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Abstract 

Evaluation of Cancer Mortality in a Cohort of Workers Exposed to Low-Level Radiation 

by 

Cary Suzanne Lea 

Doctor of Philosophy in Epidemiology 

__ University of California, Berkeley 

Professor Patricia A. Buffler, Chair 

Workers exposed to low-level radiation at Oak Ridge National Laboratory (ORNL) were 

found to have higher cancer mortality than workers from other Department of Energy installations 

exposed to similarly low levels of cumulative radiation (Wing et al., 1991). The purpose of tbis 

dissertation was to re-analyze existing data to explore methodologic approaches that may 

determine whether excess cancer mortality in the ORNL cohort can be explained by time-related 

factors not previously considered; grouping of cancer outcomes; selection bias due to choice of 

method selected to incorporate an empirical induction period (EIP); or the type of statistiCal model 

chosen. 

Cancers have an EIP that is usually quantified as time from first exposure until death. 

Radiation epidemiology studies have not used consistent approaches to incorporate an EIP. It was 

determined that removing the first five years of deaths and person-years in the cohort (i.e. adjusting 

for latency) and lagging dose five years results in the same parameter estimate as lagging dose for 

10 years when all person-years and deaths are retained. The deviance difference is greatest at 

lag=20 for all cancer outcomes evaluated. except lung cancer. 

Twelve cancer outcome groups were evaluated. Cumulative radiation exposure was not 

significantly associated with lung cancers (lag=20, p=0.593), leukemias (lag=lO, p--D.l8), or 

leukemias excluding chronic lymphocytic leukemia (lag=IO, p=0.629). Cumulative dose was 

significantly associated with the following cancer outcomes after adjusting for time-related factors: 
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all cancers (lag=20, p=<O.Ol), solid cancers (lag=20, p=<O.Ol), smoking related cancers 

(p=<O.Ol), and smoking-related cancers excluding lung cancers (lag=20, p=<O.Ol). 

Two deaths in the highest dose category (one esophageal and one larynx) received doses 

similar to the Atomic bomb survivor cohort (> 500 mSv). When these two cancers were removed 

from the cohort, the effect of cumulative dose was no longer significant at lag=20 (p=0.07). 
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CHAPTERl 

INTRODUCTION 

L RATIONALE AND SnJpy HYPQTHESES 

Of all the etiologic agents which have been shown to cause cancer in cellular organisms, 

laboratory animals and humans, the effects of ionizing radiation rank among the most 

demonstrative. Ionizing radiation is a physical agent that has no taste, odor, or feel. In man, our 

knowledge of radiation exposure and its effects may be considered in three groups: (1) high dose 

effects (exposure above 0.25 Sv)1, (2) intermediate dose effects (0.05-0.25 Sv exposures), and (3) 

low dose effects (exposure below 0.05 Sv)(Nlli, 1979, p. 1). 

For human populations, there are considerable effects related radiation doses above 50 

mSv (0.05 Sv or 5 rem), such as the Atomic Bomb Survivors (ABS) of Hiroshima and Nagasaki, 

abdomhi.al X -ray of pregnant women, children treated for enlarged thymus, adults treated for 

ankylosing spondylitis, adult women treated for tuberculosis, adults treated for thyroid condition, 

individuals with body burdens of radium, and uranium miners exposed to high levels of radiation 

gases (NIH. 1979). In addition, a vast amount of data from controlled laboratory and experimental 

conditions investigating effects in bacteria and animals has amassed since the discovery of 

radiation in 1895. 

In order to estimate human health effects due to exposures less than 0.05 Sv, it has been 

customary to estimate low dose radiation effects on the basis of known high dose effects, primarily 

using the ABS cohort. However, a variety of worker populations from different countries involved 

in the production of nuclear weapons have been studied over the past two decades allowing direct 

estimation of health risks associated with low-level radiation exposure. 

*Scientific terms in italics appear in the glossary. 
lSievert (Sv) is defmed as a unit of radiation measurement that allows combining physical aspects of 
radiation energy with organ specific dose(s) from different parts of the body to arrive at a dose value 
applicable to the whole body (see section IV). 



One such cohort of workers with low-level radiation exposure has been studied at Oak 

Ridge National Laboratory (ORNL ), a Department of Energy (DoE) research facility (Wing et al., 

1991). Results from an investigation of the mortality experience of this cohort suggest a dose

response relationship with low-dose radiation exposure and cancer mortality. The risk estimate for 

all-<:ancer mortality was found to be 10-times the estimate based on extrapolation of data from the 

ABS cohort_,;md departs from findings in similar worker cohorts in other ways. 1bis thesis is a re-

analysis of exisiting cohort data to explore possibilities that may help to understand and explain 

findings published in Winget al. (1991). 

The public health implications of exposure to low-level ionizing radiation are important, 

not the least of which is the need for accurate information to protect workers exposed to radiation. 

It is the thesis of this research that data analysis methods will yield insight as to whether cancer 

risks are causally associated with low-level radiation exposure in the ORNL cohort, and, if so, how 

to reconcile findings from the Winget al. (1991) report with mostly negative findings from other 

historically similar cohorts. 

A Study Hypotheses 

1. Can excess cancer observed in earlier analysis of these data be explained as due to: 
(a) confounding due to time-related factors not previously considered; 
(b) selection bias that results from the choice of method to incorporate an empirical 

induction period (EIP); or 
(c) grouping of cancer outcomes; 
(d) the type of statistical model_ chosen, such as a log-linear model or linear excess relative risk 

modeL 

After choosing the EIP that minimizes bias, the following questions will be answered: 

2. Is the excess cancer mortality observed at ORNL due to exposure to low-level ionizing 
radiation in a cohort of workers hired between 1943 and 1972? 

3. Is it feasible to estimate an exposure-response relationship? 
4_ If so, does an exposure-response relationship exist in this cohort? 
5_ Is the excess of cancer deaths observed in earlier analysis explained by a few workers 

who were exposed to large doses (> 500 mSv) during their career? 
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B. Specific Objectives 

These hypotheses will be tested by the following objectives: 

• Replicate results as originally published in Winget al., 1991. This will ensure that the 

data used in these analysis is comparable with those used by Winget al., 1991; 

• Describe the ORNL cohort (those alive, deceased, all-cancers, all cohort, exposed and 

unexposed), especially in relation to temporal factors that may influence the exposure-disease 

relationship (hypothesis l(a), see Chapter 3: Methods, Section B.). 

• Examine the influence of the empirical induction period (EIP) on mortality as quantified by 

time from first employment until death, lost-to-follow-up, or end of study period (whichever occurs 

first) using two computational approaches: lagging or a combination of both latency with lagging 

dose to detennine if choice of EIP results in differences in the estimated mortality risk (hypothesis 

1(d), see Chapter 3: Methods). 

• Determine if mortality risk varies by grouping of cancer and non-cancer outcomes 

(hypothesis 1(b), see Chapter 3: Methods); 

• Examine differences between two statistical modeling approaches: (1) the log-linear model 

and (2) linear excess relative risk model. Most studies of nuclear worker cohorts emphasize the 

linear excess relative risk (ERR) model. Wing and colleagues fit a log-linear function to the 

observed data (hypothesis 1(d ), see Chapter 3: Methods). 
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• Identify if adjustment for time-related variables contributes to the fit of the data, or if these 

variables act as confounders in the exposure-disease association through their use as covariates in 

model fitting (hypothesis l(a). see Chapter 3: Metllods). 

• Determine if a dose-response relationship exists (hypothesis 4 ). 
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IT. DEFINITION AND MECHANISM OF AcfiON FOR IONIZING RADIATION 

A The Electromagnetic Spectrum 

Toward the end of the seventeenth century, Sir Issac Newton held a wedge-shaped piece of 

glass toward the sun's yellow rays and observed that these rays split into a variegated rainbow 

when passing through the glass. Newton, an innovator in many avenues of mathematics and 

science, essentially forged the study of radiant energy (fievsk:y, 1962). 

Radiant energies, known as electromagnetic radiations, are transmitted in the form of 

undulating waves that are of varying lengths and can be measured precisely. Each wavelength 

oscillates at a different rate, or frequency, and associated with each wavelength is a given amount 

of energy; the shorter wavelengths contain considerably more energy than the longer wavelengths. 

Besides the wavelengths of sunlight which Newton described, other electromagnetic radiation 

comes from outer space. The longest of these are radiowaves emitted by incandescent stars. The 

shortest are tremendously energetic cosmic rays, whose origins are unknown. The entire 

electromagnetic spectrum is considered to be encompassed between these two radiations, radio 

waves and cosmic rays (EPRI, 1989) (Figure 1.1). 

Man's senses are in-tone to only a few forms of radiant energy, such as infrared energy 

perceived as heat, visible light perceived directly through our eyes, and micro- and radio wave 

energies that are trapped for use by household appliances. Energies beyond our perception include 

directly* and indirectly ionizing radiations. Directly ionizing radiations exist in the form of 

electrically charged (positively or negatively) particles having sufficient kinetic (heat) energy to 

produce ionization by collision (e.g., alpha and beta particles, protons, and electrons). Indirectly 

ionizing panicles are uncharged discrete packets of energy (photons) ~at travel through air as 

~lectromagnetic waves measured in wavelengths (x-ray and gamma radiation energies). The ORNL 

cohort was monitored to detect exposure to external ~amma radiation, a form of uncharged, 

indirectly ionizing wavelengths. 
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B. What is Ionization and Radioactivity? 

All matter in the universe is made up of elements. Known elements are listed on the 

Periodic Table of the Elements, some of which are man-made. Gaseous elements on the Periodic 

Table are life-sustaining, such as carbon, hydrogen, oxygen, and nitrogen, while other elements 

naturally e~st as metals, such as gold, platinum, or uranium. 

Elements are made up of atoms. Atoms consist of a small positively charged ( +) nucleus 

around which negatively charged(-) electrons move. Electrons move around the nucleus in orbitals, 

known as shells. The total number of negatively charged electrons is equal to the number of 

positive charges carried by the nucleus, so that the atom is electrically neutral. The nucleus 

contains two particles: the proton and neutron. Inside the nucleus the positive charge is carried by 

the proton ( + ), while the neutron is electrically neutral. Moving down the Periodic Table, nuclei · 

contain an increasing number of positively charged protons and electrically neutral neutrons as 

well as an increasing number of electrons circulating in multiple outer shells. A stable atom will 

have the same number of protons, neutrons, and electrons. 

The concept of an isotope is important to introduce here. Recall that a stable 'atom will 

have the same number of protons and neutrons in the nucleus as there are electrons in the outer 

shells. For example, helium has two electrons in its outer shell, as well as two protons and two 

neutrons in the nucleus. The number of electrons and protons in an element will be the same. This 

is a characteristic that makes elements unique (Walter, 1977). When a compound has the same 

number of electrons and protons, but a different number of neutrons, then the compound is an 

isotope of the element An isotope of an element is still chemically equivalent to the stable form of 

an element, since the isotope has the same number of orbital electrons and protons. Isotopes 

occupy the same place on the Periodic Table as the stable element The total number of particles in 

the nucleus - protons plus neutrons -- is thus characteristic of each isotope and is used to designate 

the isotope (Walter, 1977, p. 48). For example, uranium-235 is an isotope ofuranium-238, which 

is element 92 on the Periodic Table. 
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Many isotopes in nature are stable. However, elements with many more neutrons than 

protons are unstable and their nuclei go through a process of readjustment to become more stable 

elements. In this process of readjustment ionizing radiation is produced. When ionizing radiation is 

emitted, radioactivity occurs. There are naturally occurring radioactive elements, like uranium, 

that release radiation while in the process of becoming more stable elements. The radiation that is 

-release is capable of removing orbital electrons from materials wh~n contact occurs. The source of 

gamma radiation at ORNL was from the decay of uranium. Man-made radioactive compounds, 

such as plutonium, can be created from naturally occurring radioactive elements, such as uranium-

238, by bombarding uranium with neutrons in a nuclear reactor. 

Early in this century the term radioactivity was coined by Marie and Pierre Curie and 

during this era radioactivity was found to comprise three kinds of rays: alpha, beta, and gamma. 

(1) Gamma Rays: Indirectly Ionizing Radiation 

By 1915, it was known that alpha, beta and gamma rays are emitted from the nucleus of 

an atom, but only gamma radiations were true rays. 2 The so-called alpha and beta rays are 

streams of particles (Hacker, 1987, p. 19). Gamma rays resulting from radioactive decay consist 

of energy wavelengths that do not exceed several million electron volts (MeV) in energy, about 

three-times as much energy as emitted by a dental X-ray (NAS, 1990, p. 10).3 Often in the 

literature X -rays and gamma rays are grouped together, since both are streams of photons that 

have the potential to remove orbital electrons. The major differences between X-ray and gamma 

· radiation are: (1) gamma rays originate from the nuclei of atoms and X-rays are machine made, 

and (2) gamma rays generally have higher energies per photon than X-rays (Gofman, 1981, p. 24). 

