated with longer time since exposure.

Each of these hypotheses is discussed in more detail, and empirically investigated.
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Hire cohort

One explanatory hypothesis relates to potential confounding due to poorer health

associated with earlier periods of hire. [82] Workers hired before World War II

(WWII) were hired at older ages, and potentially suffered poorer health than workers

hired after WWII, due to the military's selection of younger, healthier men out of the

workforce (it should be noted that the assumption of the hypothesis that workers hired

during the WWII period suffered poorer health than workers hired after the WWII

period may not be valid[145]). Workers hired during the WWII period also tended to

receive higher radiation doses, at higher dose rates, and at older ages, than workers

hired in later years (Figure 6.5). Consequently, the observed association between

doses received at older ages and cancer mortality could be due to the fact that doses

received at older ages tended to be received in early years of operation among workers

with poorer health.

Another reason to consider historical periods of employment relates to changes in

exposure monitoring practices over time. Workers hired in the early years of

operation at ORNL were monitored using different exposure assessment methods than

workers hired later, which resulted in larger potential dose underascertainment.[79,

94, 97] This suggests that we might consider employment in the early years of

operation not only as a potential confounder of dose response associations,[82] but

also as a potential indicator of changes in exposure misclassification, leading to

changes in estimates of dose response associations.

In order to evaluate whether dose response relationships differed between workers

hired at different periods, in one set of analyses dose response associations were

examined separately for workers hired between 1943-47 and workers hired after that

period (the period 1943-47 has previously been used to define the WWII hire cohort in

analyses ofORNL workers). [79] We examined whether the association between
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cumulative dose and total cancer mortality differed between the cohort of workers

hired between 1943 and 1947 (n=2193), and the cohort hired after 1947 (n=6114).
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Figure 6.5 Pattern of Age-specific Exposure by Calendar Period
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Among workers hired between 1943 and 1947, the association between lifetime

cumulative dose and cancer mortality at ORNL was 3.4 (se=1.l) percent per 10 mSv,

while among workers hired after 1947 this association was 0.3 (se=O.4) percent per 10

mSv. To estimate the change in deviance upon including an interaction term between

period of hire and cumulative dose, we fit a model including interactions between all

study covariates and an indicator for period of hire; upon inclusion of an interaction

between dose and this indicator term the change in deviance was 3.12 (Table 6.11).

However, exposures tended to be received at older ages among workers hired in the

early years ofORNL's operation. We next examined the association between doses

received after age 45 and cancer mortality for workers in each of the hire cohorts.
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Table 6.11 Analyses of Modification of Dose Response Associations by Period ofHire

Hired Hired Change in deviance for
<1948 >=1948 interaction term between
% incr (se) % incr (se) dose and Period ofHire

Lifetime 3.4 (se=l.l) 0.3 (se=O.4) 3.12
Cumulative Dose
Dose Received 5.8 (se=2.2) 4.8 (se= 2.9) 0.11
After age 45

Considering doses received after age 45, the dose response association for the

subcohort of workers hired after 1948 was similar in magnitude to the dose response

association for the subcohort of workers hired before 1948. Among workers hired

between 1943 and 1947 the association between cumulative dose received after age 45

and cancer mortality was 5.8 (se=2.2) percent per 10 mSv, adjusted for dose received

before age 45. In the later hire cohort this association declined slightly to 4.8 (se=

2.9) percent per 10 mSv; the difference in these dose response associations between

hire cohorts was small (change in deviance=O.II, 1 d.f). These results suggest that

differences in dose response associations between hire cohorts when considering

lifetime cumulative dose may be explained as a consequence of differences in the ages

at which exposures were received between hire cohorts.
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Modification ofLatency by Age at Exposure

Another hypothesized explanation for our findings is that radiation exposures may

increase the incidence of cancer, but not the timing of when cancers appear. The

possibility that doses received at younger ages are associated with longer latency

periods has been suggested from studies of A-bomb survivors and patients receiving

medical irradiation. It has been suggested that radiation-induced cancer may not

appear among those exposed at earlier ages; rather cancer may occur in excess only at

older ages when cancer typically develops in the unexposed. Under a relative risk

model, in which cancer rates increase with age at risk, this suggests that exposures

received at younger ages should be considered after longer latency periods than

exposures received at older ages (Figure 6.6).

A related hypothesis suggests that high dose rates are associated with shorter latency

periods than low dose rates. At ORNL exposures received at older ages primarily

occurred in earlier calendar periods when dose rates were higher; longer latencies,

then, might be considered for doses received more recently, which were received at

earlier ages and at lower dose rates.

Figure 6.6 Latency Depends on Age at Exposure, Cancer Begins to Occur After Age
55
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To investigate hypothesized differences in latency assumptions for doses received at

different ages, we examined dose response associations for doses accumulated at

younger ages with longer lag assumptions. We considered the fit and magnitude of

dose response associations for exposures received before age 45, in a model which

adjusted for any association between dose received after age 45 and cancer. While

dose received before age 45 appears weakly, positively associated with cancer

mortality under a 20 and 30 year latency assumption (Table 6.12), the magnitude and

fit of these associations is far weaker than the magnitude and fit of associations

between doses received at older ages and all cancer mortality. It does not appear that

the differences in effect between doses received at older and younger ages are due to

the necessity of considering longer lag assumptions for doses received at earlier ages.

Table 6.12 Estimated Association between Dose received Before age 45 and all cancer
mortality under 10, 20, and 30 year lag assumptions

Exposures received Exposures received Exposures received
<45 <45 <45

10 year Lag 20 year Lag 30 year Lag
% Increase -0.67 0.59 0.40

(se) (1. 18) (1.25) (2.37)
Model: In(rate)=In(age)+cohort+work+pay+internal+pay*cohort+work*ln(age)+doseyg+doseold
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Age at risk

Gilbert et al. have reported that, among workers at ORNL and Hanford, cancer deaths

occurring at older ages were more strongly associated with radiation exposure than

cancer deaths occurring at younger ages. They suggested that this may reflect a

pattern of confounding, in which smoking-related cancer mortality was related only to

deaths occurring at older ages and among workers receiving higher radiation

doses.[71, 75]

Since doses received at older ages can only be associated with deaths at older ages,

this suggests an alternate explanation for the observed increased radiation-cancer

association with older age at exposure. We considered whether the modification of

radiation effects by age at exposure could be explained as a consequence of increasing

radiation effects with older ages at risk. We evaluated dose response associations

separately for deaths occurring at older (>=70 years) and younger ages «70 years).

Lifetime cumulative dose was evaluated first. For deaths occurring at ages less than

70 years there was an estimated 0.3 (se=1.1) percent increase in cancer mortality per

10 mSv lifetime cumulative dose; for deaths occurring at ages greater than 70 years

the estimated association was 5.5 (se=0.7) percent increase per 10 mSv. To estimate

the change in deviance upon including an interaction term between periods of age at

risk and cumulative dose, we fit a model including interactions between all study

covariates and an indicator for age at risk greater than 70 years; upon inclusion of an

interaction between dose and this indicator the change in deviance was 7.20 (Table

6.13). This is consistent with Gilbert et al.'s observation of increasing association of

lifetime cumulative dose with deaths occurring at older ages. [71 ]
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Table 6.13 Analyses of Modification ofDose Response Associations by Age at risk

Age at Risk Age at Risk Change in deviance for
< 70 yr >=70 yr interaction term between
% incr (se) % incr (se) dose and age at risk

Lifetime 0.3 (se=l.l) 5.5 (se=1.5) 7.20
Cumulative Dose
Dose Received 4.6 (se=2.8) 8.4 (se=2.4) 1.13
After age 45

We next considered the effects of doses received after age 45. Doses received after

age 45 were associated with cancer mortality at younger and older ages. For deaths

occurring at ages less than 70 years, cumulative dose received after age 45 was

associated with a 4.9 (se=2.8) percent increase per 10 mSv, while for deaths occurring

at ages greater than 70 years cumulative dose received after age 45 was associated

with an 8.6 (se=2.4) percent increase per 10 mSv.
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Time Windows ofExposure

Time-windows of exposure were one of the time-related factors of interest at the

outset of this study. However, our findings of the substantial impact of age at

exposure on the magnitude and trends of dose response associations offered an

alternative direction to focus analyses.

Time-windows, however, offered another hypothesized explanation for the observed

modification of dose response relationships by age at exposure. Under a hypothetical

20 year time-window, which is bounded by a 10 year lag and disregard of exposure

more than 30 years after exposure, cancer mortality at older ages is only associated

with doses received at older ages. For example, a cancer death occurring at age 70

would be associated with doses accrued only between ages 40 and 60, and a cancer

death occurring at age 80 would be associated with doses accrued only between ages

50 and 70. So, for older ages at risk, the effects of age at exposure and time windows

ofexposure would be difficult to distinguish.

In studies oflong term, low level exposures, there is a limited range of time-window

scenarios to consider. Some minimum lag assumption typically is made (for example

10 years), and a time-window must be broad enough to allow a range of doses to be

accrued (the window must include 10 to 20 years of exposure accrual). We compared

results from analyses using a twenty year time-window under a 10 year lag

assumption to results in which cumulative dose was partitioned by age at exposure.

Using this time-window of exposure, the estimated association was 2.58% (se=1.01)

increase per 10 mSv (change in deviance=5.7, 1 d.f.). The magnitude and goodness of

fit ofthis dose-response association was smaller than when considering the effects of

age at exposure (Table 6.8); this time-window of exposure did not appear to provide a

strong alternative to age at exposure.
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The distinction between time-windows of exposure and age at exposure would be

most discernible at younger ages at risk. At younger ages at risk, time-windows of

exposure relate cancer mortality to doses received at younger ages. We investigated

whether exposures received in the previously defined time-window of exposure were

predictive of mortality at younger ages at risk (less than 70 years); or, if time-windows

of exposure were only predictive of cancer mortality at older ages at risk, when time

window of exposure and age at exposure define the same periods of exposure. For

ages at risk less than 70 years, doses received in this time-window were associated

with a 0.62% (se=1.27) increase in all cancer mortality (change in deviance 0.2, 1 d.£).

Again, this suggests that this time window of exposure does not provide a strong

alternative to age at exposure.
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Period ojFollowup

The stability of the association between radiation dose and cancer mortality over

periods of follow-up was of interest for two reasons. Firstly, our analyses of the

effects of age at exposure were partially the consequence of previous observations that

the magnitude of radiation-cancer dose response associations within the Checkoway

cohort declined with increasing length of follow-up. With inclusion of the last ten

years of vital status follow-up, the dose response association for all cancer mortality

under a 10 year lag assumption declined 33 percent, from 2.7 (se=IA) percent per 10

mSv for follow-up through 1980, to 1.8 (se=0.9) percent per 10 mSv for follow-up

through 1990 (Figure 6 7). Secondly, there is evidence of declining completeness of

vital status ascertainment for the last years offollow-up (Figure 4.1). In order to

assess whether this change in ascertainment led to substantial bias in dose response

associations, we evaluated these associations after excluding more recent years of

follow-up data.

When exposures received after age 45 were considered, dose response estimates were

relatively stable with increased follow-up, changing from 5.6 (se=IA) percent per 10

mSv for follow-up through 1980, to 6.3 (se= 1.7) percent per 10 mSv for follow-up

through 1990 (Figure 6.7) The magnitude of the dose-response relationship was

robust to the length of follow-up when differences in the effects of radiation exposures

at different ages were taken into consideration. This finding is consistent with one of

the preliminary hypotheses for this study, which suggested that some of the decline

over time in the association between lifetime cumulative dose and cancer mortality

may be due to the changing distribution of age at exposure.
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Figure 6.7 Change in estimated dose response relationship for follow-up ending 1980­
1990 for lifetime cumulative dose, and dose received at age => 45 adjusted for dose
received at age <45
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Conclusion

These analyses suggest that among workers in the Checkoway cohort, the association

between cumulative dose received at older ages and subsequent cancer mortality was

of large magnitude and good fit. Furthermore, this association was consistent between

periods of hire and follow-up, and for deaths occurring at different ages, suggesting

that by considering age at exposure, a smaller, more relevant time period of exposure

has been identified.
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Chapter Seven - Radiation-Cancer Associations in the Expanded Cohort

Overview

This chapter presents analyses, within the expanded cohort, of associations between

external radiation dose and all cancer mortality. This is t1}e first time associations between

radiation and cancer have been reported for the expanded cohort of 14,095 workers.

Chapters 4 and 5 presented our development of a baseline regression model for this cohort.

In this chapter we consider the association between all cancer mortality and lifetime

cumulative dose under 5, 10, and 20 year lag assumptions. These analyses allow

comparison of results to previous evaluations of the association between lifetime

cumulative dose and cancer mortality among workers at ORNL, and to analyses of these

associations in other populations of nuclear facility workers. Next, we considered the

effects of age at exposure, which was demonstrated to be an important consideration in the

Checkoway cohort workers (Chapter 6). We present analyses of the association between

doses received at older ages and cancer mortality under 5, 10, and 20 year lag assumptions,

and evaluate the effect of controlling for dose received at younger ages.



Lifetime Cumulative Dose, and Cumulative Dose Received at Older Ages

We first examined the association between external dose and total cancer mortality

under 5, 10, and 20 year lag assumptions (Table 7.1). Associations increased slightly

in magnitude and goodness of fit under longer lag assumptions. When compared to

results from our analyses of the Checkoway cohort (Table 6.2), estimates were of

similar magnitude and goodness of fit.

Following our analyses of the Checkoway cohort, we investigated the effects of

exposures received at later ages. Under 5, 10, and 20 year latency analyses, dose

response associations for exposures received after age 45 demonstrated the best fit in a

model predicting all cancer mortality (Table 7.1). The magnitude of association was

larger for doses received after age 50 than for doses received after age 45, although

the goodness of fit for this association was smaller. The magnitude of association also

increased with increasing lag assumptions, although the goodness of fit was largest

under a ten year lag.
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Table 7.1 Estimated Increase in All Cancer Mortality per 10 mSv by Critical Age and
Lag

5 Year Lag 10 Year Lag 20 Year Lag
Lifetime Cumulative Dose

Critical Age=15
Percent Increase 1.26 1.35 1.87

standard error 0.74 0.79 1.00
Change in Deviance 2.7 2.8 3.2

Critical Age = 40 years
Percent Increase 2.98 3.29 4.28
(standard error) 0.97 1.06 1.55

Change in Deviance 8.00 8.09 6.19
Critical Age = 45 years

Percent Increase 4.32 5.31 7.92
(standard error) 1.29 1.40 2.17

Change in Deviance 9.28 11.28 10.14
Critical Age = 50 years

Percent Increase 5.33 6.39 9.52
(standard error) 1.85 2.10 3.63

Change in Deviance 6.82 7.46 5.3
Model: age+gender+race+faclllty+paYTtnternal+cohort+work+age*work+race*gender+cohort*gender +pay*cohort+dose.
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Adjustment Using Partitioned Cumulative Doses

We next examined the associations between all cancer mortality and dose received at

older critical ages, controlling for doses received at younger ages.

As in the previous analyses (Table 7.1), the magnitude of association between all

cancer mortality and cumulative doses received at older ages tended to increase as

older critical ages were considered, and under longer lag assumptions (Table 7.2).

However, after adjusting for doses received at younger ages, the improvement in

model fit was largest for doses received after age 40 than for doses received after age

45 or 50, under five and ten year lag assumptions.