Even though their energies differ, both X-ray and gamma rays produce indirect ionization most 

2 Today a fourth type of radiation, the positron, is known to have a positive charge. 
3The ordinary voltage in electrical power in the US is 120 volts. A bitewing dental X-ray releases about 
75,000 volts, or 75 kilovolts (kV) (Shaprio, 1990, p. 94), compared to gamma rays which emit between 
124,000 to several million electrons volts. 
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likely through ion pair production and the photoelectric effect. Gamma radiation results when the 

nucleus releases excess energy (Harley, 1991, p. 723). 

The same principles of ionization and radioactivity discussed in the previous section apply 

to gamma rays. When photons interact with tissue medium, such as deoxyribonucleic acid (DNA), 

the electrons that are set in motion proceed to interact with the atoms and molecules of that 

medium, such as DNA 1be elec@ns loose energy through collisions and excitations, and are 

scattered in the process. The result is a complex shower of electrons, the energy distribution of 

which is continuously degraded as electrons give up their energy at a rate defined by the electron 

stopping power of the medium, such as the skin surface or DNA (NAS, 1990, p. 11). This results 

in an electrically unstable atom, and if an electron is lost, the atom becomes deficient by a negative 

charge. Such a free electron is quickly captured by an adjacent atom, thus producing instability in 

the atom as a result of one additional negatively charged electron (Tievsky, 1962, p. 20). 

1berefore, ionization can be defined as the ejection of electrons from the atoms with which the 

radiation interacts. 

Gamma radiation, itself, does not have a charge, since these radiations are photons that 

travel as electromagnetic waves at the speed of light These waves penetrate through a medium 

without interacting with electrons, until, by chance. the waves make collisions with electrons, 

atoms or nuclei, which result in the liberation of energetically charged particles. The charged 

particles that indirectly ionizing particles liberate are directly ionizing (such as a free, negatively

charged electron), and it is through direct ionization that damage from gamma radiation is 

produced This is an important distinction; thus the basic damage is done by charged, directly 

ionizing particles, the electrons, even though the incident radiation is indirectly ionizing (Shapiro, 

1990, p.lO). X-rays and gamma rays set electrons in motion; beta particles are negatively charged 

high-speed electrons (Gofman, 1981, p.24). Once a photon liberates an electron, the subsequent 

events depend only on the properties of the electron and not on the gamma photon that liberated it 

In short, ionization energy sets electrons in motion. The interaction of those electrons with matter, 

determine the cellular and biological effects. 
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Ionization occurs when electrons circling around the outside of an atom are rather loosely 

attached and can be knocked off. Thus, the atom looses a unit of negative electrical charge and is 

left with an unbalanced swplus of positive charge. The dislodged electron collides with other atoms 

nearby causing an electrically negative charge on the nearby atom. These positive (due to removal 

of an electron) and negative (due to gain of an extra electron) fragments are called ions. The 

cascade effect of knocking out electrons is called ionization. The characteristic of ionizing 

radiations is that these radiations knock off electrons in their path (Walter, 1977). 

(2) Linear Energy Transfer (LET) 

The biological effectiveness of particular radiations in causing cell inactivation, 

mutation, cell transfonnation, and malignancy in human species depends to a large extent on the 

energy' content of the ionization (Adams, 1989, p. 3). Linear Energy Transfer' (LET) describes 

the amqunt of energy (ionization plus electron excitation) transferred per unit of path traveled by 

the ionizing particle (Gofman, 1981, p. 28). The LEf of gamm'a radiation is zero as long as the ray 

remains a photon, since there would be no interaction with biological material, until and unless the 

photon sets an electron in motion (Gofman, 1981, p. 28). 

Gamma rays have about 1n360 the mass of alpha particles. Lighter weight gamma 

ray electrons can move much faster than very heavy alpha particles. Since heavy alpha particles 

move much slower though the path, the distance between ionizations is much shorter. The 

ionizations that are much closer together can impart a more severe biological effect than 

ionizations that are much further apart, such as ionization that results from gamma rays. In 

general, it is believed that biological effects depend on the density of ionization in tissue (Gofrnan, 

1981, p. 29). 

Gamma and X-rays are considered sparsely ionizing radiation with low-LET, whereas, 

directly ionizing radiation, such as alpha or beta particles are considered dense, high-LET 

4 energy= 112(mass) x (velocity)**2 
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radiation. Figure 1.2 shows energy of radiation (x-axis) by lET (y-axis), indicating that electrons 

are a much lower LET than other radiation energies (von Sonntag, 1987, p. 10). For example, 

alpha particles would produce about 1000 times more ionization per unit distance than gamma 

rays. Alpha ionizations are packed closely together. Therefore, alpha particles are densely ionizing 

radiations with high LET. Figure 1.3 provides the spatial representation of high and low lET as 

related to the Eleposition of energy across DNA Both high and low track lines travel through DNA, 

but the high LET track is a long trail of tightly clustered points representing the energy quantity of 

this radiation. Slower velocity, due to particle mass, results in many more ionizations per distance 

of path traveled Conversely, the low lET track has small packets of clustered points separated by 

wide spaces, which results in fewer ionizations per distance of path traveled 1be distance and 

quantity of the points along the radiation track demonstrate the energy difference between high and 

low LET radiation. 

ill. J'EMPORAL STAGES OF RADIATION AcTION 

Once an electron has been released and collides with DNA, the potential biological 

effects of this action are the same no matter the type of radiation. This section summarizes the 

stages involved for a photon of gamma radiation to act, beginning with the physical lesion taking 

fractions of a second, up to the manifestation of cancer decades later. Table 1.1 classifies the 

timing for radiation action after exposure to a photon of gamma radiation. 

A Physical and 'Chemical Lesions 

The amount of time over which energy is imparted to an atom or small molecule 

during irradiation is extremely short and governed by the velocity of the particle, the dimensions of 

the molecule impacted, and the amount of energy, lost or transferred in the process. A photon of 

gamma radiation will pass through a small atom or molecule (e.g., H20) and deliver energy to it, in 

a time between 10-18 and 1()-17 seconds. In human tissue, most of the energy absorption will take 

place in water, since cells are made up of more than 70% water (NAS, 1990, p. 12). The formation 
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of physical lesions, when energy degrades and secondary electrons undergo collisions with 

neighboring atoms, occur within tQ-16 to tQ-12 seconds. During this interval ionization occurs 

(Awwad, 1990). 

Next is an intennediate chemical phase of tQ-12 seconds during which chemical lesions 

are produced. These lesions are short-lived fragments: hydrated electrons (e-aq), the hydrogen 

radical (H• ), and t:ru?_ hydroxyl free radical (OH• ). Water molecules break apart rapidly following 

absorption of radiation. Overall, the radiation-induced dissociation of water, 

gives rise to both an oxidizing species (OH•) which is looking to abstracta hydrogen (von 

Sonntag, 1987, p. 4) and a highly reactive reducing species (H• + e-aq) which is looking to 

attach to a in.olecule (von Sonntag, 1987). A proportion of radicals react together to produce 

molecular hydrogen (H~ and hydrogen peroxide (H20 2). Reactive radicals·diffuse away froQJ. 

regions of the radiation tracks where they are formed and react with neighboring molecules. 

Eventually the spatial distribution of free radicals becomes homogeneous in about 1 o-7 seconds. 

Free radical reactions are largely complete in times of milli-seconds or less (Adam, 1989, p. 4>. 
OH• radicals are of special importance since they are produced at high density in close 

proximity to the biological target, such as DNA (Awwad, 1990). The biological lesion produced 

may have a high probability of evolution into an irreparable lesion (Awwad, 1990). It has been 

estimated that about 65% of the lethal cellular effects of ionizing radiation are due to OH• radicals 

(Awwad, 1990). The is because the local energy that a free radical generates is greatly in excess of 

the normal bond energies of all the affected molecules (Adams and Cox, 1991, p. 198). The 

cascade of free radical formation in water surrounding DNA can also contribute to loss or change 

in cellular function other than immediate damage to DNA. The combination of free radical attack 

and direct damage to DNA increases the probability of irreparable lesions that go unrepaired 

(Awwad, l1990, p. 6). The fundamental problem that remains to be solved is the identification of 
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the specific types of free radical chemical damage critical to the onset of the multistage process of 

carcinogenesis (Adams and Cox, 1991, p. 198). 

B. Biological Lesions and Mathematical Representation 

The evidence that damage to the genomic material of the cell is the principal cause of 

radiation-induced cell death and various sub-cellular changes, such as mutation, chromosomal 

exchanges, and malignant transformation, is now overwhelming (Adams, 1989). It is believed that 

radiation must pass through the nucleus of the cell to cause mutation or cell death (Figure 1.4). An 

absorbed dose of 1 Sv (100 rem) will cause an average of about 2 x lOS ionizations in a 

mammalian cell, of which approximately 1% will occur in genomic material. 

The theory of the fonnation of the biological lesion is diagrammatically shown in 

Figure 1.5. The left side of the figure shows two sublesions are initially produced by one ionization 

event (e_.g., the traverse of a single electron through two targets) produced simultaneously or in 

rapid succession (A wwad, 1990, p. 6). Mathematically, small doses or low dose rates would be 

linear where the cellular response is proportional to dose. A linear (L) dose response (aD) would 

result from the production of both sublesions by one activation event, assuming no repair. 

The right side of Figure 1.5 represents the formation of two separate sub lesions from 

two different ionization tracks. In the absence of repair, a quadratic term represents the production 

of two sublesions by two separate events ( <X.I)2). The squared term represents the probability that 

the event is proportional to the square of the radiation dose. The probability of producing both 

sublesions by separate events is low with low lET radiation or when the dose rate is low, where 

there is a greater chance of repair of the frrst before induction of the second sublesion occurs 

(Awwad, 1990, p. 6). 

Once damage occurs, there are several pathways to initiate cellular response. One 

possibility is cell death. If the damage is not immediately lethal, then fate of the lesion has several 

possibilities: (a) complete and correct repair, (b) incorporation of the lesion as part of DNA that 
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may occur during progression of the cell through the cell cycle but does not disrupt normal cellular 

function, and (c) misrepair of the lesion, which may be transformed into a lethal lesion, or into a 

mutated or malignant cell (A wwad, 1990). 

C. DNA Changes and DNA Repair 

Loss of cellular function cannot be observed immediately after radiation exposure. 

Loss of reproductive capacity or cell death can only be observed and measured quantitatively when 

the cell fails to divide. Cellular changes in chromosome content, configuration, and morphology or 

development of mutations, only appear evident after sUfficient numbers of cell divisions have taken 

place in order to allow the analyses of aberrant cells in the total cell population (Adam, 1989, p. 5). 

Changes are usually visible in metaphase (Adams and Cox, 1991, p. 191). Human cells in 

metaphase possess two thickened daughter chromatids tied together at the centromere. 1bis is the 

stage of cell division just before the chromatids separate. 

Mammalian cells are usually most susceptible to radiation damage during somatic cell 

division. Specifically cells are most sensitive during early Interphase; the G1-phase of cell division, 

a stage that precedes DNA and chromosome replication and is a major point for regulating cell 

division (Adams and Cox, 1991, p. 180). Cells are usually most resistant in the early S-phase, 

when the DNA begins replication. Variation in sensitivity between the different parts of the cell 

cycle is highly dependent on radiation quality. Cellular sensitivity to low LET gainma radiation is 

usually much more variable than to more densely ionizing radiation. Thus, it appears that 'when' 

exposure occurs in relation to cell division is important as well as the energy content of radiation. 

The rate of repair in cellular daniage is crucial for understanding the consequence of 

exposure. The primaryttypes of damage in cells exposed to ionizing radiation are: direct strand 

breaks, base damage, and cross-links. There are two types of direct strand breaks: single strand 

breaks (ssb) and double strand breaks (dsb). The most important precursor to strand breakage is 

the OH free radical (von Sonntag, 1987, p. 240), which was discussed in section liLA. 
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(1) Single Strand Breaks 

Ssb affect one strand of the double helix and dsb affect both strands of DNA. Ssb are 

the most frequent lesions occurring in DNA from radiation exposure, at approximately 1000 ssb 

per diploid genome per Sievert of exposure (Bryant, 1989, p. 16). Ssb are induced with a linear 

function of radiation dose, meaning that there is a linear relationship between the frequency of 

breaks and eumulative dose. Besides direct strand breakage, it is hypothesize<!_ that ssb results 

when DNA base-damage is converted into a ssb during repair of a damaged base (Bryant, 1989, p. 

21). DNA undergoing transcription (the process of making RNA from DNA) is likely to suffer 

more breakage than DNA not undergoing transcription (Bryant, 1989, p. 16). It is hypothesized 

that ssb can result in deletion of a gene or chromosome. Loss of a gene could be the primary 

carcinogenic event of radiation exposure. 