Table 7.2 Estimated Increase in All Cancer Mortality per 10 mSv Cumulative Dose
Partitioned in Two Age Groups

Model: age+gender+race+faclhty+pay+mtemal+cohort+work+age*work+race*gender+cohort*gender+pay*cohort+doseyg+doseold

5 year 10 year 20 year
Lag Lag Lag

Cumulative Cumulative Cumulative Cumulative Cumulative Cumulative
Dose Dose Dose Dose Dose Dose

received received received received received received
Before After Before After Before After Critical

Critical age Critical age Critical age Critical age Critical age age

Critical Age = 40 years
Percent Increase -1.91 3.33 -1.71 3.49 -0.61 4.29
standard error 1.27 0.82 1.29 0.90 1.36 1.35

Change in Deviance 2.5 12.1 1.9 10.9 0.2 7.5
Critical Age = 45 years

Percent Increase -0.86 4.39 -0.69 4.98 0.24 7.31
standard error 1.05 1.36 1.05 1.48 1.12 2.24

Change in Deviance 0.7 8.7 0.5 9.4 0.4 8.4
Critical Age = 50 years

Percent Increase 0.37 4.01 0.54 5.28 1.63 7.68
standard error 0.85 2.10 0.85 2.27 1.00 3.78

Change in Deviance 0.2 3.2 0.4 4.7 2.5 3.4
..

Considering doses received before the critical age, coefficients are all negative for the

youngest ages (less than 40 years), and smallest for the shortest lag assumption.

Similar to analyses of the Checkoway cohort (Chapter 6), graphs of observed over
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expected cancer deaths by dose were constructed to visually examine the. fit of dose

response models (figures 7.1, 7.2, 7.3).

Associations for the expanded cohort tend to be of slightly smaller magnitude and

poorer fit than associations observed among workers in the Checkoway cohort. For

example, the association between cumulative dose received after age 45 and all cancer

mortality under a ten year lag assumption in the expanded cohort (4.98% increase per

10 mSv; Table 7.2) is somewhat smaller than the association observed among workers

in the Checkoway cohort (5.9% increase per 10 mSv; Table 6.8). This may, in part,

reflect less complete follow-up for the expanded cohort, and poorer dosimetry data.
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Figure 7.1 Cumulative dose received
before age 45, adjusted for dose received
at age >=45

Figure 7.3 Cumulative dose received at
age >= 45, adjusted for dose received
before age 45

2.5 I • Ln(ObslExp) I
-- FItted Line •

15

•1.5

• 0.5

0.5 •..... . • • ,. 0
"0 •~ -.. • - •• ~

"::0.5
-0.5 • ••• • • -I • Ln(ObslExp)-1 • --FittedLine

-1.5 -15

0 10 15 Rem 20 2) 30 35 0 10 JJm 20 25 30 35

Beta= -0.69 (se=1.05) Change devlance=0.5
Model: In(rate)=age+cohort+wk+pay+internal
+pay*cohort+wk*age+doseyg+doseold.

Beta= 4.98 (se=1.48) Change deviance=9.4
Model: In(rate)=age+cohort+wk+pay+internal
+pay*cohort+wk*age+doseyg+doseold.

Figure 7.2 Lifetime Cumulative Dose

2.5 • w(ObslExp)

--FItted Line

1.5

0.5,.
~O

-0.5

•
•••

• ••• •
-1

353025I~em 2010

-1.5 +--......- ......- ......- ......- ......- ......---,
o

Beta= 1.35 (se=0.79) Change deviance=2.8
Model: In(rate) =age+cohort+wk+pay+internal
+pay*cohort+wk*age+mndose.

141



Additive Relative Risk Model

Considering an additive relative risk model for all cancer mortality under a ten year lag

assumption, doses received after age 45 were associated with a 6.85 (se=3.1O) percent

increase in all cancer mortality per 10 mSv, adjusting for doses received before age 45

(Table 7.3). Inclusion of the term for dose received after age 45, in a model which

already included a term for dose received before age 45, was associated with a change

in deviance of 8.6 (1 d.f.).

The dose response association for lifetime cumulative dose under a ten year lag

appeared to fit the multiplicative relative risk (Table 7.1) and additive relative risk

(Table 7.3) models equally well. The residual deviance under the multiplicative

relative risk model was 1874.1; the residual deviance under the additive relative risk

model was 1873.9 (both models having 24 d.f.).

The dose response association for cumulative dose received after age 45 under a ten

year lag appeared to fit the multiplicative relative risk (Table 7.2) only slightly better

than the additive relative risk model (Table 7.3). The residual deviance under the

multiplicative relative risk model was 2263.3; the residual deviance under the additive

relative risk model was 2264.0 (both models having 25 d.f).

Table 7.3 Additive Relative Risk Model, 10 year Lag

Lifetime Dose Dose
Cumulative received received

Dose before after
age 45 age 45

Beta 1.72 -0.58 6.85
standard error 1.12 1.14 3.10

Change in Deviance 2.9 0.2 8.6
with Dose Tenn
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Women in the ORNL Cohort

There are 3,389 women in the expanded cohort who contribute 98,718 person-years

of observation to these analyses (Table 4.3). One hundred twenty nine deaths due to

cancer occurred among these women.

Women at ORNL tended to perform different types ofjobs than men. Deaths among

women at ORNL have primarily been among weekly-paid workers (Table 5.6), many

of whom received little occupational exposure to radiation. A small number of

analyses were conducted to evaluate the distribution of radiation exposures among

women in this cohort, and to separately examine trends in the relative risk of cancer

mortality among the women by level of cumulative external radiation dose. Given the

limited distribution of deaths by exposure, separate tables person-time and events were

constructed for women, in which dose was categorized in smaller dose categories

(seven 10 mSv groups, ranging from 0 to 50+mSv). A regression model was used

which included terms for age, race, paycode, birth cohort, employment status, internal

monitoring, facilities of employment, and interactions between paycode and birth

cohort, and between age and employment status.

The distribution of cancer deaths among women by level of radiation dose covers a

small dose range. Only 16 cancer deaths occurred among women receiving greater

than 10 mSv dose under a ten year lag, and only 1 death among women receiving

greater than 50 mSv (Table 7.4). Examining the ratios of observed to expected

cancer deaths by dose, relative risk of cancer among women increase with increasing

lifetime cumulative dose under a 10 year lag assumption; however, these estimates

were based on a small number of cancer deaths among the exposed women workers.
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Table 7.4 Distribution of All Cancer Deaths Among Women by Lifetime Cumulative
Dose, 10 year Lag

Dose Group All Cancer All Cancer Observed
Mortality Mortality /Expected
Observed Expected*

0 46 45.4 1.01
>10 mSv 67 72.1 0.93
>20 mSv 7 8.2 0.85
>30 mSv 5 1.5 3.33
>40 mSv 2 1.0 2.0
>50 mSv 1 0.2 5.0
50+ mSv 1 0.5 2.0
*InCrate)=age+race+pay+cohort+work+ mternal+facil+pay*cohort+age*work

Analyses which examined dose-response associations for exposure received at older

ages were further limited by the small number of events among exposed women

workers (Table 7.5). Only three cancer deaths occurred among women who received

more than 10 mSv dose after age 45.

Table 7.5 Distribution of All Cancer Deaths Among Women by Cumulative Dose
Received After Age 45, 10 year Lag

Dose Group All Cancer All Cancer Observed
Mortality Mortality /Expected
Observed Expected*

0 115 112.2 1.02
>10 mSv 11 15.0 0.73
>20 mSv 1 1.6 0.63
>30 mSv 1 0.06 16.67
>40 mSv 0 0.04 --
>50 mSv 1 0.01 100.00
50+ mSv 0 0.07 --
*lnCrate)=age+race+pay+cohort+work+mternal+faCll+pay*cohort+age*work+doseyg
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Conclusion

Workers at ORNL provide an important source of evidence about low level radiation

effects, allowing consideration of 14,095 workers, each of whom had individual

measurements of external radiation exposure and careful vital status follow-up. Cumulative

dose received after age 45 strongly predicts all cancer mortality among these workers

under a range of lag assumptions. Within the expanded cohort, associations between

external radiation dose and all cancer mortality increased in magnitude as older critical ages

of exposure were evaluated, and as longer lag assumptions were examined. The best fitting

association was for cumulative doses received after age 45 under a ten year lag assumption.

Adjustment for doses received at younger ages had little effect on these estimates.

Evaluation of separate dose response associations for women in the expanded cohort was

limited by the small number of cancer deaths which occurred among women who received

radiation exposure. Results of these analyses for the expanded cohort were similar to our

findings from analyses of the Checkoway cohort, although associations within the expanded

cohort were slightly smaller in the magnitude and goodness of fit.
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Chapter Eight - Associations Between Radiation and Other Causes OfDeath

Overview

This chapter presents analyses, within the expanded cohort, of associations between

external radiation dose and other selected causes of death. We considered

associations with all cause mortality, all causes except cancer, lung cancer, all cancers

except lung, leukemia, ischemic heart disease, non-malignant respiratory disease, and

external causes.

Analyses of all cause mortality were conducted to examine the association between

radiation and mortality using a category of death which was not dependent on death

certificate retrieval or concerns about decisions in, or temporal trends in, cause of

death coding. Among the ORNL workers, it has previously been observed that an

excess of deaths are attributed to ill-defined causes, which, again, suggests limitations

in the accuracy of classification of cause of death coding from death certificates. [19,

146]

While it has been suggested that radiation may be related to non-cancer causes of

mortality, we conducted analyses of 'all cause mortality except cancer' with the

expectation that evidence of strong associations between radiation and non-cancer

mortality might suggest potential problems of confounding, or other analytical

problems leading to biased dose response associations.

Analyses of lung cancer, and all cancer except for lung, were conducted in order to

assess potential confounding due to smoking. If cigarette smoking were associated

with radiation exposure, associations would be expected to be much stronger for lung



cancer than other cancers. Lung cancer deaths occurred in adequate numbers to

permit separate analyses; and, by excluding lung cancers, we could assess the effect of

lung cancer on the dose response association. Leukemia has been an outcome of

interest in previous studies because of evidence of radiosensitivity.

Circulatory disease and non-malignant respiratory disease were examined to further

assess hypotheses about confounding due to cigarette smoking. If smoking was

positively associated with radiation dose, radiation would be expected to demonstrate

a positive association with both of these causes of death. External causes of death

were examined as an outcome presumed to have no association with external

radiation.
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Regression Models for analyses ofCause specific Mortality

A description of the distribution of deaths due to lung cancer, all cause mortality,

ischemic heart disease, and non-malignant respiratory disease by study factors is

presented in Appendix 2. Since our focus in these dissertation analyses was on all

cancer mortality, our regression model was developed for all cancer mortality rather

than for other causes of death. Vv'hen examining non-cancer causes of death we used a

Gompertz (log-linear) model for age at risk. Analyses oflung cancer and leukemia

would not permit inclusion of either gender-cohort, or race-gender interactions

because few of these cancer deaths were observed among women; for similar a reason,

analyses of non-malignant respiratory disease do not include an interaction between

race and gender (Appendix 2). Also, regression analyses of mortality due to non­

malignant respiratory disease included only person-time accumulated after age 40,

since no deaths due to non-malignant respiratory disease occurred before that age.
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Lifetime Cumulative Dose

We examined the association between lifetime cumulative dose and cause specific

cancer mortality under 5, 10, and 20 year latency assumptions (Table 8.1). All cause

mortality under 5, 10, and 20 year lag assumptions exhibited a positive association

with radiation dose. When cancer deaths were excluded from the category of all cause

mortality, however, the goodness offit of these associations was reduced.

Associations between cumulative dose and lung cancer, and cumulative dose and all

cancers except lung, were of comparable goodness of fit and magnitude under 10 and

20 year lag assumptions. All lymphatic and hematopoietic cancers, in contrast

demonstrated little association with lifetime cumulative dose. The association between

breast cancer and lifetime cumulative dose among women at ORNL could not be

investigated since only two breast cancer deaths occurred among women whose

lifetime cumulative dose (lagged five years) was greater than 0 mSv; these deaths

occurred among women whose cumulative exposure was less than 20 mSv.

Ischemic heart disease (II-ill) exhibited associations of small magnitude and poor fit;

non-malignant respiratory disease exhibited a positive association with radiation dose

under a ten year lag, however under 5 or 20 year lag assumptions the fit of this

association was reduced. External causes exhibited almost no association with lifetime

cumulative exposure.
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Table 8.1 Dose response Estimates for Lifetime Cumulative Dose

Cause ofDeath 5 Year Lag 10 Year Lag 20 Year Lag

% Increase % Increase % Increase
se se se

dey dey dey

All Cause 0.73 0.85 1.33
0.43 0.46 0.59
2.7 3.2 4.7

All Cause 0.43 0.58 1.04
Except Cancer 0.54 0.57 0.74

0.6 1.0 1.9

All Cancers 0.78 1.20 1.61
Except Lung Cancer 0.96 1.0 1.28

0.6 1.4 1.5
Lung Cancer 1.98 1.47 2.18

1.15 1.27 1.63
2.7 1.3 1.6

All Lymphatic and 1.02 1.51 0.31
Hematopoietic Cancers 2.07 2.17 3.27

0.23 0.45 0.01
All Leukemia 1.80 1.88 2.36

2.98 3.08 3.94
0.33 0.34 0.32

Ischemic Heart Disease 0.60 0.34 1.42
0.80 0.88 1.12
0.5 0.1 1.5

Nonmalignant Diseases 1.82 2.49 0.99
Of The Respiratory 1.80 1.84 2.49
System 0.9 1.6 0.2
External Causes -0.91 -0.20 2.69

1.87 2.02 2.59
0.25 0.01 0.96

Model: age+gender+race+facillty+pay+mtemal+cohort+work+age*work+race*gender+cohort*gender +pay*cohort+dose.
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Lung Cancer versus All Cancers except Lung

We examined associations between radiation doses received at older and younger

ages, under 5, 10, and 20 year lag assumptions, with mortality due to all cancers

except lung (Table 8.2) and with mortality due to lung cancer (Table 8.3). The

goodness of fit and magnitude of associations were similar for all cancers except lung,

and for lung cancer.

For all cancers other than lung, the magnitude of dose response associations for doses

received at older ages, increased with longer lag assumptions, and when considering

older critical ages. The best fitting association was observed for doses received after

age 45 under a twenty year lag assumption. Doses received after age 45 were

associated with estimates ranging from 3.88% (se=1.74) under a five year lag

assumption, to 7.69% (se=2.64) increase in mortality per 10 mSv under a twenty year

lag.

The magnitude of the association for lung cancer increased with increasing lag

assumptions as well; for doses received after age 45 the association increased from

5.19% (se=2.21) under a five year lag assumption to 6.63% (se=4.18) increase per 10

mSv dose under a twenty year lag assumption (Table 8.3). As older critical ages of

exposure were considered, the improvement in fit upon including the dose term

declined; fewer workers accumulated doses at older ages (the distribution of deaths by

lagged doses is shown in Table 8.5). Consequently there were few deaths due to lung

cancer by levels of cumulative dose, when the critical age was set to 50 years.

Cumulative dose received after age 40 appeared to be the best predictor of lung cancer

mortality. When considering doses received at the youngest ages (and under the

shortest lag assumptions) an inverse association between do"se and lung cancer was

observed (Table 8.3). A similar pattern, though of poorer fit and smaller magnitude,

was observed for cancer mortality other than lung (Table 8.2). This inverse association
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between doses received at young ages, under short latency assumptions, and cancer

mortality may, in part, reflect internal selection processes at ORNL.