However, it is believed that repair of ssb is more likely to occur than not and is 

estimated to occur within 10 minutes of damage (Bryant, 1989, p. 23). The repair mechanisms of 

ssb are unknown, but involve excision repair of damaged bases (Hagen, 1994, p. 51). Of the 2000 

or so breaks that occur out of 2 x lOS from an absorbed dose of 1 Sv, almost all will be repaired by 

cellular defense mechanisms and are of no consequence. More study in the area of mammalian cell 

ssb repair has been suggested (Hagen. 1994, p. 54). 

(2) Double Strand Breaks 

Some strand breaks are not repaired, however, and lead to cell death or irreversible 

changes (Adams, 1989, p.8). Dsbs are essentially two ssbs occurring exactly opposite to one 

another (straight across both strands of DNA), referred to a "blunt dsb", or in close proximity 

(probably not more than four base-pairs apart), referred to as "sticky end dsb". As both strands 

are broken in a dsb, there is less chance of restoring the original nucleotide sequence. Bryant 

(1985) found that "blunt dsbs" lead to chromosome aberrations and cell inactivation. whereas dsb 

with "s~cky ends" were easily repaired (Hagan, 1994, p. 54). 
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Dsbs have been found to be induced linearly with dose, and probably arise from single 

ionizing events (like ssb), but resulting from much higher energy. Dsbs are less frequent than ssb. 

It is estimated that 40 dsb occur per Sv of exposure when the nucleus is not undergoing division 

(Blocher, 1982, p. 17). 

Dsbs are thought to be the most important group of lesions that cause biological 

.damage (Goodhead et al., 1993, p. 552; Hagen, }994). When enzymatic repair of dsb occurs, it is 

usually complete within 6-18 hours (Goodhead et al., 1993, p. 551 ), which is slower than repair of 

ssb (Hagan. 1994, p. 52). The repair of dsbs with or without loss of nucleotides requires a 

complex of several enzymes working together at the damaged site. Insight into possible 

mechanisms of dsb DNA damage has been gained by Thacker and coworkerS (North et al., 1990; 

Fairman et al., 1992; Thacker, 1992; Thacker et al., 1992)(Hagan. 1994, p. 54). Possible 

mechanisms include enzymatic activity of DNA ligases and recombinational repair. In general the 

more complex the induced damage, the more protracted the repair process. This means that a 

higher fraction of unjoined dsb would potentially result in genetic information being lost at either 

end of the dsb, or result in a deletion around the dsb (Hagan, 1994, p. 56). 

(3) Other Types of Damage 

DNA base-pair damage is defined as chemical alteration of the bases of DNA without 

breakage of one of the two strands of DNA The damage, which can involve removal of a side

group off the backbone chain or damage to the side-group structure (Bryant, 1989, p. 17), is 

believed to be more common than dsb (Frankenberg-Schwager, 1990, p. 276), and three times 

more frequently induced when DNA is replicating. Repair of damage to the DNA base pairs is 

usually complete within one-hour (Frankenberg-Schwager, 1990, p. 278). Repair is thought to 

involve removal of the damaged base from the sugar side-group, prior to induction of a ssb by an 

endonuclease repair enzyme. Thus, base damage is removed via excision repair (Frankenberg

Schwager, 1990, p. 278). 
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The last type of cellular damage involves two types of cross-links that are known to 

occur. The first is inter-strand cross-links and the second is protein cross-links. These are much 

less common than other types of damage, occurring no more than 1 cross-link per nucleus per 

Sievert (Bryant. 1989, p. 17) and will not be discussed further. 

In summary, cellular damage leads to induction of mutations or cellular 

transformations when a lesion is not repaired. Evidence suggests that ssb and base damage are not 

critical lesions for cellular and genetic damage, possibly because of efficient and accurate repair 

(Bryant, 1989, p. 23). Dsb, while also subject to repair, are thought to be the critical lesion leading 

to permanent genetic damage via chromosomal aberrations and mutation (Bryant, 1989, p. 25). In 

the low dose region transformations and mutations can be expressed, since a large proportion of 

cells survives. At high doses (> 2.0 Sv) cell killing predominates. 

D. The Tissue Stage 

With the correlation between radiosensitivity and p~e within the cell cycle, it is not 

swprising that damage to biological tissue in vivo also depends on the rate of cell tum-over. 

Tissues with rapid nhn-over exhibit damage early after radiation, such as effects on the blood

forming tissues, gut. testes, and skin. Tissue with a very low rate of cellular turnover exhibit 

damage much later, such as connective tissue, brain cells, liver, kidney, endocrine glands, and lung 

(Awwad, 1990, p. 8). For example, damage to the intestine becomes apparent after 2 weeks of 

irradiation, damage to the lung appears after 3 to 4 months, and damage to cells of the central 

nervous system appears even later (Gofman, 1981, p. 364] 

In humans, the rate at which cell division occurs is inversely related to age. Children 

exposed to high doses of radiation are at much higher risk of developing cancer than adults 

exposed at the same level (Shimizu et al., 1990). 'Ibis may be due to the much higher rate of cell 

turnover in children, resulting in the potential for rapid clonal expansion of a mutated cell. The 
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. interval from first exposure until diagnosis of disease (or death)s varies widely depending on the 

dose, radiation quality, the site of irradiation, and also the age of the individual. In the low dose 

range, low l.ET radiation is less effective per unit dose in inducing cancer than high l.ET radiation 

(Adam, 1989).1be aforementioned discussion suggests that mutations and carcinogenesis result 

due to the timing of exposure in relation to cell division, the amount of energy which the radiation 

source releases to cellular targets, and cell-turnover of the organ-specific location where exposure 

is presumably absorbed. Major modifying factors are the presence of complete and correct repair, 

and the age of the exposed individual. Efficient and cOrrect repair probabilities decrease with 

increasing age. DNA double strand breaks produced by free radical formation which go unrepaired 

may be the initiation event, assuming no repair. Advances in molecular biology in recent years 

have rapidly expanded the scope of knowledge about radiation-induced damage and excision 

repair. For example it is now known that certain hereditary disorders, such as xeroderma 

pigmentosum, are deficient in excision repair (Sancar, 1994, p. 1956). Xeroderma pigmentosum 

patients are also very sensitive to sunlight exposure and develop multiple skin cancers at younger 

ages than the general population. New understanding is also emerging regarding the role of tumor 

suppressor genes and oncogene activation in radiation-induced cancers, as well as sources of cell 

damage that may not directly involve DNA (Trosko, 1995). 

E. Cancer Development 

ntere is evidence that gamma radiation exposure can cause cancer. Children treated 

for tinea capitis received an estimated 75 mSv resulting in a significant excess of thyroid cancer. 

5Latency is definded as the time between first ~xposure and disease diagnosis or death, since it is rarely 
known when disease acutally begins. Disease or death occuring during this interval is not assumed to be 
due to exposure. 
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Breast cancer developed in women who were enrolled and treated for tuberculosis using x-ray 

fluoroscopy. 1bese women received about 10.5 mSv with each fluoroscopy (Gofman, 1981, 

p.410). Children of pregnant women who received between 0.025 mSv and 10.5 mSv total dose in

utero exposure developed leukemia and other cancers in childhood. Levels experienced by women 

and children for medical therapy were on average higher than levels encountered by predominantly 

male worker populations that have ~n the subject of cohort studies. 
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IV. MEAS!TREMENJOFX-RAYS AND GAMMA RAYS 

Various measurement techniques for determining the intensity of a beam of radiation 

energy have been used since x-rays were identified by William Roentgen in 1895. The problem of 

determining the precise definition of a particular term used in radiation measurement has been 

exacerbated by apparently slight but often significant changes in the official definitions of 

radiological units over the years (Kathren and Petersen, 1989). Changes in measurement units over 

the years have obvious implications to epidemiologists conducting retrospective studies. In 1977 a 

new system of scientific units, the Systeme International (SI), was accepted by all signatories of 

the Meter Convention, including the United States (US). The new measurement system was 

supposed to be used beginning in 1989, but much of the radiation epidemiology literature after 

1989 used the pre-1977 radiation units. The following units of measurement were used prior to 

1989 to quantify radiation exposure: Roentgen (R), Radiation Absorbed Dose (rad), and Roentgen 

Equivalent for Man (rem). After 1989, the terms Gray (Gy), and Sievert (Sv) should be used 

exclusively to replace the terms 'rad' as a measure of absorbed dose and 'rem' as a measure of dose 

equivalent All the aforementioned units of exposure and dose are distinct from u¢ts of 

measurement that quantify radioactivity of a substance, such as the Curie (Ci) and Becquerel (Bq). 

For reference, Table 1.2 provides interconversions of some units commonly used in radiation 

research. 

A. The Roentgen 

Early in this century, the fundamental unit of x-ray measurement was the Roentgen (R). 

With development of a standard measurement instrument, an ionization chamber, it became 

possible to define an objective and readily reproducible unit of radiation. R measures radiation in 

air, and therefore crudely measures exposure. It does not quantify how much radiation is absorbed 

by an individual's tissue or what happens after radiation enters the body tissue (Kathren and 

Petersen, 1989), therefore, the R is not relevant in studies of human population exposures. 
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B. Units of Absorbed Dose: Gray (Rad) 

The basic quantity that characterizes the amount of energy imparted to matter is the 

absorbed dose. The average absorbed dose in a region of the body is determined by dividing the 
' 

energy imparted in that region by the mass of the matter in that region (Shapiro, 1990, p. 44). 

Absorbed dose could be different in different parts of the body. 

The physical basis for measurement of energy absorption depends on the minute increase 

in temperature when matter is irradiated; the unit of measurement is known as the radiation 

absorbed dose, or rad. One gram of tissue which has absorbed 100 ergs of energy during the 

process of irradiation is said to have received one rad of the given radiation. The rad has also been 

defined as 0.01 Joule per kilogram (Jikg). The rad can be used for exposures for any radiation in 

any absorbing medium (Kathren and Petersen, 1989, p. 1081). For x-ray tissue dosage in the 

diagnostic range and occupational exposure range, one rad is approximately equivalent to one R. A 

Roentge~ of gamma radiation in the energy range 0.1-3 MeV produces 0.96 rad in tissue, a typical 

energy range of radioactive decay for uranium. The millirad (mi-ad).has been used in specifying 

levels for radiation protection. 

Since 1977, the fundamental dosimetric quantity in radiological protection is still the 

absorbed dose, but radiation is measured in units referred as the Gray (Gy). Therefore, simple 

correspondence exists between the old and new units: 

100 rad =1 Gy. 

C. Roentgen Equivalent for Man (Rem): Sievert 

Thus far, the discussion has been concerned with only the physical aspects of radiation. 

Neither R nor Gy expresses the varying biological effects of radiation types. Certain radiations 

require a smaller dose to effect biological change than other types. This is known as the biological 

effectiveness of the radiation. As stated earlier, the higher the LEf of the radiation, the greater the 

injury produced for a given absorbed dose. The factor expressing the relative effectiveness of a 

given particle based on its LET is known as the quality factor, 'Q' (Shapiro, 1990, p. 46). The 
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quality factor (Q) takes into account the type and rate of radiation dose (ICRP 1992, p. 5) by 

weighting the absorbed dose (Gy) by a factor related to the quality of the radiation (Q). The 

International Commission on Radiation Protection (ICRP) now refers to Q as the 'radiation 

weighting factor', because it is assumed that the absorbed dose is averaged over a tissue organ and 

then weighted for the quality of the radiation (ICRP, 1992. p.5). Gamma radiation and all photon 

energies have a Q of 1.0. The dose equivalent is designed to express different radiations on the 

same scale; that is, it is intended to correlate with the injury produced as a result of radiation 

exposure (Shapiro, 1990, p. 46). 

When the absorbed dose in rads is multiplied by Q, the result is the 'dose equivalent' 

expressed in units of Roentgen Equivalent for Man. or rem. Rem was devised to combine both 

physical as well as biological aspects of radiation exposure. By arbitrarily assigning x-rays in the 

commonly used medical range as the standard with a quality factor of 1 unit. quality factors for 

other types of radiation were developed. In common usage of the past. rem was applied to whole 

body irradiation. unless an organ was specified. Since the quality factor equals 1 for gamma 

radiation, 1 Gy = 1 Sv. 

The Sievert (Sv) has the same relationship to the gray in SI units (Shapiro, 1990, p. 46), 

as the rem does to the rad: (1) rems = rads * QF and (2) sieverts = grays * QF. 

Standards for radiation protection are given in terms of the rem unit Doses expressed in 

the older units, rads, may be compared to regulatory limits given in terms of rem, when dealing 

with x-ray and gamma photons. The 1:1 correspondence does not exist for high LET particles. 

Table 1.3 summarizes correspondence in the measurement units for gamma radiation. A rem can 
', 

be converted to Sv by dividing by 100 and a rad can be converted to a Gy by dividing by 100. 

Personnel records of cumulative dose at ORNL were kept in units of millirem (mrem). 
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V. ACUtE, HIGH DOSE EXPOSURE VERSUS CHRONIC. LOW DOSE EXPOSURE: FIDING 
11ie THEORETICAL DOSE-RESPONSE Cl JRYE 

A Non-Stochastic Processes 

The integrity of normal tissue or organs depends on the maintenance of a certain number of 

normally ~ctioning mature cells. High doses (above 0.1 Sv or 10 rem) of radiation received at 

once preferentially kill and deplete the functioning cell population (Awwad, 1990, p. 8). When this 

depletion reaches a certain level, a clinically detectable effect, such as failure of an organ, 

becomes apparent Such reactions are termed "non-stochastic" (non-random) effects. Since organ 

fail~ requires high dose levels necessary to reduce a mature cell population to a critical level, a 

threshold dose exists below which cell killing is not expressed in a clinical response. Between 

induction of radiation damage and the time of appearance of the radiation effect, the cell population 

may begin to regenerate, repair and restore tissue (Awwad, 1990, p. S). Above the appropriate 

threshold, the severity of the harm will increase with dose, reflecting the number of cells damaged 

or killed. The dose rate is usually reflected in the threshold as well, because a protracted dose will 

cause cell damage to be spread out in time, allowing for more effective repair or repopulation 

(ICRP, 1992, p. 15). The term non-stochastic is applied to this phenomenon because the large 

number of cells that are killed for the initiation of a clinical outcome are not considered random 

(ICRP, 1992, p. 15). For non-stochastic processes, both the probability of cell death and severity 

of damage increase with dose, because full repair capacity is unlikely in the range where cell killing 

predominates (Awwad, 1990, p. 8). 

B. Stochastic Processes 

Effects resulting from transformation of individual cells are called 'stochastic' effects. 

Since these effects occur in individual cells~ they are also called 'single-Cell' effects. Mutations and 

carcinogenesis are two expressions of cellular transformation that are considered single cell effects. 

The expression of single cell effects are considered to have no threshold dose, meaning that there is 
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no dose below which it can be assumed no damage will occur. The probability of a cancer resulting 

from radiation will be at least partly dependent on the number of modified cells initially created. 

since this number will influence the probability of at least one modified cell surviving (ICRP, 

1992). It is then the probability of malignancy that is related to dose, while the severity of a 

particular cancer is influenced only by the type and location of the malignant condition (ICRP, 

1992, p.l6). The process of single cell effects resulting in malignancy appears to be random, due to 

genetic and physiological variation between individuals. Thus, the process is considered 

'stochastic'. 

As the dose increases the observed effect will be a balance between mutation and 

transfonnations or cell death. Like cell killing, the biological lesion that evolves into a 

transformation may be produced by a single track or may result from the interaction of two 

'sub1esions' each produced by a single track (see Figure 1.5 and section lli.B.). Thus the 

probability of occurrence of a stoChastic effect (e.g. random mutation) can be expressed as a sum 

of a linear (aD) and quadratic term ( aOZ ). Stochastic eff!Xts are considered all or none since there 

are only two discrete severity states: effector no effect (Awwad, 1990, p. 10). Figure 1.6 gives a 

typical response curve for a stochaStic process where the frequency of effect (e.g. mutation) is 

plotted against dose. The plot has three distinct parts. At first the frequency increases linearly with 

dose, since in the low dose region the linear term predominates (aD). The second segment is more 

steep due to predominance of the quadratic term ( al)2 ). This is followed by segment three, a drop 

in frequency of mutations due to the occurrence of a significant amount of cell killing, so that the 

number of cells expressing transformation is low (Awwad, 1990, p. 16). 

This curve fits a linear-quadratic (L-Q) (aD+ aD2 ) model. The L-Q formulation has its 

origins in the 1930's when it was used to fit data for radiation induced chromosome aberrations. 

Thus the interpretation of the model is that the characteristic shape of the dose response curve 

reflects a predominance of single-track events (a single electron passing through two targets), 

which are proportional to dose at low doses and low dose rates, and of two-track events (two 

lesions from two different ionization tracks), which are proportional to the square of the dose and 
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result in a upward bending of the cancer induction curve at high doses received at high dose rates 

(NAS, 1990, p. 21). 

C. For Radiation Protection: No-Threshold at Low Doses 

According to the ICRP, cancer is the only 'stochastic' effect induced by radiation in an 

exposed individual (ICRP, 1992, p. 16). If, as seems likely, some typeS of cancer result from the 

damage originating in a single cell, there can be a real threshold in the dose-response relationship 

for those types of cancer, only if the defense mechanisms are totally successful at small doses. 

However, ICRP assumes that defense mechanisms are not totally successful at small doses. 1be 

balant:e of damage and repair in the ceU.and the existence of subsequent defense mechanisms can 

influence the shape of the dose-response relationship. 1be ICRP does not assume these factors 

result in some safe level of radiation exposure below which there is no damage occurring, i.e. there 

is no real threshold (ICRP, 1992, p. 17). That is why international committees charged with 

determining the health effects of low dose radiation assume a no-threshold approach. The 

probability of repair is not integrated into statistical models that quantify risk in human population 

studies. 

Stochastic effects are relevant to low dose radiation levels experienced by occupational 

exposure to DoE radiation workers. There are two important implications to this assumption. First, 

since stochastic effects are assumed to have no threshold, it cannot be assumed that mutagenesis 

and carcinogenesis are entirely prevented by observing dose limits recommended by the ICRP. 

Secondly, with regard to carcinogenesis, low dose exposures are considered additive. 

Experimental studies have shown that in the low dose region where the linear term predominates, 

the induction of mutation per unit dose was independent of the dose rate (Awwad, 1990, p. 11 ). 

Accordingly, the mutagenic potential of small, repeated doses between 0.05 and 0.1 Sv (5 and 10 

rem) are expected to have an additive effect, particularly if separated by a few days or more. Such 

exposures are of the same magnitude as those involved in radiodiagnostic examinations, while 

much smaller doses are delivered during occupational exposure (Awwad, 1990, p. 11). This has 
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been interpreted to mean that the overall risk of mutation is proportional to. the total dose and 

independent of whether exposures are separated in time. 

Based on experimental conditions, carcinogenesis risk tends to diminish as the dose rate is 

reduced. but the dose-response curve for the low dose region is uncertain in human populations. As 

more becomes known about the process of carcinogenesis, it is apparent that cancer may not be 

totally explicable in terms of a 'single cell effect'.liJteraction and communication between 

intercellular enzymes and proteins are likely to be involved Moreover, susceptibility to cell 

transformation differs with cell age, cell type, stage of the cell cycle, and the type of DNA damage 

rendered (Adam, 1989). Hence equal repeated doses spread over time, as occurs in many 

occupational settings, may not have equal effects. However, in the interest of worker health and 

safety, the risk of carcinogenesis is considered to be linearly related to dose, as has been shown for 

mutagenesis where small repeated doses have additive effects (Awwad, 1990, p. 13). 

Current radiation protection standards allow up to 50 mSv (5 rem) of exposure per year or 

100 mSv over 5 years. 1bere is no standard in effect for cumulative lifetime or working lifetime 

exposure in occupational settings. However, the National Commission on Radiological Protection 

in the US provides informal guidance that a worker's cumulative exposure should not exceed 10 

mSv * his/her age in years (Shapiro, 1990, p. 338). 

D. Fitting the Dose-Response Curve to Atomic Bomb Survivor Data: Why 
Choose the Litlear Excess Relative Risk Model 

Under experimental conditions and with cell lethality as the end-point, the dose-response 

relationship for low-LET is represented in Figure 1.6. In human populations the dose-response 

relationship of exposure and cancer mortality is more uncertain. For this reason, data collected 

from the survivors of the atomic bomb explosion in Japan has been fit to a variety of statistica! 

model structures to determine which best represents the observed data: (1) the linear excess relative 

risk model (ERR), (2) L-Q, and (3) purely quadratic (Q) models (Schull et al., 1990, p. 72). 

Figure 1.7 shows the shapes of dose-repsonse curves derived from in vitro studies of mutations 
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and chromosome aberration. Curve A is linear depicting the occurance of mutations in the fruit fly, 

drosophila melanogaster. Curve B depicts that chromosome aberrations are induced following a 

quadratic dose-response. Curve C sho~s that mutations arise in a linear-quadratic fashion with 

dose in neurospora. Fmally, curve D shows that mutations and cell-killing occur in Tradescania, 

reflecting a linear -quadratic dose-response with cell killing at higher doses. It is cautioned that all 

these models are merely convenient descriptors of what is observed and may have no deep . 

biological meaning for hwnans (Schull et al., 1990). Cellular and molecular events may suggest a 

' 
dose-response relationship under experimental conditions, but it does not follow that the same 

dose-response would be seen when measured in terms of case occunence or relative risk of 

mortality (Schull et al., 1990, p. 72). 

In follow-up of the Life Span Study6 of the ABS through 1985, there was some discussion 

about which model type (the linear or linear-quadratic model7) best fits exposure below 2 Sv (200 

rem), where 2 Sv is considered low exposure in the ABS cohort Table 1.4 indicates that for solid 

cancers below 2 Sv total dose, the linear and linear-quadratic models fit equally well, since the 

deviance values are similar (see column labeled 'deviance'). For leukemias the linear-quadratic 

model fits slightly better than the linear model, though not significantly so. This can be assessed by 

evaluating the column labeled 'deviance' (Shimizu et al., 1990, p. 131). Since the linear ERR 

model provides the best goodness-of-fit for solid tumors, this model has emerged as the preferred 

model to use in ~tudies of nuclear cohort workers. In analysis of Winget al. (1991), a log-linear 

model was used to fit the data. It was not viewed as incorrect to use a log-linear model, and there 

is no biological reason against this model. It was simply not a model form comparable to those 

referenced above that have been employed to analyze nuclear cohort data. 

6-rbe Life LSS of the ABS is the largest and most detailed source of human dose-response data on both 
male and female cancers (Land, 1980, p. 1200), with approximately 75,991 subjects and over 2 million 
person-years of follow-up since 1950. The exposure of interest is high energy gamma radiation released in 
large quantities at the time of explosion. 
7 Models used in recent mortality analysis of ABS cohort L: RR= 1+ PD * exp(alage ATB + a2sex); L
Q: RR= 1+ ( PID + P2D2 )* exp(alage ATB + a2sex) 
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Analysis of the ABS cohort data seems complex. Teams of physicians, epidemiologists, 

and statisticians have been studying this cohort for forty-years, first via the Atomic Bomb Casualty 

Commission and then through the Radiation Effects Research Foundation (RERf). The statistical 

models that appear in footnote 7 have evolved over the past two decades due to developments in 

statistical methodology and collection of empirical data from follow-up of the ABS cohort. 

RERF researchers prefer use of the ERR model for three primary reasons. The linear 

excess relative risk model is considered a suitable descriptor of the survival data based on tests of 

goodness-of-fit to the observed data (Schull et al., 1990). Secondly, the ERR model assumes there 

is no threshold below which radiation exposure is safe, and finally, the risk of cancer increases 

linearly with dose. 

E. Results of Recent Follow-up of Atomic Bomb Survivors 

.. 
. The most recent follow-up of the ABS cohort through 1985 shows a significant dose 

response for mortality from all malignant neoplasms, leukemia, solid cancers, cancers of the 

esophagus, stomach, colon, lung, urinary bladder, and multiple myeloma, as previously observed in 

earlier mortality follow-up of this cohort No significant increase was demonstrated for cancers of 

the rectum, gall bladder, pancreas, prostate, and malignant lymphoma, which were evaluated in 

earlier follow-up studies of the ABS. Cancers of the bone, pharynx, nose, and larynx were also 

examined for the first time in this follow-up interval but did not show a significant increase with 

dose (Shimizu et al., 1990, abstract). Mortality did not increase for brain tumors but tended to 

increase with dose insofar as central nervous system (CNS) tumors other than brain were 

concerned (0.05 < P<O.lO). There were important differences between male and female mortality 

due to smoking related deaths. 

In a recent study of cancer incidence (as opposed to mortality) in the ABS cohort, 

significant associations were found for radiation exposure and the following cancers: stomach, 

colon, lung, urinary bladder, and thyroid in males. There was no significant effect from radiation 
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exposure for cancers at the following sites: oral cavity, larynxi esophagus, rectum, pancreas, 

kidney and renal pelvis, or prostate (Thompson et al., 1994). Table 1.5 compares the excess 

relative risk estimates of mortality and incidence rates in the ABS cohort 

Based on mortality studies in the ABS, it was determined that age at time of bombing 

(ATB) and sex are important modifiers. The highest values for relative mortality risk occurred in 

survivors exposed under age.10 (Shimizu et al., 1990, p. 124). Consistent with this observation, 

those exposed to greater than 1 Gy (l Sv) who were less than 10 years of age at the time of 

bombing had a shorter interval between exposure and death compared to those exposed to < 1 Gy 

under age 10 (Shimizu et al., 1990, p. 125). This is consistent with the OCCI.lri'ence of cell death at 

high doses under experimental conditions and increased risk associated with exposure for younger 

children (<10 yrs) who have rapid cell turnover. 