Table 8.2 Estimated Increase in Cancers Other Than Lung Mortality per 10 mSv.
Cumulative Dose Partitioned in Two Age Groups.

5 year 10 year 20 year
Lag Lag Lag

Cumulative Cumulativ Cumulativ Cumulativ Cumulativ Cumulative
Dose e Dose e Dose e Dose e Dose Dose

received received received received received received
Before After Before After Before After

Critical age Critical age Critical age Critical age Critical age Critical age

Critical Age =40 yrs
Percent Increase -0.73 2.72 -0.63 3.17 0.03 4.21
(standard error)

1.48 1.11 1.49 1.17 1.62 1.67Change in Deviance
0.3 4.7 0.2 5.6 0.0 4.8

Critical Age =45 yrs
Percent Increase -0.86 3.88 -0.75 4.67 0.36 7.69
(standard error) 1.33 1.74 1.34 1.87 1.38 2.64Change in Deviance

0.4 4.2 0.3 5.2 0.1 6.6
Critical Age =50 yrs

Percent Increase 0.04 4.12 0.32 5.44 1.77 8.32
(standard error) 1.10 2.57 1.09 2.76 1.23 4.35Change in Deviance

0.1 2.3 0.1 3.3 1.9 2.9
Model: age+gender+race+facillty+pay+mtemal+cohort+work+age*work+race*gender+cohort*gender +pay*cohort+doseyg+doseold
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Table 8.3 Estimated Increase in Lung Cancer Mortality per 10 mSv. Cumulative Dose
Partitioned in Two Age Groups.

5 year 10 year 20 year
Lag Lag Lag

Cumulative Cumulativ Cumulativ Cumulativ Cumulativ Cumulative
Dose e Dose e Dose e Dose e Dose Dose

received received received received received received
Before After Before After Before After

Critical age Critical age Critical age Critical age Critical age Critical age

Critical Age = 40 yrs
Percent Increase -4.44 4.19 -4.12 3.98 -2.05 4.41
(standard error) 2.52 1.18 2.55 1.41 2.51 2.33Change in Deviance

4 1 8.0 3.4 5.4 0.8 2.6
Critical Age = 45 yrs

Percent Increase -0.96 5.19 -0.75 5.48 -0.14 6.63
(standard error) 170 2.21 1.69 2.45 1.89 4.18Change in Deviance

0.3 4.5 0.2 4.1 0.0 2.0
Critical Age = 50 yrs

Percent Increase 0.82 3.70 0.74 5.09 1.25 6.44
(standard error) 134 3.67 1.35 4.01 1.70 7.56Change in Deviance

04 0.9 0.3 1.4 0.5 0.6
Model: age+gender+race+faclltty+ pa\' - Internal +cohort+work+age*work+pay*cohort+doseyg+doseold
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Leukemia Mortality

Analyses of leukemia were limited by the small number of events, distributed across a

small range of doses. Consequently, analyses conducted examining shorter latency

assumptions (5 and 10 yr lags), and categorized person-time and events in a smaller

number of dose groups when evaluating doses partitioned by age at exposure

(exposures were categorized in four dose groups as follows: 0, -20, -40, 40+ mSv).

Regression models for leukemia, because of sparse events, do not include gender­

cohort, or gender-race interactions. Analyses ofleukemia consider the categories of

all leukemia (lCD 204-207) and all lymphatic and hematopoietic cancers (lCD 200­

209).

There was a limited distriubtion of events by cumulative dose received after age 45

with which to examine leukemias, or all lymphatic and hematopoietic cancers. Ther

was a small number of events expected for any exposure categories above 40 mSv.

Only one leukemia case was observed for exposure greater than 40 mSv. Because of

the small number of events, estimates are extremely sensitive to a single event

changing categories; and, estimated associations are evaluated across a very low range

of dose.

Table 8.4 Observed and Expected counts for All lymphatic and haematopoietic cancers
by doses received after age 45, under a 5 yr Lag assumption.

Dose mean dose pyrs obs exp obs/exp
gp (in mSv) (/100,000)
OmSv 0 3.73385 67 66.2197 1.011784
-20 4.50978 .437250 28 29.448 0.950829
-40 28.3428 .039143 4 3.2661 1.224702
40+ 88.5444 .044611 4 4.0657 0.98384
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Table 8.5 Observed and Expected counts for All lymphatic and haematopoietic
cancers by doses received after age 45, under a 10 yr Lag assumption.

Dose mean dose pyrs obs exp obs/exp
gp (/100,000)
0 0 3.87873 72 71.4048 1.008336
-20 .452384 .318808 23 25.3993 0.905537
-40 2.84193 .0274696 5 2.78484 1.795435
40+ 8.53775 .0298472 3 3.41109 0.879484

Table 8.6 Observed and Expected counts for All leukemia by doses received after age
45, under a 5 yr Lag assumption.

Dose mean dose pyrs obs exp obs/exp
gp (in mSv) (/100,000)
0 0 3.73385 29 30.4919 0.951072
-20 4.50978 .437250 14 12.4366 1.12571
-40 28.3428 .0391429 3 1.58722 1.890097
40+ 88.5444 .0446111 1 2.48431 0.402526

The category of all solid tumors (leD 140-199) was compared to all lymphatic and

hematopoietic cancers. All solid tumors demonstrate similar results to all cancers;

leukemia, and all lymphatic and hematopoietic cancers demonstrate little association

with cumulative dose received after age 45.

Table 8.7 Observed and Expected counts for All Solid Tumors by doses received after
age 45, under a 5 yr Lag assumption.

Dose mean dose pyrs obs exp obs/exp
gp (in mSv) (/100,000)
0 0 3.73385 494 500.222 0.987562
-20 4.50978 .437250 209 218.631 0.955949
-40 28.3428 .0391429 28 25.1051 1.115311
40+ 88.5444 .0446111 45 32.0420 1.404407
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Table 8.8 Regression Model Results

Doses Received Before Doses received after age
age 45 45
Percent Increasell 0 mSv Percent Increasell 0 mSv
(standard error) (standard error)

All lymphatic and 0.356 -1.304
hematopoietic cancers (3.285) (6.433)
5 year Lag
All lymphatic and 0.973 -1.937
hematopoietic cancers (3.297) (7.251)
10 year lag
All solid tumors -1. 577 5.898
5 year Lag (1.316) (1.775)
Followup through 1990. Doses in four groups. No race-gender or cohort-gender interactions.
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Breast Cancer Mortality

Similar to analyses ofleukemia mortaltiy, analyses of breast cancer mortality were

limited by the small number of events, distributed across a small range of doses.

Consequently, analyses conducted examining shorter latency assumptions (5 and 10 yr

lags), and categorized person-time and events in a smaller number of dose groups

(exposures were categorized in four dose groups as follows: 0, -20, -40, 40+ mSv).

Analyses were restricted to women in the cohort. Regression models for breast

cancer, because of sparse events do not include gender-cohort, paycode-cohort, or

gender-race interactions. Analyses consider the categories of female breast cancer

(lCD 174).

No events were observed for exposure categories greater than 20 mSv; and, less than

0.05 cases were expected. Given the small distribution of events by exposure, dose­

response analyses were not warranted.

Table 8.9 Observed and Expected counts for Female Breast Cancer by doses received
after age 45, under a 5 yr Lag assumption.

Dose mean dose pyrs obs exp obs/exp
gp

0 0 .935228 22 21.6989 1.01
-20 .281116 .0511826 2 2.29790 0.87
-40 3.11895 .00052873 0 .00196261 0
40+ 5.36344 .00024487 0 .00120068 0
Followup through 1990 for women only. Doses in four groups. No race-gender, paycod-cohort, or

cohort-gender interactions.
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Non-Cancer Mortality

We examined the association between radiation dose and non-cancer causes of death,

considering all cause mortality, all cause except cancer, ischemic heart disease, and

non-malignant respiratory disease. Deaths in these categories occurred in sufficient

number to support dose response analyses (Table 8.4).

Table 8.10 Estimated Increase in Non-Cancer Mortality per 10 mSv.

5 year 10 year 20 year
Lag Lag Lag

Cumulative Cumulative Cumulative Cumulative Cumulative Cumulative
Dose received Dose Dose received Dose Dose Dose

Before Age received Before Age received received received
45 After Age 45 After Age Before Age After Age

45 45 45 45

All Cause Mortality
Percent Increase 0.29 1.10 0.42 1.19 0.38 3.54
(standard error) 0.59 0.87 0.58 0.96 (0.66) (1.42)

Change in Deviance
0.3 1.5 0.5 1.5 0.3 5.5

All Cause except
Cancer 0.61 -0.30 0.73 -0.44 0.34 2.04

Percent Increase 0.69 1.12 0.70 1.25 (0.82) (1.81)
(standard error)

Change in Deviance 0.8 0.1 1.0 0.1 0.2 1.2

Ischemic Heart
Disease 1.62 -2.39 1.54 -2.86 1.09 -0.16

Percent Increase (1.01) (1.81) (1.03) (2.06) (1.22) (2.99)
(standard error)

Change in Deviance 2.4 1.9 2.0 2.1 0.8 0.0

Non-malignant
Respiratory Diseaset

Percent Increase -1.77 4.55 -2.16 5.66 -2.42 3.57
(standard error)

Change in Deviance 3.23 2.79 3.32 2.93 (3.72) (4.95)
0.3 2.3 0.5 3.2 0.5 0.5

t No race-gender InteractiOns Included In regression models.

The goodness of fit and magnitude of the association between dose received after age

45 and all cause mortality increased with longer lag assumption. Under a twenty year

lag assumption, a 3.5 percent increase in all cause mortality was estimated per 10 mSv

dose received after age 45 (change in deviance 5.5, 1 d.f.).
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This association appeared to be due primarily to cancer causes of death. When all

causes of death except cancer were considered, associations with radiation dose

alternated from positive to negative with changing lag assumptions, and were of poor

fit.

Associations between external dose received after age 45 and death due ischemic heart

disease were negative under five, ten, and twenty year lag assumption. The fit of this

negative association was largest under a ten year lag, while the change in deviance

declined substantially under a twenty year lag assumption.

Non-malignant respiratory disease was positively associated with dose received after

age 45. The magnitude and goodness offit of this association was strongest under a

ten year lag assumption (change in deviance 3.2, 1 d.f.), and declined under a twenty

year lag assumption in part because no cases were observed at the highest level of

exposure under a twenty year lag (Table 8.6).
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Table 8.11 Observed and Ratio of Observed to Expected Deaths

Dose Received after Age 45 orem 0-2 rem 2 - 4 rem 4 - 6 rem 6 - 8 rem 8-IOrem 10+ rem

Ratio Ratio Ratio Ratio Ratio Ratio Ratio

Cause of Death (observed) (observed) (observed) (observed) (observed) (observed) (observed)

AIl Cancer except

Lung

5 year Lag 0.98 1.00 0.98 1.25 0.80 0.79 1.94

(411) (174) (19) (11) (5) (2) (12)

10 year Lag 0.99 0.98 0.95 1.19 1.10 0.48 2.21

(436) (155) (16) (9) (6) (1) (11)

20 year Lag 1.00 0.94 1.30 0.72 0.39 3.85 2.86

(508) (100) (13) (3) (1) (4) (5)

Lung Cancer

5 year Lag 0.98 0.91 1.43 1.30 0.94 2.14 1.89

(150) (63) (13) (6) (3) (3) (7)

10 year Lag 0.97 0.97 1.10 0.98 1.38 1.82 2.41

(157) (62) (9) (4) (4) (2) (7)

20 year Lag 1.00 0.85 1.52 1.0 2.73 2.5 2.86

(195) (35) (7) (2) (3) (1) (2)

All Cause

5 year Lag 0.99 1.01 1.13 1.07 0.90 0.85 1.30

(2091 ) (912) (124) (52) (33) (12) (45)

10 year Lag 0.99 1.01 1.15 1.03 0.92 1.02 1.59

(2201 ) (833) (112) (44) (30) (12) (37)

20 year Lag 1.00 0.96 1.10 1.19 1.15 1.78 1.51

(2580) (555) (64) (28) (18) (10) (14)

Person-Years - 387,873 31,881 27,497 1,228 748 323 686

10 yr Lag
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Table 8.12 Observed and Ratio of Observed to Expected Deaths for Non-Cancer
Causes ofDeath

Dose Received after Age 45 orem 0-2 rem 2-4 rem 4-6 rem 6-8 rem 8-10 rem 10+ rem

Ratio Ratio Ratio Ratio Ratio Ratio Ratio

Cause of Death (observed) (observed) (observed) (observed) (observed) (observed) (observed)

All Cause except

Cancer

5 year Lag 0.98 1.03 1.13 1.00 0.93 0.70 1.06

(1530) (675) (92) (35) (25) (7) (26)

10 year Lag 0.98 1.03 1.22 1.01 0.84 1.06 0.95

(1608) (616) (87) (31) (20) (9) (19)

20 year Lag 1.00 0.99 1.03 1.36 1.22 1.25 1.08

(1877) (420) (44) (23) (14) (5) (7)

Ischemic Heart

Disease

5 year Lag 1.01 1.03 0.94 0.96 0.54 0.64 0.90

(581) (319) (37) (17) (7) (3) (12)

10 year Lag 1.02 1.00 0.95 0.91 0.71 0.52 0.86

(624) (286) (33) (14) (8) (2) (9)

20 year Lag 1.02 0.91 0.94 0.80 1.06 1.21 1.29

(763) (178) (18) (6) (5) (2) (4)

Non-malignant

Respiratory Disease

5 year Lag 1.00 0.94 0.93 0.28 1.70 2.88 1.90

(93) (53) (7) (1) (5) (3) (5)

10 year Lag 1.00 0.90 1.00 0.61 1.49 4.42 1.78

(97) (49) (7) (2) (4) (4) (4)

20 year Lag 1.02 0.88 0.89. 2.42 1.24 3.89 --
(110) (42) (5) (6) (2) (2) (0/0.9)

Person-Years - 411,179 12,492 975 399 214 93 134

20 vr Lag
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Conclusion
Associations between external radiation doses received after age 45 and cancer

mortality appear to be of similar magnitude for lung cancer and cancers other than

lung, with better fitting associations for cancers other than lung when assuming

latencies of ten year or longer.

All cause mortality was associated with radiation doses received after age 45, however

this association was largely due to cancer deaths. Analyses of all cause mortality

except cancer exhibited poor fitting associations with radiation. Ischemic heart disease

exhibited negative, poor fitting associations with radiation doses received after age 45,

while non-malignant respiratory disease showed positive associations with radiation.

162



Chapter Nine - Discussion

Interpretation ofMajor Findings

Workers at ORNL provide an important source of evidence about low level radiation

effects, allowing analysis of 14,095 workers who had individual measurements of

external radiation exposure and careful vital status follow-up. Cumulative dose

received after age 45 strongly predicts all cancer mortality among these workers under

a range of lag assumptions, and provides estimates of similar magnitude for lung

cancer mortality and mortality from cancers other than lung. These analyses suggest

that among workers at ORNL cumulative dose received at older ages was more

strongly associated with subsequent cancer mortality than lifetime cumulative dose.