Thyroid and prostate cancers were conspicuously absent as related to dose. Previous 

analysis of the cohort showed that leukemia mortality peaked within 6-8 years after bombing and 

has declined steadily. There is evidence that radiation-induced cancers appear earlier than other 

cancers of the same sites among survivors exposed prenatally or within the first 10 years of life. 

Among the adult exposed population, evidence is lacking that radiation-induced cancers appear 

earlier than other cancers. Therefore, since cancers induced by radiation are indistinguishable from 

those occurring as background mortality, the existence of excess cancer can only be inferred on 

the basis of statistical excess above background between comparable age cohorts. This excess 

appears to be present in the ABS cohort based on mortality obtained from death certificate for the 

following cancers: leukemia, colon, esophagus, lung, urinary bladder, and multiple myeloma when 

grouping both men and women. 
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F. Review of Worker Populations 

There has been considerable discussion about the appropriateness of applying 

extrapolation and lifetime risk projection procedures to populations exposed at high doses in order 

to determine estimates of mortality in worker populations and in subgroups of the general 

population. In the nuclear cohort workers, the exposure experience is very different from the the 

ABS_cohort. In the ABS cohort the exposure was acute and very high, while in the ~~ker cohorts 

exposure is over intervals of months and years and the levels are fairly low (usually less than the 

annual occupational limit for cumulative lifetime dose). lbere is still uncertainty about 

extrapolating from high doses to low-doses in order to set public health standards. Figure 1.8 

shows that the shape of the dose-response curve at low doses can take at least two forms: linear or 

linear-quadratic. The same model structures to estimate mortality risk in the ABS may be used to 

estimate risk to low-level radiation exposure. Prior to conduct of follow-up studies of nuclear 

worker cohorts, effects in the low-dose regjon were determined by statistical assumptions and data 

available from high dose exposure groups like the ABS cohorHo estimate exposures at low-doses. 

Given uncertainties with estimating low-dose risk, numerous studies have implemented a 

direct assessment of mortality risk based on cohorts of workers exposed to actual exposure levels 

of interest Some worker cohorts have been collapsed together for analysis in order to increase the 

number of person-years and deaths so that better precision of the estimated dose effect can be 

achieved. Another major objective for study of these cohorts is to evaluate the adequacy of risk 

estimates that provide the basis for radiation protection standards (Gilbert et al., 1989). This 

review is limited to worker populations that are assumed to have had exposure to low-LET 

radiation, principally X-and gamma radiation and does not address populations exposed to radon 

gas, particles emitted from radioactive decay, or populations exposed to radiation used in medical 

diagnosis and treatment 

A number of groups occupationally exposed to low dose, low-LET radiation have been 

studied in recent years. Findings from these studies have naturally been compared to risk estimates 
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obtained from study of ABS. A summary of studies conducted in worker populations exposed to 

X- and gamma radiation are found in Table 1.5. The Hanford cohort (Gilbert et al., 1993) has the 

largest number of male workers (n=31,500), followed by workers from the United Kingdom (UK) 

Atomic Energy Authority (AEA) (n=29,173) (Beral et al., 1985). The smallest worker cohort is 

ORNL with 8318 members. 

Several of the cohorts listed in Table 1.6 have been combined in order to increase 

precision and statistical power, and to understand the similarities and differences between earlier 

studies (Kendall et al., 1992; IARC, 1994; Cardis et al., 1995). Kendall et al. (1992) combined 

five groups from the UK into a registry of radiation workers (n= 87 ,522). The International 

Agency for Research on Cancer (IARC) recently published a combined analysis of worker cohorts 

in the US and UK including 95,673 workers and 2,124,256 person-years of follow-up (IARC, 

1994). The registry cohort is larger than the ABS cohort which has 75,000 men and women and 

over 2 million person-years of follow-up. In general, many of these cohorts have similar eligibility 

criteria and follow-up periods (mid-1940's through mid-1980's). although total cancer deaths and 

person-years of observation differ between each study. 

Many of these worker studies (both individual and combined analyses) follow the same 

methodology used to analyre data from the ABS. Similarities are: (1) the empirical induction 

period, (2) variables and levels of stratification, (3) statistical model to fit observed data, and (4) 

use of an internal comparison group. 

The EIP used in the ABS cohort studies are 2-years for blood cancers, since mortality 

from leukemia in this cohort peaked by the late 1950's. Cancers that occur as solid tumors have an 

induction period of 10 years or more. Because of the differing EIPs, analysis of total cancers are 

usually grouped as 'solid cancers of all types' and 'solid cancers of all types excluding leukemia'. 

In analysis of the ORNL cohort, Winget al. (1991) provide an EIP of 0, 10, and 20 years for 

solid tumors as well as leukemias. 

Secondly, many results were stratified by age, calendar year, sex, and paycode. Studies by 

Gilbert et al. (1993(a)(b)) generally stratify by both 5-year and single year intervals for age (in the 
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same analysis), as well as 5-year intervals for calendar year, number of years monitored and a 

measure of socio-economic status. Kendall et al. (1992) stratified by age and calendar year 

intervals, gender, facility, and social class. Beral et al. (1988) also stratified by agerisk and social 

class, and yearrisk singly and in seven 5-year intervals. For some analyses stratification by 

duration of employment and years since recruitment were. performed (Beral et al., 1988, p. 760). 

Beral et al. (1985) stratified by age, sex, social class, calendar year and facility but did not specify 

the intervals. Smith and Douglas (1986) stratified by agerisk and yearrisk in 5-year intervals, and 

industrial code. Gribbin et al. (1993) used agerisk, yearrisk, and length offollow-up in five year 

intervals for stratification. 

Third, many studies use a statistical model to fit the observed data that is the same as the 

model used to fit data from the ABS cohort, namely the linear ERR model (Gribbin et al., 1993; 

Kendall et al., 1992; Gilbert et al., 1989; Gilbert et al., 1993; and Smith and Douglas, 1986). This 

approach attempts to identify whether risk estimates from low dose worker exposure correspond to 

mortality risks estimated from high dose exposure, such as risk estimates obtained from the ABS. 

Table 1.5 summarizes findings reported for excess relative risk. Not all studies use the preferred 

analytic approach, but nevertheless, an estimate for excess relative risk of mortality can be 

obtained. 

Upon examination of the percent increase per 10 mSv, a strong increase in mortality risk is 

not observed when grouping all cancers. Results of this type model structure are interpreted as the 

percentage increase (or decrease) in 'excess relative risk' per 10 mSv for all cancer sites. (It should 

be noted that the relative risk of mortality per Sv is the same as the percentage risk per 10 mSv). 

Winget al. (1991) used a purely log-linear model structure. While some studies employ the linear 

ERR model structure and Winget al. employs a log-linear model, Gilbert et al. (1993) has argued 

that the two structures should yield similar results due to low exposure in the worker cohorts. 

While Gilbert et al. ( 1993) have not elaborated on the reasoning for this statement, it would be 

plausible, since divergence in estimates would occur at higher doses. 
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Assume for the sake of this review that model strucrure does not make a difference in 

mortality risk. Beral (1988) shows the highest ERR estimate from mortality for cancers of all types 

(8.1 %; 95% CI=4.0, 20.2), which deviates from mortality estimates in other worker populations. 

The trend was almost entirely confined to workers who were monitored for exposure to 

· radionuclides, the main contribution coming from lung and prostate cancers. Wing et al. (1991) 

exhibits the second highest estimates of mortality risk, a 3.27% excess relative risk per 10 mSv 

increase in exposure. Smoking has been suggested to explain the excess found in Winget al., 1991 

(Gilbert, 1992, p. 260). 

While all cancers as a group generally show no increase in mortality risk, evaluation of 

specific cancers shows much greater cancer mortality risk. In the Hanford cohort with follow-up 

through 1981 (Gilbert et al., 1989), a worker had a 55% (90% CI=14, 250) ERR of dying from 

multiple myeloma per 10 mSv increase in exposure compared to workers who were considered 

unexposed Kendall et al., 1992 reports a 6.9% (90% CI= -0.03, 46.0) increase in ERR for 

multiple myeloma, while the other worker populations previously studied demonstrate ERR 

estimates that are less than 1%. There was only one death from multiple myeloma in the ORNL 

cohort 

For leukemia, Wing (1991) and Kendall (1992) show an increase in ERR of 6.9% (no 

95% CI provided) and 4.3% (90% CI= 0.4, 13.6; lag=2), respectively, per 10 mSv increase in 

exposure. In a recent IARC study, the ERR for leukemia excluding chronic lymphoc~c leukemia 

was 2.2% per 10 mSv (90% CI=0.1, 5.7; p=O.OS)(IARC, 1994). In general, results for specific 

cancer outcomes using ERR expressed as a percentage change per 10 mSv increase in exposure are 

not consistent across studies. Given the differences in cohort size, person-years, and exposure 

levels (as well as potential for misclassification) this is not surprising. 

Analysis of observed to expected deaths with an increase in cumulative exposure using a 

test for trend reveals some similarities between studies with certain outcomes. Gilbert (1989) and 

Smith (1986) reported a statistically significant trend from multiple myeloma using a 10- and 15 

year EIP, respectively: Kendall (1992) and Smith (1986) reported a significant dose-response 
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trend for leukemia using a 2- and 15-year EIP, respectively. In summary, multiple myeloma and 

leukemia are elevated in two cohorts, Hanford and UK Radiation Workers as a group. 

G. Limitations of Existing Data 

A number of limitations can be found in the epidemiologic data from ABS srudies and 

occupational srudies. The radiation effects of human populations exposed to less than 50 mSv (5 

rem) are difficult to demonstrate and quantify primarily due to: (1) uncertainty in dosimetry, 

especially as related to early recorded doses; (2) misclassification of disease st:anJ.s on death 

certificate; (3) separating effects of external gamma radiation from effects due to chemical agents 

in the workplace; (4) making assumptions about the correct EIP for different organ sites; (5) 

absence of -incorporating mechanisms for cellular repair in estimating risk; (6) lack of ability to 

detect effect due to small sample size coupled with low exposure; (7) unknown individual 
~ 

susceptibilities such as immune status, genetic characteristics, or hormonal influences; and (8) 

difficulty differentiating cancers induced by external radiation from those that occur from other 

causes in these worker populations.\ Bias introduced by the limitations listed in one through seven 

may be distributed randomly in both the exposed and unexposed groups. However, if the healthy 

worker effect was operating in this cohort, bias could operate toward the null, underestimating 

mortality risk from exposure. 

One aspect of investigation that seems apparently absent in analysis of the ORNL cohort 

srudy is consideration of time-related factors unique to each worker. Since there is a historical 

context which dictated how many workers were hired or terminated, and their levels of exposures 

(degree of protection provided), it would seem prudent to consider these factors as covariates in 

analysis. In a combined analysis of three DoE facilities, Gilbert and colleagues (1993) note that 

mortality risk estimates at ORNL differ by subgroups and that these differences are related to age 

in a manner that is not well understood. Gilbert et al. (1993) suggest analyses addressing the 

modifying effect of factors such as age at exposure, time since exposure, calendar period of 
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exposure, age at risk. birth cohort, and calendar year at risk (p. 418). Thus, the emphasis is on 

time-related factors in the current analysis. 
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Figure 1.1 

The Electromagnetic Spectrum and Commerical .uses of Wavelengths 
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Figure 1.3 

Spatial representation of low and high LET radiation lraversing a section of the DNA helix. 

(Adapted from: Adams, 1989; In: The Biological Basis of Radiotherapy. 
GG Steel, GE Adams, and A Hotwich, editors; 1989, p. 9). 
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Figure 1.4 

Radiation mJSt pass through the nucleus 
of the cell ta cause 

mutation. cell death. cancer 

Importance of the cell nucleus as a radiation target. 

(Adapted from: Adams, 1989; In: The Biological Basis of Radiotherapy. 
GG Steel, GE Adams, and A Horwich, editors; 1989, p. 6). 
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Figure 1.5 
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A typical dose-response curve for induction of mutations (a stochastic effect). The initial part of the curve 
from 0-10 rem is dominated by the linear component of aD. The quadratic component <XD2 dominates 

between 10 and 200 rem where the curve becomes steeper (bending upward). After 200 rem cell killing is 
significant with decline of mutation induction since the number of surviving cells capable of expressing 

mutations is reduced. 

(Adapted from: Awwad HK, 1990, p. 12) 
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Figure 1.7 

Shapes of Dose-Reponse Curves from Experimental ~!tidies 
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Figure 1.8 

Dose-Response Curve for Radiation Exposure Indicating Possible 
Extrapolation Curves for Low-Dose Region 

Extrapolation Linear Region 
Region 

Inadequate 
Experimental 
Data 

GOod 
Data 

DOSE 

(Adapted from: NIH, 1979) 
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Table 1.1 

Time Domains of Radiation Action in Biological Systems 
as Related to Gamma Radiation Exposure 

Physical uage: 
I0-18 to I0-17 s 

J0-16 

JO-IS 

I0-13 
J0-12 

Chemical stage: 
I0-10 to J0-7 s 

I0-7 
J0-3 

Seconds, minutes, hours 

Cellular and tissue stages: 
Hours 

Days 

Months 

Years 

Fast particle traverses small atom or molecule 

Ionization H20 -+ H2o• + e-

Eieclronic excitation H20 -+ H20" 

Molecular vibrations and dissociation 

Rotation, relaxation and solvation of the electron in water 

Reactions of e -.q and other free radicals with solutes in radiation tracks 
and spurs 

Homogeneous distribution of free radicals 
Free-radical reactions largely complete 

Biochemical changes (enzyme reactions) 

Cell division inhibited in microorganisms and mammalian cells; 
reproductive death 

Damage to gastrointestinal tract (and ~ttal nervous system at high 
dOSC$) 

Haemopoietic death; acute damage to skin and other organs; late 
normal-tissue morbidity , 

Carcinogenesis and expression of genetic damage in offspring. 

(Adapted from: Adapls, 1989; In: The Biological Basis of Radiotherapy. 
GG Steel, GS,Adams, and A Horwich, editors; 1989, p. 2) 
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Table 1.2 

'Interconversions of Some Commonly Used Units in Radiation Research 

Radiation-physical quantities Unit Conversion to other systems 

Activity bequerel Bq (s-1) 1 curie (Ci) = 3·7 x 1010 Bq 
Absorbed dose gray Gy (J kg-1) 1 rad = 0·01 Gy 
Dose equivalent sievert Sv (J kg-1) 1 rem = 0·01 Sv 
Energy joule J (Nm) 1 eV = 1·60 X 10- 19 J 

1 cal= 4·18 r 
Power watt w (J s-1) 
Electric charge coulomb c 
Radiation-chemical yield G value (mol r 1) 1 molectJJe (100 eV)-1 A 1·036 X 10-7 mol r 1 

Exposure (C kg- 1) 1 rontgen= 2·58 x 10-4 c kg-1 
Dose rate (Gy s-1) 

(Adapted from: von Sonntag, 1987, p. 18) 
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Table 1.3 

Summary of Dosimetry Measurements for Gamma Radiation Exposure* 

Quantity: 

Absorbed Dose 

Dose Equivalent 

Units: 

100 rad= 1 Gray (Gy) 
10 rad=O.l Gy 
1 rad=O.Ol Gy 
1 rad=lOmGy 
1 millirad=l/1000 rad 

1 rad=lrem 
lOy= 1 Sievert (Sv) 
100 rem=l Sv 
10 rem=O.l Sv 
lrem=O.Ol Sv 
lrem=lOmSv 
lrem=l centiSievert (cSv) 
1rem= 1/100 Sv 
1 millirem= 1/1 OOOrem 
1000 millirem= 1 rem 

*For Gamma radiation 1 Gray x Q = 1 Seivert, where Q=l.O 
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Comment: 

'rad' means Radiation Absorbed Dose 
Absorbed dose is multiplied by a quality factor 
to produce dose equivalent. 
Quality factor (Q) for gamma radiation-is 1.0 

'rem' means Roentgen Equivalent in Man 
Dose equivalent takes into acco.unt absorbed dose 
plus effect of radiation to produce 
biologic damage. 
'rem' is recoded to Sv in current analysis 
'mrem' is recoded to 'rem' in current analysis 

'mrem' is historical unit to record dose at ORNL 



Dose 

Table 1.4 

Comparing Goodness-of-Fit between Models, 

Results of Linear (L) and Linear-Quadratic (LQ) Model-Fitting 

for Mortality in Atomic Bomb Survivors 

Model( a) Dose Coefficient Goodness-of-Fit 
0-2Sv betal beta2 deviance df 

Solid Cancers 

L 2.79 na(b) 917.5 1005 

LQ 2.42 0.00042 917.3 1004 

Leukemias 

L 16.27 na 396.8 1005 
LQ 8.16 0.0084 394.5 1004 

(a) see foonote 7: linear model (L) is RR = 1 + b1D*exp(alageATB + a2sex) 

linear quadratic (L-Q) model is RR = 1 + (blD + b2D2) * exp(a1ageA TB + a2sex). 

'ageATB' means age at time of bombing. 

(b) 'na' means 'b2' term is not applicable and not in model. 
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Table 1.5 

Comparison of Atomic Bomb Survivor's (ABS) Cancer Incidence and 
Mortality Risk Estimates with Other Radiation Exposed Populations* 

ABS(a) ABS (b) 

Incidence Mortality 
Cancer ERR/Sv ERR/Sv 
Site 95%CI 90%CI 
Oral cavity -0.09-0.93 NR 

Salivary gland 0.15-6.04 NR 

Esophagus -0.21-1.04 0.13-1.24 
Stomach 0.16-0.50 0.14-0.43 
Colon 0.29-1.28 0.39-1.45 

Rectum -0.17-0.75 NE-0.27 
Liver 0.16-0.92 -0.13-0.70 
Gallbladder -0.27-0.72 -0.02-0.96 

. Pancreas -0.25-0.82 NE-0.23 
Lung 0.60-1.36 0.25-0.72 
Nonmelanoma skin 0.41-1.89 NE-2.47. 
Breast 1.09-2.19 1.56-3.09 
Uterus < -0.29-0.10 0.01-0.50 
Ovary 0.12-2.34 0.37-2.86 
Prostate -0.21-1.16 NE-0.73 
Bladder 0.27-2.08 0.40-2.28 
Nervous system < -0.23-1.27 NR 

Thyroid 0.48-2.14 NR 
Total Solid tumor 0.52-0.74 0.23-0.36 

* Adapted from Thompson et al., 1994, p. S30 
NR= not reported; NE= not estimable 
(a) Thompson et al., 1994, p. S30 
(b) Shimizu et al., 1990 

Other Studies 
RR= 1.7 for exposed cervical cancer patients 
Increased risk in patients receiving head and neck radiotherapy or dental X-rays 
Increased risk in spondylitis patients 
Increased risk in peptic ulcer patients 
Increased risk in some studies of women with benign gynecological 

disorders and ovarian cancer patients 
Notincreased in most major studies 
Large excess risk after thorotrast exposure 
Not increased in most major studies 
Not increased in most major studies 
Increased in cervical cancer patients, spondylitis patients and uranium miners 
Increased in children receiving head and neck radiotherapy 
Increased risk in most studies 
Not increased in most major studies 
Increased risk in some studies of women with benign gynecological disorders 
Not increased in most studies 
Increased risk in most studies of women treated with large doses of pelvic radiation 
Increased risk in most studies of irradiated children 
Increased risk in most studies of external radiation in childhood 
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Table 1.6: Occupational Cohort Studies of Workers Monitored for External Radiation 

End of Number Number Mean Number Number Percent (a) 
Study Site Operation Eligibility Follow-up Enrolled Monitored Dose Cancer Person· Increase 

(m)ale/(t)emale (mSv) Deaths Years PerlOmSv 
OakRidge Reactor research, 
National Lab Plutonium 1943-1972 1977 8,375 m 6,213(c) 17.3 194 164,004 0.1G) 
(Ch85) Production 
OakRidge Reactor research, 3.27 
National Lab Plutonium 1943-1972 1984 8,318 m 6,189(c) 17.3 346 215,680 1.26, 5.28 
(\\'i91) Production Ji) 
Hanford Site Reactor research 1944-1978 1981 31,500m 36,235 NA 1603 413,394 -0.4 
I(Gi89) and development 12,600f (b)(c) -1.9,1.6 
Hanford Site Reactor research 1944-1978 1985 31,486 m 32,643 26.2 2195 633,511 -0.15 
ICGi93) and development 12,668 f (b)(c) <0,1.0 
UK Atomic Reactor research 21,173 m I 

Energy Authority and development 1946-1979 1979 10,373 f 20,382(d) 32.4 (g) 827 638,834 1.25 
(AEA)(Be85) 
British Nuclear Plutonium pro- 11,402 m 1.7 
Fuels, UK duction, fuel 1947-1975 1983 2,598 f 10,157(d) 124(e) 572 303,547 -3.0, 7.0 
(Sm86) reprocessing .. (h) 
UK Atomic Atomic weapons 
Weapons defense 1951-1982 1982 17,178 m · 9,389(d) 7.8(g) 865 145,715 8.1 
Establishment research 5,374 f -4.0, 20.2 
t A WE)(Be88) 
UK National Combination 
Registry of , nuclear energy, variable 1988 87,522 m 36,272(b) 33.6 1,828 NA 0.47 
Radiation defense research 7,695'f (g) -0.12, 1.2 
Workers (Ke92) (l) 

Atomic Energy Reactor research 0.36 
of Canada, Ltd. non-defense 1956-1980 1985 8,977m 4,260 15 227 157,101 -0.46, 2.45 
ICAECL)(Gr93) ' 
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... - .... -~ - W ~ - ~RR ______ -

End of Number Number Mean Number 
Study Site Operation Eligibility Follow-up Enrolled Monitored Dose Cancer 

(m)ale/(l)emale (mSv) Deaths 
81,745 m 

IARC(Ca95)(k) Combination variable variable 13,928 f 95,673. 40.2 3,976 

Notes to Table 1.5: Occupational Cohort Studies of Workers Monitored for External Radiation 

(a) Percent increase in all cancer mortality per 10 mSv increase in external penetrating dose 
using an internal comparison groups and various EIP assumptions; 
95% Confidence Intervals where provided by the authors. 
(b) number of workers monitored for external radiation for 6 months or more; 
(c)cannot separate those unmonitored from those monitored with zero dose. 
(d) workers with a radiation record. 
(e) demonminator includes only exposed workers 
(f) letter 'f omitted so not to confuse with 'f for female. 
(g) includes neutron exposure 
(h) Based on national mortality rates; no internal comparison group 
(i) calculated as cited in Gribbin et al., 1993 
G) Confidence Interval and standard error not provided. 
(k) Seven cohorts in the !ARC combined analysis include: Hanford, Rocky Flats, ORNL 
Sellafield Plant of British Nuclear Fuels, UK Atomic Energy Authority, 
UK Atomic Weapons Establishment, and Atomic Energy of Canada, Ltd. 
(1) 90% Confidence Interval 
NA= not available 
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Number Percent (a) 
Person· Increase 
Years Per lOmSv 

-0.02 
2,124,526 -0.34, 0.35) 
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CHAPTER2 

DESCRIPTION OF THE OAK RIDGE COHORT 

I. BACKGROJJNO AND HISTORY OF OAK RIDGE NATIONAL LABQRAIQRY 

A. Motivation for ORNL Construction 

The drama of the. World War II era invites one to gain an appreciation of the context of 

ORNL in 1943. In 1939 two German chemists discovered nuclear fission in uranium (U), opening 

the way for production of weapons of mass destruction (Johnson and Schaffer, 1994, p. 7). 

Subsequently, US government activity in nuclear weapons research began in 1939. At Columbia 

University, in March 1940, it was demonstrated that fission occurs more readily in the isotope U-

235 than in U-238, but only in 1 out of 140 U atoms was the 235 isotope present. Using cyclotrons 

at the University of California, Berkeley (UCB) in 1940, Edwin McMillian and Philip Abelson 

discovered the first transuranium element, number 93 on the Periodic Table. They named it 

Neptunium. A year later Glenn Seaborg and colleagues, also at UCB, discovered eleiJlent 94 (the 
' 

decay product of the newly synthesized number 93) naming it plutonium <Pu) (in the planetary 

sequence Uranus, Neptune, Pluto), and demonstrated its fissionability (Johnson and Schaffer, 

1994, p. 9). 

The implications of this were that the less common U-235 could be separated from the 

more common U-238 for weapons use, and U-238 could be bombarded with neutrons- in a nuclear 

reactor- to produce plutonium (Pu) that could be chemically extracted for weapons production. Pu 

is chiefly an alpha emitter. Massive and highly charged, alpha particles present little threat outside 

the body; even a sheet of paper will block them. However, inside the body Pu deposits in the bone. 
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B. ORNL Within the Oak Ridge Reservation Complex 

Shortly after the Japanese attack on Pearl Harbor on December 7, 1941, century-old 

family farms and cross-road communities in rural Tennessee became the Oak Ridge reservation. In 

early 1942, the Army Corp of Engineers identified a fifty-nine thousand-acre swatch ofland in 

eastern Tennessee between Black Oak Ridge to the north, the Clinch River to the south, and 25-

miles west of Knoxville, 1N to serve as one of the three sites nationwide for development of pilot-

testing facilities for the production and separation of Pu to produce the atomic bomb (Figure 2.1). 