The strong evidence of a dose response relationship, and the substantial magnitude of

this association, suggest that by considering age at exposure we identified a smaller,

more relevant time period of exposure. [147]

Theoretical models of carcinogenesis suggest reasons for increased sensitivity to

radiation with increased age. Under multistage models of cancer development, the

effects of an exposure may depend on the earlier initiation of a cell; with later age the

probability of initiation increases, and consequently an exposure may be more strongly

associated with cancer. [92] Increasing age is also thought to be accompanied by

declining ability of the immune system and cellular repair mechanisms; this would

provide another explanation for an increasing susceptibility to radiation-induced

cancers with age. [16, 51] Analyses of chromosome aberrations (such as dicentrics,

rings, and translocations) among radiation workers suggest that the occurrence of

radiation-induced chromosomal aberrations increases with age. [46, 48]
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Biases in these findings can occur through confounding and selection. There were a

number of exposures which were not measured in this population. The effect of

cigarette smoking, for example, could only be assessed indirectly with these data by

examining tobacco-related causes of death. While general epidemiologic principles

suggest that substantial confounding of dose response relationships by cigarette

smoking is unlikely in an occupational cohort,[118, 119, 148] non-malignant

respiratory disease did exhibit a positive association with dose received after age 45 in

our analyses. While the fit of this association was not strong, it raises concern about

potential confounding due to smoking.

Counter to the conclusion that smoking was a substantial confounder however, is the

evidence of negative associations between dose received after age 45 and ischemic

heart disease. Cigarette smoking would be expected to be associated with heart

disease mortality as well as non-malignant respiratory disease. More importantly,

however, any association between cancer and cigarette smoking would be expected to

be much stronger (six- to ten-fold) for lung cancer than for other cancers. [149]

Radiation doses received after age 45, however, were strongly associated with cancers

other than lung; in fact, under a twenty year lag assumption, dose received after age 45

was a stronger predictor of mortality due to cancers other than lung than of mortality

due to lung cancer. It has been noted that relative risks for lung cancer greater than

1.5 are unlikely to be due to confounding by cigarette smoking, while for cancers other

than lung, uncontrolled confounding due to cigarette smoking is unlikely to explain

even smaller associations. [92, 119]

Hypothesized patterns of confounding need to conform to the time-related patterns of

these findings. In order for smoking to account for these results, for example,

smoking patterns would have to be more strongly associated with radiation dose

accumulated after age 45 than with lifetime cumulative dose; and, this pattern of

confounding would have to persist between periods of hire (Chapter 6). Similarly, in
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order for confounding by cigarette smoking to account for the increasing magnitude of

association between doses received age 45 and all cancer mortality under longer lag

assumptions, smoking would have to be more strongly associated with past exposures

than total cumulative exposure. Counter to this conclusion, however, under a twenty

year lag assumption radiation doses received after age 45 were more strongly

associated with deaths due to cancers other than lung than with lung cancer (Tables

8.2, 8.3).

A possible explanation for the observed association between radiation and non­

malignant respiratory disease relates to misclassification in cause of death coding.

Previous studies, which have compared cause of death coding on death certificates to

autopsy data, have reported that the detection rate for respiratory cancer deaths using

death certificates was only 54%. When cancers were misclassified on the death

certificate they were usually attributed to non-cancer diseases of the same organ

system. [123] The category of non-malignant respiratory disease may include

misclassified cancers of the respiratory system. Cancer indications, however, were of

relatively high specificity; most deaths classified as due to cancer actually were due to

cancer.

While occupational exposures other than radiation occurred at ORNL, in previous

analyses neither consideration of job titles, which were used as an indicator of

occupational exposures other than radiation, nor evaluation of potential exposure to

beryllium, lead, and mercury, substantially changed estimates of the association

between radiation and cancer mortality. [82] This dissertation does not examine the

use ofjob titles to assess potential confounding by non-radiation occupational

exposures of the association between cancer and age-specific radiation doses.

The consistency of our findings across periods of hire, ages at risk, and periods of

follow-up supports our interpretation of these findings as evidence of modification of
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the effects of radiation by age at exposure. The dose response association for workers

hired after 1948 was similar in magnitude to the dose response association for workers

hired before 1948 (Table 6.11). Such similarity argues against the conclusion that

confounding related to hire in the early periods of operation at ORNL was present,

and against the contention that biases in exposure measurement in the early years of

exposure monitoring would account for observed dose response associations.

Differences in the effects of radiation were better explained by age at exposure than by

age at risk; doses received after age 45 were more strongly associated with cancer

mortality than lifetime cumulative dose for deaths occurring at younger and older ages.

This argues against the suggestion that smoking, or another unspecified form of bias,

was responsible for increased dose response associations for deaths at older ages. [71]

Finally, the magnitude of the dose-response relationship was robust to the length of

follow-up when differences in the effects of radiation exposures at different ages were

taken into consideration. The consistency of the dose response associations for

exposures received after age 45 suggests that some of the decline over time in the

association between lifetime cumulative dose and cancer mortality may be due to the

changing distribution of age at exposure. Such consistency does not support the

conclusion that lower levels of death certificate retrieval in the later years of follow-up

of this cohort led to substantial bias in dose response estimates.

Since our analyses focused on cumulative doses received at older ages, we controlled

for confounding by doses received at earlier ages. The fit and magnitude of these

associations was changed very little, however, by controlling for dose received before

age 45. Cumulative dose received before age 45 was only weakly associated with

death due to cancer. The results of our investigation of more sophisticated weighting

functions (Chapters 3 and 6) was initially surprising. We had expected that a

smoothed weighting function would provide a substantial improvement in fit for dose
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response associations compared to a step weighting function; however, the

improvement in fit when using a smoothed weighting function was relatively small

(Chapter 6). In retrospect this finding may not be surprising. The assumption for

using a weighting function other than a step function had been that, biologically, it

seemed improbable that radiosensitivity would change (from no radiosensitivity to a

uniform level of radiosensitivity) at one age, either for a particular individual or for

everyone in a population. [21] When considering a population, however, in which

there is substantial variability in individuals' experiences of the biological process of

aging and in the associated changes in radiosensitivity with age, a model for a critical

age of exposure may be as adequate as a complicated weighting function designed to

reflect hypothesized changes in radiosensitivity for an individual.

The magnitude of dose response associations for doses received after age 45 increased

with longer lag assumptions. Gofman has suggested that associations between

radiation and cancer mortality may increase with follow-up faster than the association

of cancer mortality with age. [4] This would lead to larger estimated radiation effects

with longer lag assumptions, and evidence of modification of dose response

associations by time since exposure. Our analyses were limited to considering twenty

year lag assumptions; our results suggest the need for further follow-up of this cohort

to consider the effects of longer lag assumptions. Counter to the suggestion that

doses received at younger ages may require longer latencies before the occurrence of

cancer mortality, we did not observe evidence of substantial associations between

doses received before age 45 and cancer mortality under 10, 20, or 30 year lag

assumptions (Table 6.12).

Our analyses focused on all cancer mortality. Since all cancer mortality has been

studied in previous analyses of DOE workers, including earlier analyses of this cohort,

this allowed comparison of results between studies. [16, 19, 71] If the category of all

cancers was overly broad--mixing radiosensitive with non-radiosensitive cancers--
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results for specific radiosensitive cancers would be expected to stronger than results

for all cancers. We did examine dose response associations separately for lung cancer

and all cancers except lung, and observed associations of similar magnitude and

goodness of fit for these outcomes (Tables 8.2 and 8.3).

The findings in this dissertation are particularly interesting because they are at odds

with the orthodox position of epidemiologic literature on radiation health effects,

which states that the effects of low level radiation are small and the associated relative

risk declines with age at exposure. [27, 150] This review considers the literature on

radiation-cancer associations among medically irradiated subjects and among A-bomb

survivors in the LSS; and, this review discusses limitations of data from the LSS and

medical irradiation studies for consideration of differences in the effects of radiation

exposure with age.

Studies ofMedical Irradiation

The literature on radiation exposures received in non-occupational settings has been

cited as evidence that the effects of radiation exposure decline with age at exposure.

In fact, however, this literature consists of contradictory findings, including several

important studies of medical irradiation which support the conclusion that

radiosensitivity may increase with older ages at exposure.

One important source of information about the health effects of medical irradiation

comes from studies of ankylosing spondylitis (AS) patients treated with x-ray therapy..
The primary effects observed after follow-up of over 14,000 ankylosing spondylitis

(AS) patients treated with x-ray therapy was excess leukemia, primarily acute myeloid

leukemia (AML).[151-153] Studies of these patients reported increasing relative risks

of AML and leukemia with older age at exposure. [122, 153, 154] More recent studies

continue to report overall increased relative risks for leukemia except chronic

lymphocytic leukemia (RR=3.11), and AML (RR=3.12), with the largest relative risks
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for exposures received after age 45. [155] More recent authors have attributed the

increase in relative risk of leukemia with age at exposure to the effect of diminishing

relative risk of leukemia with time since exposure. However, time since exposure and

age at exposure were closely tied among these patients, and in analyses which adjust

for time since exposure, the effects of age at exposure are diminished.

Another population which has been studied after receiving medical irradiation are

women who experienced X-ray induced menopause (irradiation for metropathia

haemorrhagica, MH). Findings of increasing radiosensitivity with age were reported

by Smith and Doll, after follow-up of2068 women.[156] They reported excess

leukemia (RR=2.6) and cancers of heavily irradiated sites (RR=1.29) five or more

years after treatment among patients who had an average of 13 years follow-up. The

authors note, "The ratio of observed to expected deaths for cancers of the heavily

irradiated sites increased with increasing age at first treatment, there being little excess

in those treated under the age of 46 years." Darby et al reported on more recent

follow-up of2067 women treated for MH,[157] noting elevated S:MRs for cancers of

the heavily irradiated sites (S:MR=1.46) and leukemia (S:MR=2.05), and with older

ages of first treatment relative risks for leukemia and cancer of the pelvic sites

increased.

Inskip et al. also reported on leukemia among 4483 women irradiated for uterine

bleeding.[158] Leukemia was in excess (S:MR=2.0) as were all cancers (S:MR=1.3).

The authors note, "The S:MR for leukemia increased from 0 for women who were 13

to 34 years old at the time of irradiation to 5.8 for women age 55 or older when

treated. " Regression analyses suggested that "the improvement due to adding a term

for time since irradiation to the model that already included age at irradiation was

marginal (p=.07)." The excess RR for women ages 35,45, and 55 years at exposure

were 1.6, 3.0, and 5.5% per cGy. A subsequent report by Inskip et al. confirmed these

observations. [159]
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In contrast, studies of tuberculosis (TB) patients exposed by fluoroscopy have not

suggested differences in radiosensitivity with age. For example, Davis et al. reported

on follow-up of2074 women and 1277 men examined using fluoroscopy, noting that

all cause mortality was high (women SMR=2.6; men SMR=1.9) due primarily to TB,

and there was a deficit oflung cancer (SMR=0.8).[160] Breast and lung cancer were

considered in relation to age at first exposure; however, few deaths due to cancer

occurred among those exposed at older ages (only one breast cancer and six lung

cancer deaths were observed among those first exposed after age 40). Patients were

typically irradiated at younger ages, with the average age at first treatment being 28

years. Furthermore, exposure to fluoroscopy was extended over many years (up to

five years), so age at first exposure was a poorer indicator of age at exposure than in

studies of acute x-ray exposure. Finally, a deficit of lung cancer was not surprising

since patients who underwent fluoroscopy had more advanced TB, often had parts of

their lungs surgically removed, and may have been likely to quit smoking. [161]

Similarly, Davis et al. reported on follow-up of 6285 patients receiving fluoroscopy at

an average age of first exposure of 33 years. [161] They reported no excess of cancer

mortality (SMR=1.05), although non-cancer mortality was in excess, primarily due to

deaths related to TB. Patients with lung surgery experience a 50% deficit oflung

cancer. No excess oflung cancer was reported (SMR=0.8), but breast cancer

mortality was slightly higher than expected(SMR=I.4) Consideration of differences in

the effects of irradiation by age at first exposure for lung, breast, and esophagus cancer

mortality compared those first exposed before, or after, age 30; no significant

difference in effect was observed.

Studies of patients irradiated for tinea capitis (ringworm) and irradiation for treatment

of enlarged thymus provide no information on the effects of exposures received at
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older ages, since these analyses focus on the effects of irradiation of infants and

children. [162-164]

Studies of the effects of exposure to diagnostic x-rays have given little attention to

potential differences in effects of exposures at older age. Nearly all studies of

diagnostic x-rays suffer from a lack of complete information on dental and medical

exposures.[165-169]. A study by Inskip et aI., for example, compared the history of

medical diagnostic x-ray use among thyroid cancer patients and population based

controls. While interest was directed at x-rays of the head and shoulder region (areas

which might lead to irradiation of the thyroid gland) no information on dental x-rays

was considered. Consequently, the mean number of x-rays among the cases and

controls was extremely small (0.06 x-rays to head, neck, and spine among cases versus

0.04 among controls). A case-control study by Preston-Martin collected survey data

on the history of diagnostic x-rays among 408 patients with salivary gland tumors and

among neighborhood controls. Malignant tumors were strongly associated with

radiation treatment to the head, which was primarily for acne (RR=4.6); risk for

benign tumors increased with doses from diagnostic x-rays, and was greater for

exposure before age 20 to a full mouth dental x-ray. However, younger age at first

exposure was associated with earlier calendar years of exposure when much larger

doses were received; when calendar year was entered in a regression model, age at

first exposure had little effect. There was no control for cumulative dose in a time­

dependent manner.

The Life Span Study and Age at Exposure

Survivors of the atomic bombings ofHiroshima and Nagasaki have been studied to

evaluate the consequences of acute exposure to potentially large doses of external

gamma radiation. [170] The conclusion from analyses of the Life Span Study (LSS)

has been that the relative risk of radiation induced solid tumors, and many subtypes of
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cancer, declines with older age at exposure. [150, 170] Estimates of relative risk for

cancer presented in BEIR V were dependent upon age at exposure for cancers other

than lung, and were dependent upon time since exposure for leukemia, lung and breast

cancer.

For leukemia a distinction is made between those exposed before and after age 20.[3]

The effects ofradiation are described as being smaller for those exposed after age 20,

while within each age group these effects are uniform. Early reports note that among

the A-bomb survivors "there was a suggestion of an increase in RR with increasing age

at exposure between the ages 40 and 60 years, but the association was not well

defined."[158] Darby examined the effects of age at exposure among the LSS in some

detail, presenting figures which suggest that the relative risk may not be uniform

among LSS exposed after age 20. Rather these figures suggest an increase in RR for

exposures received at older adult ages, with the RR for those exposed after age 55

comparable to the RR for those exposed before age 15.[122] In a recent report on

leukemia, lymphoma, and multiple myeloma mortality in the LSS,[171] the authors

note, "the largest excess risks appeared to have occurred among survivors who were

under 20 or over 40 years old ATB, while little, if any excess risk apparent for

survivors who were 20 to 39 years old ATB." They further compare the association

to studies of the medical irradiation, writing, "Among adults exposed to radiation a

positive association between leukemia risk and age at irradiation has been reported

among the patients with ankylosing spondylitis and among women treated for benign

gynecological diseases. The results of our study are generally in line with other

studies. "

In the LSS of atomic bomb survivors, the effects of external radiation on breast cancer

appears to differ for exposures before or after age 15; for those exposed before age 15

effects are uniform, while for those exposed after age 15 effects decline with older age

at exposure. This appears to be a consistent trend in the LSS study, though it may be
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noted that while the estimated relative risk declines for ages of exposure older than 19,

there is an upward tail to this trend. For those exposed at ages >=50 the RR is greater

than for those exposed age 40-49. [172] It has been noted that the association between

age at irradiation and breast cancer may be further complicated by factors such as age

at first childbirth, which also appears to modify the effects of radiation on breast

cancer incidence. [27]

Lung cancer in the LSS demonstrates a consistently increasing RR with increasing age

at exposure (Figure 5-14 ofBEIR V).[3] The relative risk for those exposed at age 60

appears roughly three-fold greater than the relative risk for those exposed at age 45,

which itself was roughly twice as large as the relative risk for those exposed at

younger ages.