President Roosevelt had assigned the US Army responsibility for managing plant construction for 

the separation of U and Pu. · 

Back in California, by mid-1942, Glenn Seaborg's chemical research group had developed 

a process to separate micrograms of Pu from U irradiated in cyclotrons. Producing sufficient 
.. 

amounts of Pu necessitated construction of large reactors that operated at high power levels, thus 

releasing a great deal of heat and radiation (Johnson and Schaffer, 1994, p. 14). 

111ousands of scientists, engineers, and workers swanned into Oak Ridge, TN to build and 

operate three huge facilities that would change the history of the world forever (Johnson and 

Schaffer, 1994, p.2). On the reservation's western edge rose K-25, the gaseous diffusion plant 

1be purpose of K-25 was to separate U-235 from U-238 using a gaseous diffusion process. U-235 

is an isotope suited for achieving continuous nuclear fission. On its northern borders, near the town 

of Oak Ridge, theY -12 plant used an electromagnetic method to separate U-235 from U-238. 

Near the reservation's ,southwest comer, about 10 miles from Y -12, the third plant, X -10, was 

located (Johnson and Schaffer, 1994, p.3). Workers fromX-10, a code name for the OakRidge 

National Laboratory, are the subject of this cohort analysis. 

Built between February 1, 1943 and November 1943, X-10 was much smaller than K-25 

or Y -12. As a pilot plant for the larger Pu plant built at Hanford, Washington, X -10 used neutrons 

emitted in the fission ofU-235 to convert U-238 into Pu-239. Originally, X-10 was referred to as 
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Ointon Laboratories. named after a nearby county seat In 1948 Qinton Laboratories was 

renamed Oak Ridge National Laboratory (ORNL).just one facility in the Oak Ridge reservation 

(Johnson and Schaffer. 1994. p. 5). 

To speed up construction during the war effort, in January 1943. DuPont was contracted 

to build and operate ORNL and the full scale reactors to be built later at Hanford. In March 1943. 

construction began on th~_six hot cells composed of thick concrete walls, for Pu and fission- ... 

product separation. Because DuPont was also constructing Y -12 and K-25 plants, there was. some 

difficulty recruiting enough workers to each of the facilities. Just at the X -10 plant. during the 

summer of 1943. about 3,000 workers completed 150 buildings at a cost of $12 million dollars 

using 4,500 gallons of paint and 30,000 cubic yards of concrete among other materials (Johnson 

and Schaffer, 1994, p.19). Warti~e employment leveled off at 1.513 in 1944. Some workers were 

DuPont personnel relocated from DuPont ordinance plants across the US. 

By October 31, 1943, the industrial-scale graphite reactor at ORNL was completed. 

Thousands of U slugs were inserted into the reactor. 1be sequence involved loading a ton or two 

of U, withdrawing control rods to measure the increase in neutron flux. reinserting the rods into the 

reactor, loading another batch of U, then stopping again to assess the neutron activity levels, each 

time attempting to estimate when the reactor would achieve a self-sustaining chain reaction. Some 

30 tons of aluminum-coated U slugs were continually added to the reactor until fission occurred, a 

process that took less than 24 hours. Near the end of November 1943, the graphite reactor at 

ORNL discharged the first U slugs for chemical separation. By the end of 1943. chemists had 

extracted 154 milligrams ofPu from the slugs. Subsequent production was made more efficient so 

that 90% of the Pu in the slugs was recovered and shipped to Los Alamos, NM (Johnson and 

Schaffer, 1994 p. 23). 1be major exposures were to high energy gamma radiation and some 

neutrons. The graphite reactor eventually provided an abundant supply of neutrons for physics 

research, and produced radioactive isotopes for medicine. 
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C. Reactor Research 

By early 1945, when Pu separation ceased at X -10, the graphite reactor had produced a 

total of 326.4 grams ofPu. One month before the bomb was dropped in 1945, Monsanto became 

the contractor operating the ORNL, replacing DuPont After the war the Army transferred 

governinent oversight and management of the national laboratories to the Atomic Energy 

Commission (AEC) (Johnson and Schaffer, 1994, p.29). In late 1947 operation of ORNL was 

transferred to Union Carbide (Johnson and Schaffer, p.54). In order to diversify and strengthen 

ORNL's research efforts, the Y-12 Research Division was merged with ORNL in February 1950. 

In the early 1950's, metal experts were employed to design ways to fabricate reactor components 

to withstand high temperature and radiation stress (Johnson and Schaffer, p. 37). By 1952 ORNL 

had three reactors operating, two nearing completion and several others in various stages of 

planning (Johnson and Schaffer, p. 75): New reactor types were designed, such as a high neutron 

flux reactor. The proto-type reactors built at ORNL served as the proto-type for light-water 

reactors that would propel naval craft and generate commercial power (Johnson and Schaffer, p. 

33). For example, planes were anticipated to fly 12,000 miles at 4$0 miles per hour without 

refueling (Johnson and Schaffer, p.60). Nuclear reactor development reached a pinnacle in 1956 

and began a slow descent in 1957 with cancellation of the Na\ry's aircraft reactor program. 

After successful completion of the first aqueous homogeneous reactor in 1954, ORNL had 

troubles with its second experimental homogeneous reactor, which was the site of an accident in 

1956. The reactor was intended to convert thorium into U-233 to supplement a dwindling supply of 

U-235 (Johnson and Schaffer, 1994 p. 98). By 1953, laboratory personnel numbered more than 

3,600, which was more than double the wartime peak. In 1956 the ORNL staff reached 4,369. 

With the aircraft reactor cancellation in 1957 (Johnson and Schaffer, 1944, p.76), staffing was cut 

to 3,943. The 1957 reduction would have been deeper if the laboratory had not absorbed some 

people into the molten-salt reactor, gas-cooled reactor, and Sherwood fusion programs (Johnson 

and Schaffer, 1944, p. 96). 
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D. Other Research Activities During the 1950's 

Accelerator research also began to isolate sub-atomic particles and research heavy particle 

reactions involving protons. This was the era of hydrogen bomb development (Johnson and 

Schaffer, 1994, p. 68). A cyclotron became operational in 1952 to study if a hydrogen bomb 

would ignite nitrogen in the atmosphere. Efforts were also underway to construct a plant to 

reprocess nuclear fuel using a solvent-extraction process, eventually the standard model worldwide 

for reprocessing spent nuclear fuel (Johnson and Schaffer, 1994, p. 33). Recovery, separation, and 

extraction - the primary components of fuel purification of U and Pu - were big business at ORNL 

during the 1950's, which included the technology to recover U from waste tanks. 

Radioisotopes produced by the graphic reactor for biological and industrial research 

became the most publicized activity of the Lab in the post-war era. Today radioactive isotopes for 

medical diagnosis and therapy are still produced at ORNL. Health physics and genetic research 

activities related to radiation damage expanded or began in the post-war era (Johnson and Schaffer, 

1994, p. 73). 

·~ 
E. Research Activities During the 1960's 

In the 1960's the laboratory became involved in nuclear-powered studies for the national 

space program. even though nuclear-powered transpOrtation research essentially ended when the 

Navy canceled its contract in 1957. 

By the 1960's, ORNL broadened its scope beyond nuclear reactor and fission research into 

environmental restoration, disposal of radioactive material and information science, a desalination 

project and studies of radioactivity on ecology, soil, and water. In 1967 small plots ofland at the 

laboratory were intentionally treated with cesium-137, to observe the environmental effects of 

weapons fallout The grounds on which the cesium was released are still contaminated today 

(Johnson and Schaffer, 1994, p. 117). By the late 1960's the Biology Division had become the 

largest division at ORNL employing 450 people. 
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During this era, X-1 0 became the premier place for separating and producing transuranic 

elements (Johnson and Schaffer, 1994, p. 129). In 1965 a new transuranium.reactor was completed 

at X-10 to produce elements heavier than U at the open end of the Periodic Table (Johnson and 

Schaffer, 1994, p.131). This reactor replaced the high-flux isotope reactor which had produced 

isotopes for medical use and industry research for 25 years (Johnson and Schaffer, 1994, p. 132). 

F. ORNL in the 1970's, 1980's and 1990s 

During the 1970's and 1980's, ORNL continued to expand research in the area of life 

sciences and environmental toxicology. Methods for reclaiming contaminattxl land were being 

developed. In the 1980's mathematics and comput:ec science became another area of importance for 

research and application. 

Currently, Martin-Marietta is the operating contractor at ORNL. ORNL still produces 

radioisotopes for medical use. A large ~ch effort is underway to restore the environment 

around ORNL and safely dispose of radioactive waste and oth~ hazardous materials. ORNL also 

has been active in the Human Genome Initiative to sequence human DNA Finally, ORNL has been 

'active in developing new and stronger mat:eri¢s for use in industry, defense, and space exploration. 

In short, ORNL continues to build on its old strengths to undertake large scale, complicated 

projects that address broad national concern. 
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IT. MEASUREMENT AND SUMMARY OF RADIATION DATA AT ORNL 

A Dose Aggregation: Inclusion. Exclusion, and Summarization 

1be primary exposures in the ORNL (X-10) cohort were from gamma radiation emitted 

from the decay of U released in the reactor and some to the atmosphere during the fission process4 

Radiation records were first reviewed and SUIDlJl3Iized for a human health study of the worker 

population in 1964, hereafter called the Mancuso study (Mancuso, AEC Contract No. At-(30-1)-

3394). Radiation data were accumulated for persons who were employees of ORNL as determined 

from payroll number assignments. Two types of dose data were excluded: (1) dose data for non

ORNL employees, and (2) dose data for ORNL employees who were not on the ORNL payroll 

(Hart, 1966, p. 1 ). It is unknown how many exclusions there are based on these criteria. 1be 

absence of monitoring data in a personnel folder during the time when the employee was on the 

ORNL payroll was construed to mean that the individual was not monitored .and that he was not .. 

subject to radiation exposure. Before 1951, only employees working in areas where exposure was 

known to occur were monitored. 

Individual daily or weekly readings taken from a card file were summarized on an adding, 

machine into an annual total for each worker. Mancuso first summarized these annual totals on an 

"External Radiation Dose Summary Worksheet", hereafter referred to as the Mancuso worksheet, 

as part of the DoE health effects program. 1he worksheet included (a) the badge number assigned 

to the employee, (b) the initials and the name of the person monitored, (c) dates of hire and 

termination, (d) dose data summarized for each year monitored in terms of a "superficial dose" 

(DS) and a "whole body" dose (DC). Dose data collected after 1960 were not aggregated and 

manually recorded on the Mancuso worksheet, but summarized by computer. 

4 Discussion of dosimetry does not include two other sites at the Oak Ridge reservation, K-25 or Y-12, 
since both bad different types of exposures and dates for start of monitoring than X-10. 
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Instruments for dosimetry changed several times between 1943 and 1975 when the 

thennoluminescent dosimeter (ILD) was introduced. The next sections summarize dosimetry 

practices at ORNL. 

B. Data for theY ear 1943: Pocket-Chamber 

Recording of monitoring data during 1943 began in October and ended on December 25, 

1943. The only meter issued (or available in sizable quantities) during 1943 was a pencil-type 

ionization chamber, also called a pocket meter (PC). PCs were read and recorded daily and issued 

in sets of two for each worker. Two were issued since the PC required an electrical charge to work. 

had to be read from a separate device and was sensitive to shock and moisture (Hacker, 1987, p. 

36). The PC was calibrated with a radium (Ra) gamma source and had a range of 0 to 200 mrad 

or 2 mSv (0.2 rem). readable in increments of 5 mrad. Threshold sensitivity on the early ionization 

chamber was not available, but could be compared to a later model, where specifications were 

known. The later Model352 was known to be sensitive to beta radiation above 1 MeV. Gamma 

radiation between 0.08 and 0.2 MeV could be detected with about 10% error. Above 0.2 MeV the 

device measured gamttJ.a radiation of mixed energies equally well and would not differentiate 

between beta radiation above 1 MeV and/or gamma radiation (Hart. 1966, p. 4). 