Limitations of Studies of Medical Irradiation and the LSS for Understanding Age at
Exposure

In contrast to studies of workers receiving occupational exposure to radiation which

focus on radiation-cancer dose response associations, studies of TB and AS patients

have focused on comparisons of cancer mortality among the patients to cancer

mortality in the general population. This type of comparison has important

implications for considerations of bias.

In studies of medical irradiation, patients enter the study with different levels of

disease. For example, in comparison to the general population, TB patients suffered a

100% excess mortality from non-cancer causes.[160, 161] Nearly fifty percent of the

mortality among these patients was due to TB or other non-malignant respiratory

disease. [161] Similarly, AS patients suffered a 51% excess of non-cancer

mortality. [154]
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To the extent that the severity of disease with which the patient enters the study is

correlated with radiation dose, age at exposure, or other factors of interest, these

factors may confound study results on radiation effects. For many diseases, diagnosis

and treatment at later stages of disease and older age suggest more severe disease and

a worse prognosis. For a disease such as TB or AS, disease-related mortality may be

more likely when treatment begins at older age; under these conditions, non-cancer,

competing causes of mortality may be associated with age at first treatment.

Consequently, cancer mortality rates may be less comparable to the general population

for patients who begin treatment at older ages, since these subjects contribute person­

time to calculations of the expected number of cancer deaths, but are dying in excess

from non-cancer causes. When the outcome of interest is a disease such as cancer, for

which there may be a ten to fifteen year latency, these competing causes of death may

be particularly important.

When comparing results from studies of the LSS to our findings, differences should be

noted in the populations studied and the factors that influenced survivorship after the

bombing. As Nobel Laureate Oe Kenzaburo described them, the survivors were a

select group, "people who, despite all, didn't commit suicide. "[173] Stewart and

Kneale have noted evidence of a correlation between sensitivity to early and late

effects of radiation among those who survived the bombing, suggesting that the effects

of age at exposure may be obscured in the LSS. [9, 28-30, 174] Premature deaths of

people who were sensitive to the acute effects of radiation may have led to the

selection out of people who were more sensitive to the later effects of radiation as

well; consequently, when follow-up began five years after the bombing only a select

population ofless radiosensitive persons may have been left. [9, 14, 28]

The problems of estimating the exposures received by over one hundred thousand

survivors of the atomic bombings using questionnaire data has occupied researchers

for more than forty years.[175] Exposures received by people from the bombs were
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affected not only by where the person was situated geographically, but also their body

position at the time of the explosion, whether they were shielded from the explosion,

the type of shielding material, atmospheric humidity, activities immediately after the

explosion, and later ingestion of radioactive material.

Dose estimates for the BEIR III report in 1980 were based on exposure histories for

109,000 people collected by the ABCC and dose reconstruction efforts at ORNL;

these were called the T-65 dose estimates. In the BEIR V report dose estimates were

revised (under a new dosimetry system called DS86), and doses (specifically neutron

doses at Hiroshima) were estimated to be lower than previously reported; each

successive revision of the BEIR reports has lead to larger estimates of the associations

between cancer mortality and low level radiation. [12] Because more information was

required to calculate DS86 exposure estimates, there was insufficient data available

with which to estimate exposures for many of the members of the LSS cohort, and so

the study population was restricted to 75,991 survivors for analyses in the BEIR V

report.

Another concern in comparing our findings to those from studies of medical or military

sources of irradiation is that the pattern of exposure is significantly different. In

contrast to studies of atomic bomb survivors, our study of ORNL workers is

concerned with the effects of long term exposure to low level radiation, at low dose

rates. Some have argued that radiation exposure received at low dose rates is less

likely to lead cancer because cellular repair of mutations reduces the risk of cancer

(referred to as a "dose rate effectiveness factor"). [3] However, this conclusion comes

largely from animal research, while there is little epidemiologic evidence supporting

such effects;[4, 13, 150] in fact, in recent analyses of chromosomal aberrations, the

contrary effect has been observed.[35] A study of stable chromosomal aberrations

following radiotherapy for cervical cancer and benign gynecological disease found that

lower dose radiation treatments resulted in higher aberration yields per unit dose. [40]
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It might be noted that when considering high-LET radiation exposure among uranium

miners, for the same total cumulative dose the relative risk for cancer appeared to be

higher for longer duration, lower dose rate exposures. [176]

Directions for Further Research

These analyses have examined radiation-cancer associations among all demographic

groups of workers at ORNL combined. We have not, however, considered potential

differences in the effects of radiation between genders or between other

sociodemographic groups. In this cohort there is little data for examining differences

in dose response associations between men and women primarily because women

received very low doses of radiation. Pooled analyses of women employed at several

DOE facilities, which are currently undertaken, may be able to better address these

questions.

These analyses also have not investigated differences in patterns of radiosensitivity

with age for cancers types other than lung cancer. Potential differences in the

magnitude of dose response associations for different types of cancers (such as,

leukemia) and differences in patterns by age in radiosensitivity suggest an important

question for future research.

Attention might also be directed at further investigating time-windows of exposure.

Our analyses examined time-windows as an alternative to age at exposure analyses;

however, to the extent that time-windows offer a possibility of refining identification

of an etiologically relevant period of exposure, time-windows might be used in

conjunction with age at exposure analyses. George Kneale has suggested methods for

simultaneously estimating multiple time-related parameters, including lag and age at

exposure; such methods might be applied for these analyses.
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While data on external radiation exposures at ORNL are of relatively high quality and

completeness, there are certainly reasons to expect exposure misc1assification. As

noted in Chapter Two, exposure misc1assification may have been largest in the early

years ofORNL's operation. While we attempted to evaluate this problem by

considering dose response associations separately for earlier and later hire cohorts,

with additional follow-up future research might evaluate in more detail the impact of

changes in dosimetry methods on dose response associations.

Those workers in this cohort with the longest follow-up have been under surveillance

for nearly fifty years; however, the average length of follow-up was thirty years and

only 23% of the cohort has been followed to mortality. As follow-up is extended, and

more mortality data are accumulated further examination of time-related factors,

including lag and age at exposure, will be possible. Evaluation of changes in dose

response associations under longer lag assumptions is of interest, particularly for

estimates of the effects of doses received at younger ages.

Internal exposure to radionuclides is a source of exposure to ionizing radiation which

is poorly measured in this cohort and which is a potential confounder of the

association between external radiation and cancer mortality. Further analyses could

investigate the use ofjob titles and periods of employment in order to evaluate

potential exposure to internal deposition of radionuc1ides, as well as to evaluate

potential confounding due to other occupational exposures.

Issues of selective employment, or healthy worker effects, suggest another source of

confounding which might be empirically investigated in future analyses. Analyses

might, for example, quantify the effect of using different criteria for minimum length of

employment. In these analyses, workers employed less than 30 days were excluded;

the impact on dose response estimates of using different criteria (such as a one year

minimum employment) might be evaluated. Internal monitoring for radionuc1ides has
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been suggested as an indicator of selective employment, in which workers with the

best health status are screened into jobs with potential exposure to radionuclides.

Another method for evaluating employment selection factors might be to examine

differences in dose response associations among the subcohort of workers who were

ever monitored, and among those never monitored for radionuclide deposition.

A substantial limitation of these analyses is the reliance on death certificate data.

Information on the incidence of cancer would be of greater interest for these research

questions than cancer mortality, which may be influenced, for example, by access to

care, quality of treatment, and competing causes of death. Furthermore, comparisons

of death certificate data to autopsy data suggest that 20 to 30% of neoplasms may be

reported as non-neoplastic on the death certificate. [123, 177, 178] Analyses of the

association between radiation and cancer incidence, however would require collection

of new data or consideration of other study populations.

Conclusion

An estimated six hundred thousand workers have been employed by the DOE and its

predecessor organizations in the nuclear industry,[12] and many more people have

been affected by environmental releases of radiation from nuclear facilities and by

medical and occupational radiation sources. Military uses for radioactive materials

create further threats of radiation exposure. Despite the large number of people

exposed to ionizing radiation, there has been little public participation in decisions

about who should bear the risks created by nuclear technologies, or if we should bear

them at all. Epidemiologic research on low level radiation needs to provide further

information to the public about who is exposed, or at risk of exposure, and of the

consequences of those exposure. To date, profits from nuclear technology have

moved steadily to a handful of private contractors while the siting of waste facilities

and the export of radiation abroad has often occurred among the poorest
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communities.[179] Information about differences in sensitivity to radiation health

effects needs to be coupled with more information about the sources of radiation

exposure, in order to aid public evaluation of the dangers created by nuclear

technologies.

These results raise important questions about the medical and industrial uses of nuclear

technology. Similar to Stewart's findings of increased sensitivity of the fetus to

radiation, these analyses contribute to evidence that older adults' sensitivity to

radiation increases with age. The use of data from DOE cohorts is important for

evaluating these questions. The results of cohort studies of badge-monitored workers,

with extremely complete vital status follow-up deserve particular attention. We have

identified age at exposure as an important determinant of differences in the effects of

radiation among workers at ORNL. If, as these results suggest, the effects oflow

level radiation increase with age, then differences in radiosensitivity need to be

incorporated into considerations of radiation protection, medical uses of radiation, and

the implications of our industrial and military applications of this techno,logy.
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PLANNED PUBLICATIONS

Methods for creation of person-time data, which were developed for these analyses were

published in the paper, Wood J, Richardson D, Wing S. "A Simple Program to Create

Exact Person-Time Data in Cohort Analyses" International Journal ofEpidemiology

(1997),26(2): 395-399.

Methods for investigating age at exposure, which were developed for these anlyses will be

reported in the paper, Richardson D, Wing S. "Methods for Investigating Age Differences

in the Effects ofProlonged Exposures." American Journal ofIndustrial Medicine

(submitted).

Results of analyses of time-related factors among white male cohort of workers will be

reported in the paper, Richardson D, Wing S. "Greater Sensitivity to Radiation Exposures

at Older Ages among Workers at Oak Ridge National Laboratory: Follow-up through

1990." Lancet (submitted).

An additional publication reporting the results of anlayses of associations between

radiation and cause specific mortality among the expanded cohort of workers will be

submitted subsequently.
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Appendix I. Creating Observed over Expected Counts for Graphs

In order to create graphs of observed versus expected events, by level of cumulative dose,

we summed observed and fitted events. The following tables describe the methods we

used. If there were no observed deaths in a dose category i, then that we combined that

dose category i with category (i-I). To combine two categories, we summed the

observed and expected deaths for the two categories, and recalculate the population

weighted mean dose for the combined categories.

If there were no observed deaths in two consecutive dose categories, i and (i+1), or any

even number of consecutive dose categories, then we combined dose category i with dose

category (i-I); and we combined dose category (i+1) with dose category (i+2). In this

way, the person-time for the consecutive categories was divided evenly between the

preceding and subsequent categories in which there were observed deaths. However, if

there were no observed deaths in an odd number of consecutive categories, we included

the extra person-time and expected events with the lower category in which an observed

event occurred. Table 1. present sample data in which observed and expected counts are

tabulated in one rem intervals; Table 2. shows how this data is collapsed when no deaths

are observed in a dose category.
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Appendix Table 1. Data in 1 rem categories

Dose obs exp obs 1n(obs mean pyrsl fitted
Catg. lexp lexp) dose 100,000 value exp(fitted)
0 593 598.895 0.990157 -0.009892 0 3.87873 0 1
>0 206 201.233 1.023689 0.023413 0.408135 0.302217 0.020333 1.020541415
>~1 11 21.8892 0.502531 -0.688098 1.25842 0.016591 0.062694 1.064701507
>~2 18 16.9213 1.063748 0.061799 2.64477 0.018896 0.131762 1.140837271
>~3 7 8.31737 0.841612 -0.172436 3.27643 0.008574 0.163232 1.177309491
>~4 10 7.64965 1.307249 0.267925 4.64366 0.007902 0.231347 1.260296664
>~5 3 4.24966 0.705939 -0.348227 5.23644 0.004378 0.260879 1.298071162
>~6 4 5.64465 0.708636 -0.344414 6.66942 0.004919 0.332271 1.394129916
>~7 6 2.82626 2.122947 0.752805 7.26453 0.002558 0.361919 1.436082449
>~8 2 2.31038 0.865658 -0.144265 8.66639 0.002262 0.43176 1.539964786
>~9 1 0.9576 1.044277 0.043325 9.25226 0.000963 0.460948 1.585575754
10 1 0.3712 2.693966 0.991014 10.5275 0.000316 0.52448 1.689580123
11 1 0.724556 1.380156 0.322196 11.4847 0.000683 0.572168 1.772104377
12 2 0.342558 5.838427 1.764461 12.6679 0.000442 0.631115 1.879704865
13 4 1.16464 3.434538 1.233882 13.7206 1.01E-03 0.68356 1.980917838
14 1 1.16522 0.858207 -0.15291 14.6242 0.001058 0.728578 2.072131202
15 1 0.552718 1.809241 0.592907 15.4884 0.00063 0.771632 2.16329406
16 3 1.05891 2.833102 1.041372 16.4552 0.000547 0.819798 2.270041388
17 0 0.522124 0 #NUM! 17.2821 0.000386 0.860994 2.365511368
18 1 0.371413 2.692421 0.990441 18.5609 0.000227 0.924704 2.521121994
19 0 0.683458 0 #NUM' 19.6201 3.69E-04 0.977473 2.657732676
20 0 0.009871 0 #NUM' 20.33 4.22E-06 1.012841 2.753411257
21 1 0.247502 4.040371 1.396337 21.4719 2.77E-04 1.06973 2.914592623
22 #D1V/O! #DlV/O' 0 1
23 1 0.114744 8.715053 2.165052 23.4116 0.000242 1.166366 3.210304884
24 0 0.048203 0 #NUM! 24.5085 5.96E-05 1.221013 3.390622287
25 0 0.111502 0 #NUM' 25.079 1.00E-04 1.249436 3.488374192
26 #D1V10' #DlV/O' 0 1
27 #DlVlO' #DlV/O' 0 1
28 0 0.056783 0 #NUM' 28.2505 5.30E-05 1.40744 4.085482801
29 #DlV/O! #DlV/O! 0 1
>~30 2 0.561374 3.562687 1.270515 33.0277 0.000457 1.64544 5.183290125
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DET bi 2 C 11a e o apsmg mptv ose categones
Dose obs expected obs;exp In(obs/exp) mean dose pyrs fitted value exp(fitted)
Catg.

0 593 598.895 0.990157 -0.009892 0 3.87873 0 1
>0 206 201.233 1.023689 0.023413 0.408135 0.302217 0.020333 1.020541
>=1 11 21.8892 0.502531 -0.688098 1.25842 0.016591 0.062694 1.064702
>=2 18 16.9213 1.063748 0.061799 2.64477 0.018896 0.131762 1.140837
>=3 7 8.31737 0.841612 -0 172436 3.27643 0.008574 0.163232 1.177309
>=4 10 7.64965 1.307249 0267925 4.64366 0.007902 0.231347 1.260297
>=5 3 4.24966 0.705939 -0348227 5.23644 0.004378 0.260879 1.298071
>=6 4 5.64465 0.708636 -0.344414 6.66942 0.004919 0.332271 1.39413
>=7 6 2.82626 2.122947 0.752805 726453 0.002558 0.361919 1.436082
>=8 2 2.31038 0.865658 -0.144265 8.66639 0.002262 0.43176 1.539965
>=9 1 0.9576 1.044277 0043325 9.25226 0.000963 0.460948 1.585576
10 1 0.3712 2.693966 0.991014 10.5275 0.000316 0.52448 1.68958
11 1 0.724556 1.380156 0322196 11.4847 0.000683 0.572168 1.772104
12 2 0.342558 5.838427 1764461 12.6679 0.000442 0.631115 1.879705
13 4 1.16464 3.434538 1.233882 13.7206 0.001013 0.68356 1.980918
14 1 1.16522 0.858207 -015291 14.6242 0.001058 0.728578 2.072131
15 1 0.552718 1.809241 0592907 15.4884 0.00063 0.771632 2.163294
16 3 1.581034 1.897492 0.640533 16.79756 9.33E-04 0.836855 2.309092
17
18 1 1.054871 0.947983 -0053418 19.21644 5.97E-04 0.957363 2.604818
19
20
21 1 0.257373 3.885412 1.357229 21.4548 2.82E-04 1.068878 2.912111
22
23 1 0.274449 3.643666 1.29299 23.98907 4.02E-04 1.195136 3.304006
24
25
26
27
28
29 2 0.618157 3.235424 117416 3253102 4.57E-04 1.620695 5.056606
>=30
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Appendix 2. Poisson versus Proportional Hazards Regression Approaches

We conducted our analyses using Poisson regression methods. In contrast to proportional

hazards regression methods, Poisson regression requires the categorization of all study

factors. Nonethesless, grouped data methods are often preferred for cohort analyses. [125,

138]

One reason is that, given with the inherent limitations of this cohort data (for example,

problems of measurement error, and the relatively small number of deaths), grouping of

data by study factors, after evaluating the data, is unlikely to lead to substantial loss of

information. Grouping data does, however, simplify the large amount of individual data

into a form more conducive to statistical evaluation. Furthermore, creating tables of

person-time facilitates the calculation of disease rates within cells of cross-classified study

factors. Examination of the data for trends allows comparison of excess risk and relative

risk assumptions, and trends in rates across categories of age and other study factors.

In these analyses we have used the mean value of continuous variables for each cell of the

person time table. The use of cell-specific mean values minimizes the sensitivity of

estimates to category grouping. [135] Our analyses focused on time-dependent weighting

of exposures. It is important to examine the distribution of events by level of accumulated

dose in order to understand the range of doses over which models are fit. This is not

possible using ungrouped methods for regression, unless one subsequently creates person­

time tables. Also, tables of person-time simplify the plotting of mortality rates, or

observed to expected counts, by levels of exposure to evaluate the fit of different dose­

response models. Finally, standardized residuals between observed and fitted numbers of

cases can be calculated for each cell, to further evalute the fit of regression models.
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Appendix 3. Noncancer and lung cancer deaths by study covariates in the expanded
cohort

Age at risk

For non-cancer causes of death, a Gompertz model, in which the log fatality rate increases

or decreases linearly with age, was used. In this case, simply the cell-specific mean age

minus 55 years. The appropriateness of this assumption was examined by graphing age by

In(risk) for All Cause mortality in Figure 1; for ischemic heart disease (IHD) in Figure 2;

for nonmalignant respiratory disease (NRD) in Figure 3.

Figure 1. Graph ofLog-linear relation between Age at risk and All Cause Mortality
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The fit of Weibull and Gompertz models were compared for all cause mortality, with

reference to change in deviance. Change in deviance for Weibull (In(age/55): = 4855.12

Change in deviance for Gompertz (age-55): = 5038.73
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Figure 2. Graph of Log-linear relation between Age at risk and Ischemic heart disease
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Note that there are no heart disease deaths before age 30; so linear term does not fit as

well at youngest ages, but fits well for the range of ages where deaths are observed.

The fit of Weibull and Gompertz models were compared for heart disease mortality, with

reference to change in deviance. Change in deviance for Weibull (In(age/55): = 1892.55

Change in deviance for Gompertz (age-55): = 1865.00

Figure 3. Graph ofLog-linear relation between Age at risk and Nonmalignant respiratory

disease Mortality
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Note that there are no deaths before age 40; so linear term does not fit as well at youngest

ages, but fits well across range of ages where deaths are observed. The fit of Weibull and

186



Gompertz models were compared for respiratory disease mortality, with reference to

change in deviance. Change in deviance for Weibull (In(age/55): = 526.01. Change in

deviance for Gompertz (age-55): = 524.06. Conclude that a Ln-linear relationship with

non-cancer causes of death.

Deaths by Age Group

Age All Cause Lung IHD NRD
Group Deaths Cancer
<25 14 0 0 0
25-30 45 1 0 0
30-35 50 0 4 0
35-40 86 2 10 0
40-45 143 6 34 1
45-50 196 15 52 8
50-55 288 18 85 6
55-60 392 28 126 18
60-65 475 57 158 16
65-70 529 53 174 23
70-75 421 35 146 32
75-80 319 20 102 36
80-85 196 9 49 15
85-90 86 1 27 10
90+ 29 0 9 2
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Gender

D th b G dea S)y en er

Gender All Lung IHD NRD
Cause Cancer

M 2890 219 913 150
F 379 26 63 17

Race

D th b Rea S)y ace

Race All Lung IHD NRD
Cause Cancer

Caucasian 2961 235 906 156
Other 308 10 70 11

Facility
D h b N b fF T· deat s )y urn ero aCl ltles ernp 0\ e

Facility All Cause Lung IHD NRD
Deaths Cancer

one 2576 189 781 135
greater than one 693 56 195 32
change in deviance with inclusion of term = 0.37

Paycode
D h b P deat s ,y ayco e

Pay All Lung IHD NRD
Cause Cancer

Weekly or other 1706 134 493 91
Hourly 690 67 209 40
Monthly 873 44 274 36

Birth cohort
D th b B·rth C h rtea s )y 1 o 0

Year of Birth All Cause Lung IHD NRD
Cancer

1 1915-25 1017 105 263 35
2 1905-15 985 68 318 77
3 <1905 778 38 306 49
4 1925+ 489 34 89 6
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Employment Status
D h bEl Seat s >y mployment tatus
Employment All Lung IHD NRD
Status Cause Cancer
not active 2733 204 830 159
active 536 41 146 8

189





References

1. Caufield, c., Multiple exposures: Chronicles of the Radiation Age. 1989,

Chicago: University of Chicago Press.

2. National Research Council and Committee on the Biological Effects ofIonizing

Radiation (BEIR III), The effects on populations ofexposure to low levels of ionizing

radiation: 1980. 1980, Washington,DC: National Academy Press.

3. National Research Council and Committee on the Biological Effects of Ionizing

Radiation (BEIR V), Health effects ofexposure to low levels ofIonizing Radiation (BEIR

V). 1990, Washington, DC: National Academy Press.

4. Gofman, J., Radiation and Human Health. 1981, San Francisco: Sierra Club

Books.

5. US Congress Office of Technology Assessment, Complex cleanup: The

environmental legacy ofnuclear weapons production, . 1991, Office of Technology

Assessment: Washington, D.C.

6. International Agency for Research on Cancer, Direct estimates ofcancer mortality

due to low doses of ionising radiation: an international study. IARC Study Group on

Cancer Risk among Nuclear Industry Workers. Lancet, 1994.344: p. 1039-43.

7. Cardis, E., et al., Effects of low doses and low dose rates ofexternal ionizing

radiation: cancer mortality among nuclear industry workers in three countries [see

comments]. Radiation Research, 1995. 142(2): p. 117-32.

8. Boice, J.D., Jr., Studies ofatomic bomb survivors. Understanding radiation

effects [comment]. JAMA, 1990.264(5): p. 622-3.

9. Stewart, A.M. and G.W. Kneale, A-bomb survivors: further evidence of late

effects ofearly deaths. Health Physics, 1993. 64(5): p. 467-72.

190



10. Stewart, AM. and G.W. Kneale, An overview of the Hanford controversy.

Occupational Medicine, 1991. 6(4): p. 641-63.

11. Shore, R.E., Radiation epidemiology: old and new challenges. Environmental

Health Perspectives, 1989. 81: p. 153-6.

12. Geiger, R.I., D. Rush, and D. Michaels, Dead Reckoning: A critical review of the .

Department ofEnergy's Epidemiologic Research, . 1992, Physicians for Social

Responsibility: Washington, DC.

13. Nussbaum, R. and W Kbhnlein, Inconsistencies and open questions regarding

low-dose health effects of ionizing radiation. Environmental Health Perspectives, 1994.

102: p. 656-667.

14. Stewart, AM., Evaluation ofdelayed effects ofionizing radiation: an historical

perspective [see comments]. American Journal ofIndustrial Medicine, 1991. 20(6): p.

805-10.

15. Stewart, AM., Leukemia and other neoplasms in childhoodfollowing radiation

exposure in utero--a general survey ofpresent knowledge. British Journal ofRadiology,

1968.41(489): p. 718-9.

16. Stewart, AM. and G.W. Kneale, Relations between age at occupational exposure

to ionising radiation and cancer risk. Occupational and Environmental Medicine, 1996.

53: p. 225-230.

17. Kneale, G.W. and AM. Stewart, Factors affecting recognition ofcancer risks of

nuclear workers. Occupational & Environmental Medicine, 1995. 52(8): p. 515-23.

18. Kneale, G.W. and A.M. Stewart, Reanalysis ofHanford data: 1944-1986 deaths.

American Journal ofIndustrial Medicine, 1993.23(3): p. 371-89.

19. Wing, S., et al., Mortality among workers at Oak Ridge National Laboratory.

Evidence ofradiation effects infollow-up through 1984 [published errata appear in

lAMA 1991 Aug 7;266(5):657 and 1992 Sep 16;268(11):1414] [see comments]. JAMA,

1991.265(11): p. 1397-402.

191



20. Checkoway, H., et aI., Radiation doses and cause-specific mortality among

workers at a nuclear materials fabrication plant [see comments). American Journal of

Epidemiology, 1988. 127(2): p. 255-66.

21. Hornung, R.W. and 1.J. Meinhardt, Quantitative risk assessment oflung cancer in

Us. uranium miners. Health Physics, 1987.52(4): p. 417-30.

22. Dupree, E.A, et aI., Uranium dust exposure and lung cancer risk infour uranium

processing operations. Epidemiology, 1995. 6(4): p. 370-5.

23. Modan, B., Low dose radiation carcinogenesis--issues and interpretation: the

1993 G. William Morgan lecture. Health Physics, 1993.65(5): p. 475-480.

24. Boice, J. and M. Linet, Chernobyl, childhood cancer, and chromosome 21

[editorial; comment] [see comments). BMJ, 1994.309(6948): p. 139-40.

25. Zinn, H., A people's history of the United States: 1492-present. 1995, New York:

HarperPerenniai.

26. Kuhn, 1., The Structure ofSCientific Revolutions. 2 ed. International Encylopedia

of Unified Science, ed. O. Neurath. Vol. 2. 1962, Chicago: University of Chicago Press.

210.

27. International Commission on Radiological Protection, 1990 Recommendations of

the International Commission on RadiolOgical Protection. First ed, ed. H. Smith. Vol. 21.

1991, Oxford: Pergamon Press.

28. Stewart, AM. and G.W. Kneale, A-bomb radiation and evidence of late effects

other than cancer. Health Physics, 1990. 58(6): p. 729-35.

29. Stewart, AM. and G.W. Kneale, Late effects ofA-bomb radiation: risk problems

unrelated to the new dosimetry [letter). Health Physics, 1988.54(5): p. 567-9.

30. Stewart, AM., Delayed effects ofA-bomb radiation: a review ofrecent mortality

rates and risk estimates for five-year survivors. Journal ofEpidemiology & Community

Health, 1982. 36(2): p. 80-6.

192



31. Stewart, AM., Radiation cancers and A-bomb survivors. Lancet, 1972. 1(750): p.

588-9.

32. Wing, S., A report on mortality among workers at Oak Ridge National

Laboratory: Followup through 1990, . 1994: Chapel Hill.

33. Upton, AC., The biological effects oflow-level ionizing radiation. Scientific

American, 1982.246(2): p. 41-49.

34. Upton, AC., RE. Shore, and N.H. Harley, The health effects oflow-level ionizing

radiation. Annual Review of Public Health, 1992. 13: p. 127-50.

35. Oftedal, P., Biological low-dose radiation effects [see comments]. Mutat Res.,

1991. 258: p. 191-205.

36. Robinson, A, Genetic consequences 0 radiation exposure, in Health effects of

low-level radiation, W.R. Hendee, Editor. 1984, Appleton-Century-Crofts: Norwalk,

Conn.

37. Morgan, W.F., et al., Genomic instability induced by ionizing radiation. Radiation

Research, 1996. 146: p. 247-258.

38. Barquinero, IF., et al., Cytogenetic analysis of lymphocytes from hospital

workers occupationally exposed to low levels of ionizing radiation. Mutat Res., 1993.

286: p. 275-279.

39. Seifert, AM., et al., HPRT-mutantfrequency and lymphocyte characteristics of

workers exposed to ionizing radiation on a sporadic basis: a comparison of two exposure

indicators, job title and dose. MutatRes., 1993.319: p. 61-70.

40. Kleinerman, RA, et al., Chromosome aberrations in lymphocytesJrom women

irradiatedfor benign and malignant gynecological disease. Radiation Research, 1994.

139(1): p. 40-6.

41. Robinson, A, Review ofgenetic concepts, in Health effects oflow-level radiation,

W.R Hendee, Editor. 1984, Appleton-Century-Crofts: Norwalk, Conn.

193



42. Shimada, Y, et aI., Age and radiation sensitivity ofrat mammary clonogenic

cells. Radiation Research, 1994. 137: p. 118-123.

43. Sasaki, S., Age-dependence ofsusceptibility to carcinogenesis by ionizing

radiation in mice. Radiat Environ Biophys., 1991. 30: p. 205-207.

44. Kleinerman, R.A, et aI., Chromosome aberrations in relation to radiation dose

following partial-body exposures in three populations. Radiation Research, 1990. 123(1):

p.93-101.

45. Mettler, F.A and AC. Upton, Chapter 3: Effects on genetic material, inMedical

Effects ofIonizing Radiation. 1995, WB Saunders & Co.: Philadelphia.

46. Evans, HI., et aI., Radiation-induced chromosome aberrations in nuclear-

dockyard workers. Nature, 1979.277(5697): p. 531-4.

47. Evans, H.I., Chromosomal mutations in human populations. Cytogenetics & Cell

Genetics, 1982.33(1-2): p. 48-56.

48. Brandom, W.F., et al. Chromosome changes in somatic cells ofworkers with

internal depositions ofplutonium. in International Symposium on biological implications

ofradionuclides releasedfrom nuclear industries. 1979. Vienna: IAEA

49. Brandom, W.F. and AD. Bloom, Chromosome aberrations in workers with

internal deposits ofplutonium, in Radiation-Induced Chromosome Damage in Man, T.

Ishihara and M. S. Sasaki, Editors. 1983, Alan R. Liss, Inc.: New York. p. 513-526.

50. Brandom, W.F., et aI., Sister chromatid exchanges and chromosome aberration

frequencies in plutonium workers. International Journal ofRadiation Biology, 1990.

58(1): p. 195-207.

51. Jarvhom, B., Dose-response in epidemiology-Age and time aspects. American

Journal ofIndustrial Medicine, 1992.21: p. 101-106.

52. Trosko, lE., Role of low-level ionizing radiation in multi-step carcinogenic

process. Health Physics, 1996. 70(6): p. 812-823.

194



53. Cookfair, D.L., A case control study of lung cancer among workers at a uranium

processing plant, in Department ofEpidemiology. 1982, University ofNorth Carolina at

Chapel Hill: Chapel Hill.

54. Pearce, N., Multistage modelling oflung cancer mortality in asbestos textile

workers. International Journal of Epidemiology, 1988. 17: p. 747-752.

55. Thomas, D.c., A modeIfor dose rate and duration ofexposure effects in

radiation carcinogenesis. Environmental Health Perspectives, 1990. 87: p. 163-71.

56. Brown, c.c. and KC. Chu, Use ofmultistage models to infer stage affected by

carcinogenic exposure: example of lung cancer and cigarette smoking. J Chron Dis.,

1987.40, Supp1.2: p. 171S-179S.

57. Crump, KS., et aI., Time-relatedfactors in quantitative risk assessment. J Chron

Dis., 1987.40, Suppl. 2: p. lOIS-IllS.

58. Chu, KC., A nonmathematical view ofmathematical models for cancer. J Chron

Dis., 1987. 40, Suppl. 2: p. 163 S-170S.

59. Mancuso, I.F., A. Stewart, and G. Kneale, Radiation exposures ofHanford

workers dyingfrom cancer and other causes. Health Physics, 1977.33: p. 369-385.

60. Kneale, G.W., I.F. Mancuso, and A.M. Stewart, Hanford radiation study III: a

cohort study of the cancer risks from radiation to workers at Hanford (1944-77 deaths)

by the method ofregression models in life-tables. British Journal ofIndustrial Medicine,

1981. 38(2): p. 156-66.

61. Marks, S., E.S. Gilbert, and B.D. Breitenstein, Cancer mortality in Hanford

workers. In: Late biological effects of ionizing radiation. Vol. I. Vienna, International

Atomic Energy Agency" 1978: p. 369-86.

62. Gilbert, E.S. and S. Marks, An analysis of the mortality ofworkers in a nuclear

facility. Radiation Research, 1979.79(1): p. 122-48.

195



63. Gilbert, E.S., G.R. Petersen, and lA Buchanan, Mortality ofworkers atthe

Hanford site: 1945-1981 [see comments]. Health Physics, 1989. 56(1): p. 11-25.

64. Kneale, G.W., AM. Stewart, and T.F. Mancuso, Re-analysis ofdata relating to

the Hanford study of the cancer risks ofradiation workers. In: Late biological effects of

ionizing radiation. Vol. I. Vienna, International Atomic Energy Agency" 1978: p. 387­

412.

65. Gilbert, E.S., et al., Mortality ofworkers at the Hanford site: 1945-1986. Health

Physics, 1993.64(6): p. 577-90.

66. Stewart, AM. and G.W. Kneale, The Hanford Data: Issues ofage at exposure

and dose recording. Physicians for Social Responsibility Quarterly, 1993. 3: p. 101-111.

67. Kneale, G.W. and AM. Stewart, Comments on "Updated analyses ofcombined

mortality data for workers at the Hanford site, Oak Ridge National Laboratory, and

Rocky Flats Weapons Plant" (Radial. res. 136, 408-421, 1993) [letter,' comment].

Radiation Research, 1995. 141(1): p. 124-6.

68. Little, M. and C. Sharp, Factors affecting recognition ofcancer risks ofnuclear

workers [letter]. Occupational & Environmental Medicine, 1996.53(7): p. 502-3.

69. Kneale, G.W., T.F. Mancuso, and AM. Stewart, Job related mortality risks of

Hanford workers and their relation to cancer effects ofmeasured doses ofexternal

radiation. British Journal ofIndustrial Medicine, 1984.41(1): p. 9-14.

70. Stewart, AM., G. Kneale, and T. Mancuso, The Hanford data -- a reply to recent

criticsms. Ambio, 1980.9(2): p. 66-73.

71. Gilbert, E.S., D.L. Cragle, and L.D. Wiggs, Updated analyses ofcombined

mortality data for workers at the Hanford Site, Oak Ridge National Laboratory, and

Rocky Flats Weapons Plant [see comments]. Radiation Research, 1993. 136(3): p. 408­

21.

196



72. Gilbert, E.S., et al., Analyses ofcombined mortality data on workers at the

Hanford Site, Oak Ridge National Laboratory, and Rocky Flats Nuclear Weapons Plant.

Radiation Research, 1989. 120(1): p. 19-35.

73. Gilbert, E. S., et al., Methods for analyzing combined data from studies ofworkers

exposed to low doses ofradiation. American Journal ofEpidemiology, 1990. 131(5): p.

917-27.

74. Wilkinson, G. S., Epidemiologic studies ofnuclear and radiation workers: an

overview ofwhat is known about health risks posed by the nuclear industry. Occupational

Medicine, 1991. 6(4): p. 715-24.

75. Gilbert, E.S., D.L. Cragle, and L.D. Wiggs, Response to the Letter ofGeorge W

Kneale and Alice M Stewart. Radiation Research, 1995. 141: p. 125-6.

76. Polednak, AP. and E.L. Frome, Mortality among men employed between 1943

and 1947 at a uranium-processing plant. Journal of Occupational Medicine, 1981. 23(3):

p. 169-78.

77. Abd-Elghany, N.AK., An epidemiological study ofcancer mortality among

workers exposed to occupational low levels ofionizing radiation, in Department of

Epidemiology. 1983, University of North Carolina at Chapel Hill: Chapel Hill, N.C. p.

275.

78. Checkoway, H., et al., Radiation, work experience, and cause specific mortality

among workers at an energy research laboratory. British Journal ofIndustrial Medicine,

1985.42(8): p. 525-33.

79. Frome, E.L., D.L. Cragle, and R.W. McLain, Poisson regression analysis of the

mortality among a cohort of World War II nuclear industry workers. Radiation Research,

1990. 123(2): p. 138-52.

80. Gilbert, E.S., Mortality ofworkers at the Oak Ridge National Laboratory [letter}

[see comments]. Health Physics, 1992.62(3): p. 260-4.

197



81. Wing, S., et al., Reply to comments by Gilbert and Prichard. Health Physics,

1992.62: p. 261-264.

82. Wing, S., et al., Job factors, radiation and cancer mortality at Oak Ridge

National Laboratory: follow-up through 1984 [published erratum appears in Am J Ind

Med 1993;23(4):673]. American Journal ofIndustrial Medicine, 1993.23(2): p. 265-79.

83. Thompson, W.E., History of the Oak Ridge National Laboratory: 1943-1963, .

1963.

84. Brown, AC. and C.B. MacDonald, The secret history of the atomic bomb. 1977,

New York, NY: Dell.

85. Rhodes, R., The Making of the Atomic Bomb, ed.. 1986, New York:: Simon &

Schuster, Inc.

86. Watkins, lP., et al., Collection, validation, and treatment ofdata for the Oak

Ridge nuclear facilities mortality study, . 1993, ORISE: Oak Ridge, TN.

87. Williams, B.C., L.R Demitrack, and RE. Fries, The accuracy of the National

Death Index when personal identifiers other than Social Security number are used.

American Journal of Public Health, 1992.82(8): p. 1145-7.

88. Rich-Edwards, lW., K.A Corsano, and M.l Stampfer, Test ofthe National

Death Index and Equifax Nationwide Death Search. American Journal ofEpidemiology,

1994. 140(11): p. 1016-9.

89. Calle, E.E. and D.D. Terrell, Utility of the National Death Indexfor

ascertainment ofmortality among cancer prevention study II participants. American

Journal ofEpidemiology, 1993. 137(2): p. 235-41.

90. Boyle, C.A and P. Decoufle, National sources ofvital status information: extent

ofcoverage andpossible selectivity in reporting [see comments}. American Journal of

Epidemiology, 1990. 131(1): p. 160-8.

198



91. Wiggs, L.D., et aI., Mortality through 1990 among white male workers at the Los

Alamos National Laboratory: considering exposures to plutonium and external ionizing

radiation. Health Physics, 1994. 67(6): p. 577-88.

92. Checkoway, H., N.E. Pearce, and DJ. Crawford-Brown, Research Methods in

Occupational Epidemiology. 1989, New York: Oxford University Press.

93. Watson, lE., et aI., Estimation ofradiation doses for workers without monitoring

data for retrospective epidemiologic studies. Health Physics, 1994. 67(4): p. 402-405.

94. Wing, S., et aI., Recording ofexternal radiation exposures at Oak Ridge National

Laboratory: implications for epidemiological studies. Journal ofExposure Analysis &

Environmental Epidemiology, 1994.4(1): p. 83-93.

95. Kneale, G.W., 1. Sorahan, and A.M. Stewart, Evidence of biased recording of

radiation doses ofHanford workers [see comments). American Journal ofIndustrial

Medicine, 1991. 20(6): p. 799-803.

96. Mitchell, 1.l, et aI., A methodfor estimating occupational radiation dose to

individuals, using weekly dosimetry data, . 1993, National Technical Information

Services, U.S. Dept. of Commerce: Springfield, Va.:.

97. Kerr, G.D., Missing dose from mortality studies ofradiation effects among

workers at Oak Ridge National Laboratory. Health Physics, 1994. 66(2): p. 206-8.

98. Tankersley, W.G., et aI., Retrospective assessment ofradiation exposures at or

below the minimum detectable level at afederal nuclear reactor facility. Appl. Occup.

Environ. Hyg, 1996. 11(4): p. 330-33.

99. Gilbert, E.S., JJ. Fix, and W.v. Baumgartner, An approach to evaluating bias

and uncertainty in estimates ofexternal dose obtainedfrom personal dosimeters. Health

Physics, 1996.70(3): p. 336-45.

100. National Council on Radiation Protection, Recommendations ofthe National

Council on Radiation Protection and Measurements: Basic Radiation Protection

Criteria, ed.. 1971, Washington, DC:.

199



101. Wing, S., et al., Radiation dose estimation and health risk, in reply. JAMA, 1992.

267: p. 929-930.

102. Wilkinson, G.S., et al., Mortality among plutonium and other radiation workers at

aplutoniumweaponsfacility. American Journal ofEpidemiology, 1987. 125(2): p. 231­

50.

103. Wilkinson, G.S., The epidemiology ofradiation effects among employed

populations (abstract). American Journal ofEpidemiology, 1987. 126: p. 780-781.

104. Khadim, M.A., et al., Transmission ofchromosome instability after plutonium

alpha particle irradiation. Nature, 1992. 355(738-740)..

105. Steenland, K, et al., Healthy worker effect and cumulative exposure [letter;

comment]. Epidemiology, 1995. 6(3): p. 339-41.

106. Matanoski, G.M. Occupational epidemiology: relationship to studies ofionizing

radiation. in Workshop on energy-related analytical epidemiologic research agenda.

1991. Atlanta: NIOSH

107. Wilkinson, G. S., The SMR: Its use and misuse in radiation epidemiology. CCRI,

1992. June: p. 9-11.

108. Gilbert, E.S., Some confoundingfactors in the study ofmortality and

occupational exposures. American Journal ofEpidemiology, 1982. 116(1): p. 177-88.

109. Choi, B.C.K, Definition, sources, magnitude, effect modifiers, and strategies of

reduction of the healthy workers effect. JaM, 1992. 34: p. 979-988.

110. Arrighi, HM. and I. Hertz-Picciotto, The evolving concept of the Healthy Worker

Survivor Effect. Epidemiology, 1994.5: p. 189-196.

Ill. Steenland, K and L. Stayner, The importance ofemployment status in

occupational cohort mortality studies. Epidemiology, 1991. 2(6): p. 418-423.

200



112. Steenland, K., et al., Negative bias in exposure-response trends in occupational

studies: modeling the healthy workers survivor effect. American Journal ofEpidemiology,

1996. 143(2): p. 202-10.

113. Brisson, c., D. Loomis, and N. Pearce, Is social class standardisation appropriate

in occupational studies? J Epidemiol Community Health., 1987.41: p. 290-294.

114. Hoffmann, W., Social inqualities in mortality andfindings in a large cohort of

workers atfour Department ofEnergy (DOE) facilities in Oak Ridge, TN, in Department

ofEpidemiology. 1995, University ofNorth Carolina at Chapel Hill: Chapel Hill.

115. Lee, W. C. and R. S. Lin, Analysis ofcancer rates using excess risk age-period­

cohort models. IJE, 1995.24(4): p. 671-677.

116. Lea, C.S., et al., Re-analysis ofcancer mortality in a cohort ofworkers exposed

to low-level radiation (abstract). Epidemiology, 1996. 7: p. S96.

117. Axelson, 0., Confounding from smoking in occupational epidemiology. Br J Ind

Med., 1989.46: p. 505-507.

118. Siemiatycki, l, et al., Smoking and degree ofoccupational exposure: are internal

analyses in cohort studies likely to be confounded by smoking status? American Journal

ofIndustrial Medicine, 1988. 13(1): p. 59-69.

119. Siemiatycki, l, et al., Degree ofconfounding bias related to smoking, ethnic

group, and socioeconomic status in estimates of the associations between occupation and

cancer. Journal of Occupational Medicine, 1988. 30(8): p. 617-25.

120. Petersen, G.R., et al., A case-cohort study of lung cancer, ionizing radiation, and

tobacco smoking among males atthe Hanford Site. Health Physics, 1990. 58(1): p. 3-11.

121. Steenland, K., l Beaumont, and W. Halperin, Methods ofcontrolfor smoking in

occupational cohort mortality studies. Scandinavian Journal of Work, Environment &

Health, 1984. 10(3): p. 143-9.

201



122. Darby, S.c., E. Nakashima, and H. Kato, A parallel analysis ofcancer mortality

among atomic bomb survivors and patients with ankylosing spondylitis given X-ray

therapy. Journal of the National Cancer Institute, 1985. 75(1): p. 1-21.

123. Ron, E., et ai., Agreement between death certificate and autopsy diagnoses

among atomic bomb survivors. Epidemiology, 1994. 5(1): p. 48-56.

124. Curtis, S.B. and D.C. Thomas, Dose-time-response models for radiation

carcinogenesis. Advances in Radiation Biology, 1992. 16: p. 45-75.

125. Pearce, N., ll. Checkoway, and 1. Dement, Exponential models for analyses of

time-relatedfactors, illustrated with asbestos textile worker mortality data. Journal of

Occupational Medicine, 1988. 30(6): p. 517-22.

126. Pearce, N., ll. Checkoway, and C. Shy, Time-relatedfactors as potential

confounders and effect modifiers in studies based on an occupational cohort.

Scandinavian Journal of Work, Environment & Health, 1986. 12(2): p. 97-107.

127. Checkoway, ll. and c.ll. Rice, Time-weighted averages, peaks, and other indices

ofexposure in occupational epidemiology. American Journal of Industrial Medicine,

1992.21(1): p. 25-33.

128. Salvan, A, et ai., Selecting an exposure lag period. Epidemiology, 1995.6: p.

387-390.

129. Land, c.E., Temporal Distribution ofRiskfor Radiation-Induced Cancers. J

Chron Dis., 1987.40, Supp!. 2: p. 45S-57S.

130. Smith, All., Looking backwards from outcome to exposure to assess cancer

latency. JChronDis, 1987.40, Supp!. 2: p. 113S-117S.

131. Pearce, N. and ll. Checkoway, A simple computer program for generating

person-time data in cohort studies involving time-relatedfactors. American Journal of

Epidemiology, 1987. 125(6): p. 1085-91.

202



132. Wood, lW., D.B. Richardson, and S. Wing, A Simple Program to Create Exact

Person-Time Data in Cohort Analyses. International Journal ofEpidemiology, 1997.

26(2): p. 395-399.

133. Frome, E.L., The analysis ofrates using Poisson regression models. Biometrics,

1983.39(3): p. 665-74.

134. Frome, E.L. and H. Checkoway, Epidemiologic programsfor computers and

calculators. Use ofPoisson regression models in estimating incidence rates and ratios.

American Journal ofEpidemiology, 1985. 121(2): p. 309-23.

135. National Research Council and Committee on the Biological Effects of Ionizing

Radiation (BEIR IV), Health Risks ofRadon and other Internally Deposited Alpha­

emitters. 1988, Washington, DC: National Academy Press.

136. Preston, D.L., eta/., Epicure: User's Guide. 1993, Seattle, WA: Hirosoft

International Corporation.

137. Leggett, R.W. and DJ. Crawford-Brown, The role ofage in human susceptibility

to radiation. Science Progress, 1983. 68(270): p. 227-58.

138. Breslow, N.E. and N.E. Day, Statistical Methods in Cancer Research: The Design

and Analysis ofCohort Studies. Vo!. II. 1987, Lyon: International Agency for Research

on Cancer.

139. Pearce, N., Analytical implications ofepidemiological concepts ofinteraction. Int

J Epidemio!., 1989. 18: p. 976-980.

140. Agresti, A, Categorical Data Analysis. Probability and Mathematical Statistics.

1990, New York: John Wiley & Sons. 558.

141. Allison, P.D., Event History Analysis: Regressionfor Longitudinal Event Data.

Quantitative Applications in the Social Sciences, ed. M.S. Lewis-Beck. Vo!. 07-046.

1984, Newbury Park, CA: Sage Publications.

203



142. U.S. Department of Health and Human Services, Vital Statistics of the United

States: 1976. Vol. II. 1980, Hyattsville, Maryland: U.S. Government Printing Office.

143. Wing, S., et al., Mortality among workers at Oak Ridge National Laboratory:

Evidence ofradiation effects infollow-up through 1984, Supplementary Document, , .,

Editor. 1991, National Auxillary Publication Service document #04849, Microfiche

Publications: New York:. p. 1-19.

144. Loomis, D.L. and D.B. Richardson, Race and Risk ofFatal Injury at Work.

American Journal of Public Health, 1997.

145. Steenland, K., Mortality ofworkers hired during World War II. American Journal

ofIndustrial Medicine, 1993. 23(5): p. 823-7.

146. Cragle, D.L. and A Fetcher, Riskfactors associated with the classification of

unspecified and/or unexplained causes ofdeath in an occupational cohort. American

Journal of Public Health., 1992. 82: p. 455-457.

147. Hertz-Picciotto, I., L. Pastore, and 1. Beaumont, Timing andpatterns ofexposures

during pregnancy and their implications for study methods. American Journal of

Epidemiology, 1996. 143: p. 597-607.

148. Blair, A, et a/., Control ofsmoking in occupational epidemiologic studies:

methods and needs. American Journal ofIndustrial Medicine, 1988. 13(1): p. 3-4.

149. Siemiatycki, 1., et a/., Associations between cigarette smoking and each of21

types ofcancer: a multi-site case-control study. International Journal ofEpidemiology,

1995.24(3): p. 504-14.

150. Darby, S.C. and P.D. Inskip, Ionizing radiation: future etiologic research and

preventive strategies. Environmental Health Perspectives, 1995. 103(SuppI8): p. 245-9.

151. Smith, P. G., R. Doll, and E.P. Radford, Cancer mortality among patients with

ankylosing spondylitis not given X-ray therapy. British Journal ofRadiology, 1977.

50(598): p. 728-34.

204



152. Smith, P. G. and R. Doll, Age- and time-dependent changes in the rates of

radiation-induced cancers in patients with ankylosing spondylitis following a single

course ofX-ray treatment. In: Late biological effects of ionizing radiation. Vol. 1. Vienna,

International Atomic Energy Agency" 1978: p. 205-18.

153. Smith, P. G. and R. Doll, Mortality among patients with ankylosing spondylitis

after a single treatment course with x rays. British Medical Journal Clinical Research Ed.,

1982.284(6314): p.449-60.

154. Darby, S.c., et al, Long term mortality after a single treatment course with X­

rays in patients treatedfor ankylosing spondylitis. British Journal of Cancer, 1987.55(2):

p. 179-90.

155. Weiss, HA., et al., Leukemia mortality after X-ray treatment for ankylosing

spondylitis. Radiation Research, 1995. 142(1): p. 1-11.

156. Smith, P.G. and R. Doll, Late effects ofx irradiation in patients treatedfor

metropathia haemorrhagica. British Journal of Radiology, 1976.49(579): p. 224-32.

157. Darby, S.c., et al, Mortality in a cohort ofwomen given X-ray therapy for

metropathia haemorrhagica. International Journal of Cancer, 1994. 56(6): p. 793-801.

158. Inskip, P.D., et al, Leukemiafollowing radiotherapy for uterine bleeding.

Radiation Research, 1990. 122(2): p. 107-19.

159. Inskip, P.D., et al, Leukemia, lymphoma, and multiple myeloma after pelvic

radiotherapy for benign disease. Radiation Research, 1993. 135(1): p. 108-124.

160. Davis, F.G., et al, Cancer mortality after multiple fluoroscopic examinations of

the chest. Journal of the National Cancer Institute, 1987.78(4): p. 645-52.

161. Davis, F.G., et al, Cancer mortality in a radiation-exposed cohort of

Massachusetts tuberculosis patients. Cancer Research, 1989.49(21): p. 6130-6.

162. Ron, E., B. Modan, and J.D. Boice, Jr., Mortality after radiotherapy for ringworm

of the scalp. American Journal of Epidemiology, 1988. 127(4): p. 713-25.

205



163. Shore, RE., et al., Thyroid cancer among persons given X-ray treatment in

infancy for an enlarged thymus gland. American Journal of Epidemiology, 1993. 137(10):

p. 1068-80.

164. Shore, RE., et al., Benign thyroid adenomas among persons X-irradiated in

infancy for enlarged thymus glands. Radiation Research, 1993. 134(2): p. 217-23.

165. Stewart, A, W. Pennybacker, and R. Barber, Adult leukemias and diagnostic x

rays. British Medical Journal, 1962. October 6: p. 882-890.

166. Gibson, R., et al., Irradiation in the epidemiology ofleukemia among adults.

Journal of the National Cancer Institute, 1972.48(2): p. 301-11.

167. Gibson, R.W., et al., Leukemia irradiation studies. Journal of the National Cancer

Institute, 1973. 50(4): p. 1087-90.

168. Preston-Martin, S., et al., Diagnostic radiography as a risk factor for chronic

myeloid and monocytic leukaemia (CML). British Journal of Cancer, 1989. 59(4): p. 639­

44.

169. Boice, J.D., Jr., et al., Diagnostic x-ray procedures and risk ofleukemia,

lymphoma, and multiple myeloma [published erratum appears in JAMA 1991 Jun

5;265(21):2810}. JAMA, 1991. 265(10): p. 1290-4.

170. Thompson, D.E., et al., Cancer incidence in atomic bomb survivors. Part II: Solid

tumors, 1958-1987 [published erratum appears in Radiat Res 1994 Jul;139(J):129}.

Radiation Research, 1994. 137(2 Suppl): p. S17-67.

171. Preston, D.L., et aI., Cancer incidence in atomic bomb survivors. Part III.

Leukemia, lymphoma and multiple myeloma, 1950-1987 [published erratum appears in

Radiat Res 1994 Jul,'139(J): 129}. Radiation Research, 1994. 137(2 Suppl): p. S68-97.

172. Shimizu, Y, W.J. Schull, and H. Kato, Cancer risk among atomic bomb survivors.

The RERF Life Span Study. Radiation Effects Research Foundation [see comments}.

JAMA, 1990. 264(5): p. 601-4.

206



173. Kensaburo, 0., Hiroshima notes. 1965, Tokyo: Grove Press.

174. Stewart, A.M. and G.W. Kneale, Non-cancer effects ofexposure to A-bomb

radiation. Journal ofEpidemiology & Community Health, 1984.38(2): p. 108-12.

175. Marshall, E., Radiation risks. Study casts doubt on Hiroshima data [news].

Science, 1992.258(5081): p. 394.

176. Lubin, 1.H., et aI., Radon-exposed underground miners and inverse dose-rate

(protraction enhancement) effects. Health Physics, 1995.69(4): p. 494-500.

177. Kircher, T., 1. Nelson, and H. Burdo, The autopsy as a measure ofaccuracy of the

death certificate. New England Journal of Medicine, 1985. 313(20): p. 1263-9.

178. Mollo, F., et aI., Reliability ofdeath certificationsfor different types ofcancer.

An autopsy survey. Pathology, Research & Practice, 1986. 181(4): p. 442-7.

179. Jones, T., Hazard'i for Export: Double Standards?, in Science as Politics, L.

Levidow, Editor. 1986, Free Association Books: London.

207



THE UNIVERSITY OF NORTH CAROLINA
AT

CHAPEL HILL

The School of Public Health
Department of Epidemiology

FAX: (919) 966-6650

Centers for Disease Control and Prevention
Grants Management Branch
Attn: Karen E. Reeves
255 East Paces Ferry Road, N.E.
Room 300, Mailstop E-09
Atlanta, GA 30305

Reference: 5R03 OH03343-03

The University of North Carolina at Chapel Hill
CB# 8050, NationsBank Plaza
Chapel Hill, N.C. 27599·8050

August 6, 1997

Enclosed is the final report for our research of time-related factors in radiation-cancer
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are three reprints of the paper, 'Creation of person-time data in cohort analyses l which was
written during this research.

To facilitate review of our accomplishments, the tasks outlined in our timeline and Specific
Aims are described below with reference to the relevant sections of the Report.
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Timeline

Update Cohort

Earlier studies of radiation-cancer dose response relationships at ORNL have considered
male Caucasians, who worked at least 30 days at ORNL, had not been employed at
another DOE facility, and were hired between 1943-1972. A substantial amount of data
has been drawn together in order to create an expanded cohort for our analyses (nearly
5800 workers have been added to the study cohort). We have successfully created an
analysis file that includes women, non-Caucasians, and workers with employment at other
facilities.

Investigate Lag AssumptIOns

We conducted analyses to investigate the association between external radiation exposure
and all cancer mortality under differing latency assumptions (5, 10, and 20 years). Tables
6.2 describes the results of these analyses for the Checkoway cohort; Table 7.1 and 8.1
describe these associations for the expanded cohort.

Below Limit Exposures, Calculating exposure data

We have not conducted analyses using updated dose estimates from ORNL, following the
conclusion of ORNL researchers that the dosimetry data did not adequately lead to a
reduction in bias.

Model Building

We created stratified tables of person-time and events by sociodemographic and
employment variables. These tables aided our decisions about the categorization and
inclusion of these variables in our final regression models. Regression model building then
proceeded in a step-wise fashion, evaluating the inclusion of analytical factors and
interactions between covariates. Chapters 4 and 5 present a detailed description of the
development of a regression model for the expanded cohort.

Data Analysis

Methods for the analysis of time-related factors have been developed, and are described in
Chapter 3. Chapters 6-8 present results of the application of these methods to the
Checkoway cohort of ORNL workers and to the expanded cohort.
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· .

Presentations and Articles

Preliminary results were presented as, "Evidence ofIncreasing Sensitivity to Radiation at
Older Ages among Workers at Oak Ridge National Laboratory" at the International
Workshop on Radiation Exposures by Nuclear Facilities, Portsmouth, England, 7/96.

Methods for creation of person-time data, which were developed for these analyses were
published in the paper, Wood J, Richardson D, Wing S. "A Simple Program to Create
Exact Person-Time Data in Cohort Analyses" International Journal ofEpidemiology
(1997),26(2): 395-399.

Methods for investigating age at exposure, which were developed for these anIyses will be
reported in the paper, Richardson D, Wing S. "Methods for Investigating Age Differences
in the Effects ofProlonged Exposures." American Journal of Industrial Medicine
(submitted).

Results of analyses of time-related factors among white male cohort of workers will be
reported in the paper, Richardson D, Wing S. "Greater Sensitivity to Radiation Exposures
at Older Ages among Workers at Oak Ridge National Laboratory: Follow-up through
1990. II Lancet (submitted).

An additional publication reporting the results of anIayses ofassociations between
radiation and cause specific mortality among the expanded cohort of workers will be
submitted subsequently.
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, .

To help locate the results related to the specific aims outlined in the proposal, results will
be indicated related to the specific aims listed in our proposal.

1. Document changes over calendar time in the association ofe~ternalradiation
exposure and cancer mortality under standard latency assumptions. The fit ofvarious
modelforms for this relationship will be evaluated, and will be used to investigate trends
in the dose-response relationship in an expanded ORNL cohort.

Changes over calendar time in radiation-cancer associations are presented Chapter 6,
section entitled "Period ofFollowup" (see Figure 6.7). A comparison of the fit of
additive relative risk and multiplicative relative risk models for radiation-cancer
associations is presented in Chapter 6, section entitled "Additive Relative Risk Models"
(see Table 6.10). The results of analyses in Chapter 6 informed our investigation of
explanations for previously observed trends in dose response relationships, and our
interpretation of results for analyses of the expanded cohort.

2. Investigate critical time periods ofexposure by using induction time analyses for the
relationship between radiation exposure and all cancer mortality. These analyses employ
exposure time-windows that simultaneously consider lag and time-since-exposure, and
allow one to controlfor exposures in other time windows.

Critical time periods of exposure for the association between all cancer mortality and
external radiation exposure were investigated in Chapter 6 in the section entitled "Time­
windows ofExposure," Time-windows were used to simultaneously investigate lag and
time-since exposure.

3. Investigate age-at-exposure as a potential modifier ofdose-response estimates.
Within time windows, cumulative exposure will be grouped based on the workers' age at
exposure (for example, exposures before, and after, age 45).

We conducted a number of analyses of differences in radiation cancer associations by age

at exposure. These analyses are presented in Chapters 6-8, and suggest important

differences in the effects of radiation exposures for different ages at exposure.

4. Evaluate the impact ofbelow threshold doses on the effects ofage and calendar time
on patterns ofdose-response.

We have not investigated the impact of below threshold doses. Analyses below threshold
dose estimates were found to be problematic.
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5. Conduct analyses ofall cause mortality and specific cancer and noncancer causes of
death.

Chapter 8 presents results for lung cancer, breast cancer, leukemia, cardiovascular disease,
non-malignant respiratory disease, and external causes of death.

Additional Analyses

As well as analyses designed to investigate those questions outlined in the Specific Aims,
we conducted analyses to investigate additional research questions.

In Chapter 6 (section entitled 'Applying Age-specific Weights to Annual Doses') we
investigated the use of smoothed functions for weighting annual external radiation doses
by age at exposure. We also investigated changes in latency for doses received at younger
ages (Chapter 6, section entitled "Modification of Latency by Age at Exposure").
Analyses also examined differences in radiation-cancer associations for workers hired in
different historical periods (Chapter 6, section entitled "Hire Cohort").

Sincerely,

5f~s'W~
Dr. Steven B. Wing

Dept. Epidemiology
School of Public Health, CB#7400

University ofNorth Carolina
Chapel Hill, NC 27599-7400

phone: (919) 966-6305 fax: (919) 966-6650

5