Where PC entries were the basis for a value appearing in the yearly total, the lower 

reading was considered the more significant reading and it was the~ reading in a pair that was 

computed in the dose. In a book about the history of radiation protection, Hacker (1987, p. 36) 

stated that personnel in the health division at ORNL considered the lower reading as correct "since 

all errors increased apparent exposure." The PC was prone to error in readings because it was 

sensitive to moisn.rre and shock required electrical charging (Hacker, 1987. p. 36). Where off-scale 

readings (high exposure scale) were recorded, the off-scale entry was incorporated in the 

computation of dose only when an estimated dose could be derived from explanatory memoranda . 
included in a worker's file (Hart. 1966, p. 4 ). In all other case::;, the off-scale readings was assumed 
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to represent a "bogus" reading (Hart. 1966, p. 4). Hart does not say what exposure value was 

assigned if the dose could not be estimated 

C. Data for the Years 1944 Through 1960 

The pocket chamber meter was used the first half of 1944. Then a film badge was 

introduced in the second half of 1944. Metering data recorded for the period beginning June 26, 

1944 are based primarily on film meter data and recorded, not on a worker's individual worksheet 

but on a 'Kardex Card'. Memoranda found in worker's file and/or supplemental metering data were 

utilized where applicable in evaluating or computing the dose. Film badges were evaluated weekly 

June 1944 until July 1956, when quarterly readings were initiated. 

It was believed that the PC readings were more reliable than the film badge before June 

25, 1944, although the film meter was first issued about May 1, 1944. The film meter issued after 

about May 1, 1944 consisted of a case film packet allowing two density readings, a 'window' 

reading and a 'shield' reading. Uke the PC, the film meter involved calibration for detection of 

gamma radiation. 

Kardex cards utilized through the year 1946 had a "G" column and a "B" column. The "G" 

dose value represented gamma radiation and the "B" column on the Kardex card represented beta 

radiation exposure. In the early 1960's when Mancuso summarized individual data from the 

Kardex cards, two doses were calculated: (1) a whole body dose, also called DC dose, obtained 

from column "G", and (2) a superficial dose, also called DS dose, which was obtained from the 

Kardex cards by adding the two columns "G" and "B" together. 

For the years 1945-46, the primary source of data were the film meter; PC data were 

utilized only to supplement the film badge data. Beginning with the first week and extending up 

through the eighth week of 1947 which ended on February 23, the gamma and beta radiation were 

recorded together. ~eginning with the ninth week of 1947, the uranium was also recorded in the DS 
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column with gamma and beta radiation. For the year 1948, n.o significant changes occurred in 

dosimetric technique. 

Not only did the exposures of interest change over time at ORNL, but changes in the 

dosimeters occurred as well. Changes in meter devices occurred between 1949 and 1960. From 

1944 though the first half of 1956, dose data were summarized from worksheets onto Kardex 

Cards. Beginning with the second half of 1956, data were derived directly from Kardex Cards 

without an intermediate summary step (Hart, 19~6, p. 6). Dose evaluation techniques were 

modified from time to time during the 1949-1960 period in order to keep abreast of improvements 

in dosimetry technology and changes in maximum permissible dose concepts as reported by the 

National Commission on Radiation Protection (NCRP). Techniques utilized in deriving the OC 

(alternatively designated as "penetrating dose", whole body dose or critical organ dose) remained 

relatively unchanged; however significant modifications began taking place starting in 1951 which 

affected calculation of the superficial dose. 

Beginning with the second half of 1951, an adjustment in reading was made to account for 

gamma exposure that may have been double counted. This adjustment usually resulted in causing 

dose to be adjusted downward Beginning oo or about November 26, 1951, all workers were issued 

steel badge meters with their pictures on the outside of the badge. This was a major policy change 

since before that time only employees working in areas where exposure was known to have 

occurred were monitored. In late 1951, all employees entering the main ORNL area were required 

to carry a film meter whether or not they had general access to designated radiation exposure zones 

(Hart, 1966, p. 7). This means that prior to 1951 monitoring was only required for workers 

entering designated areas where the potential for exposure was presumed to exist (Checkoway et 

al., 1983). 

Beginning on or about September 24, 1953, a plastic film badge meter containing four 

filters was introduced, which replaced the single-filter stainless steel version. The four filters 

(plastic, copper, lead, and cadmium) were utilized for the purpose of determining depth dose 

measurements as suggested by the NCRP. No serious attempt was made to utilize the full capacity 
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of the multi-filter badge until the beginning of the second half of 1956. The historical documents do 

not explain why _the capability of this type badge was underutilized. Starting in July 1956 through 

1960 four depth dose measurements were presumably obtained: (1) a skin dose (Ds -note this is 

different from DS), (2) a moderately penetrating dose (Dm - which is recorded as DS on the 

Mancuso worksheet), (3) a eye lens dose, and (4) a penetrating dose (Dp). The moderately 

penetrating dose (Dm) was the nearest measurement to the DS superficial dose. The DS dose 

previously discussed is composed of both gamma and beta radiation exposures. Thus the Dm 

moderately penetrating dose measure appears on the Mancuso worksheet for the above designated 

period of time, 1956-1960. The penetrating dose (Dp) value corresponds to the whole body dose, 

DC value (Hart, 1966, p. 7). 

Beginning in 1961 only two depth dose measurements were made routinely from badge 

meter data. These included the skin dose designated as Ds and the critical organ dose designated as 

De. The film was incapable of absorbing low energy radiation below 80 mglcm2. The Ds and De 

recorded for the 1961-1964 period of time is, respectively, the DS moderately, penetrating dose, 

and the DC whole body dose, reported to Mancuso. It is believed that the Ds value recorded during 

the 1961-1964 era is closest to a true estimate of the superficial dose concept than any ot:J:ier data 

examined in the survey conducted in 1966 (Hart, 1966, p. 8). 

Film badges were used until 1975 at which time the thennoluminescent (lLDs) 

dosimeters were introduced. The previous discussion is important because the dosimetry 

information from early years of plant operation as summarized for the Mancuso study serve as the 

estimates for "external penetrating gamma radiation" in the 1984 X-10 analysis. The original 

entries for individual weekly readings were summed manually on an adding machine into a single 

annual number-- the annual dose. Quarterly readings were handled the same way after 1955. The 

Mancuso worksheets were double checked if the DC on card or machine tape was greater than 5 

mSv (0.5 rem) (Hart, 1966, p. 10). Data have been updated subsequently from personnel files and 

used in analysis of the ORNL cohort 
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The major limitation of these data is that exposure below the level of detection for the film 

meter were common. Since the level of detection for film badge was 0.0030 Sv (30 mrem), and the 

film was read weekly. then over the course of 1 year, a worker could conceivably receive up to 

105 mSv (15 rems) per year of exposure that would go unrecorded. In general, if exposure 

occurred below the level of detection, then '0' dose was recorded. Those with a true zero exposure 

were also recorded as zero. 

Since some workers wore both PC ~film badge for a short period during early 1944, a 

study was conducted to validate and quantify the amount of exposure misclassification (Tankersley 

et al., I. Appl. Occup. Hygiene. in press). Based on computer simulation using pocket-chamber 

readings and film badges, Tankersley et al. (in press) found that significant doses of exposure may 

have been unrecorded. Authors found that as the recorded mean exposure increased, so did the 

amount of potentially missed dose. If exposure was underestimated proportionally between 

deceased and alive, then the true measure of association would be expected to be less than 

observed. If exposure underestimation was greater in the deceased than those still alive, then the 

measure of association would be underestimated . 

. 61 



IlL RESIIT..TS fROM PREVIOUS FOLLOW-UP STUDIES OF THE ORNL COHORT 

1bis section summarizes three studies that have been conducted using data from ORNL. 

A. Dissertation of Naima AK.. Abd Elghany 

The purpoSe of this study was to determine if there was excess cancer mortality in the 

ORNL cohort using a nested case-control design with follow-up from 1943 through 1977. ~ 

were 423 cancer deaths and 846 matched controls, some of whom were still alive. Two controls 

were frequency matched for race, year of birth, and year of first employment Exposure and job 

categories were summarized. Univariate analysiS and logistic regression were performed. Results 

showed odds ratios ranging from 1.03 to 1.50, for continuous versus categorical dose groupings, 

respectively. It was found that a significantly higher proportion of cases worked in maintenance, 

construction and welding, but there was no association between working in these jobs and cancer 

from radiation exposure. There was no support in the data for the hypothesis that long employment 

in jobs with high potential for chemical exposure was related to cancer risk (Elghany, 1983, p. 

180). 

Smoking prevalence was estimated in the cases and controls from pre-employment 

physical exams, but smoking was not related to cancer mortality (OR=0.48, 95% CI=0.2, 1.16) 

when exposure (>0 and 0) and smoking (yes/no) were treated as dichotomous. Seventy-nine percent 

of the cases or controls smoked compared to non-smokers in a sample of 224 male workers. A 

higher proportion of cases smoked (86.2%) than controls (77 .4%) based on reporting at first 

employment physical exams. 

Certain subgroups encountered higher cancer mortality than others. Result of univariate 

analysis showed that the cancer mortality was statistically significantly higher among workers with 

the following characteristics: 

older than age 39 when first hired, 

terminated employment after age 4 7, but before 1960, 
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died later than 1960, and 

older than age 66 at death. 

An elevated odds ratio for mortality was found among individuals who were DQt monitored 

for internal radiation. Monitoring for internal radiation exposure was not instituted until 1951 and 

after 1951, only for workers with potential for radionuclide exposure. Those not monitored for 

internal radiation were either first employed before 1951, or after 1951 worked in areas presumed 

*not* to have exposure potential to internal radionuclides. The author did not stratify before and 

after 1951 to compare if there is a difference in mortality for workers not monitored for internal 

radiation. These results suggest (1) that radionuclides were an important source of exposure prior 

to 1951, and (2) that after 1951 exposure to radionuclides was more widespread than believed at 

the time, or workers were in areas where they should not have been without being monitored 

1be data suggested an increased mortality risk for those hired older than age 39, implying .. 

that the older the age at first exposure, the higher the susceptibility to radiation related cancers. 

The influence of exposures prior to employment at ORNL may have caused sufficient changes to 

initiate the carcinogenic process that could be promoted by exposure to radiation and other 

carcinogens at ORNL. Of course, older age also puts one at increased risk for cancer, since 

background cancer risk increases independent of exposure. Excess deaths among the older age 

group (70-79) suggest that a long latency period for cancer development was in effect (Elghany, 

1983, p. 185). The results suggested that those hired early in the plant operations who were older 

when hired, but who lived long enough to develop cancer, and these were the high risk group 

(Elghany, 1983, p. 185). The empirical induction period (EPI) for most cancers was more than 20 

years since first hired (Elghany, 1983, p. 187). The analysis supports the observation that 

exposure during the WWII era was more harmful than after 1946, when radiation safety practices 

improved. A slight dose-response gradient was found for increasing cancer mortality risk with 

increasing radiation dose levels (Elghany, 1983, p. 187). Using stepwise logistic regression, the 
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best fitting model included only 3 variables: year of hire, age at hire, and number of years since 

first hired (Elghany, 1983, p. 169) using categorical data. 

B. Checkoway et al., 1985 

The first retrospective cohort study of the ORNL cohort to be published in a peer-reviewed 

journal was Checlroway et al., 1985. All white males (n=8375) hired between 1943 and 1972 who 

worked more than 30 days were eligible for inclusion. At the end of follow-up in 1977, there were 

a tota1966 deaths, of which 194 were cancer. The cohort contributed 164,004 person-years of 

observation. The study methods included an internal comparison group and an EIP. There was no 

gradient of cause specific-mortality identified, but leukemia was elevated in engineering 

(SRR=2.4) and maintenance workers (SRR=3.12). 

C. Winget al., 1991 

This study included added seven additional years of follow-up to Checkoway et al. 

(1985). There were 580 additional deaths in the ORNL cohort between 1977 and 1984. 

Thus, with follow-up through 1984 there were 1524 total deaths and 346 immediate 

causes of cancer death and 34 contributory causes, including 215,680 person-years of 

follow-up. After accounting for age, birth cohort, paycode, and worker status, external 

radiation with a 20 year empirical induction period was related to all cause death (2.68% 

increase per 10 mSv) primarily due to an association with cancer mortality (4.95% per 

mSv). Cumulative dose was related to lung cancer with a 10-year empirical induction 

period (p=0.02), but not a 20 year lag (p=0.08). Finding of the ORNL follow-up through 

1984 were much grea~r that dose estimated from other nuclear cohort studies of follow

up of the atomic bomb survivors. Re-analysis of the ORNL cohort data was the subject of 

this dissertation. 
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D. Winget al., 1993 

After publication of Wing et al., 1991, a second analysis of the cohort appeared in 1993 

which addressed aiticisms of the initial Wing et al. paper. Criticisms of the 1991 publication 

included absence of stratification by job category and other potential chemical and metal exposures 

in the analysis. Using the same cohort eligibility and follow-up period as Winget al., 1991, this 
• 

historical cohort study produced maximum likelihood estimates using Poisson regression 

techniques with an internal comparison group. Radiation exposure was associated with increases in 

the ratio of observed to expected deaths for radioisotope production and chemical operations, but 

not in physics, engineering or unknown jobs (Winget al., p. 271). Overall, Winget al. concluded 

that removing potential confounding of job categories and chemical exposures did not reduce the 

estimated risk of all-cancer mortality from radiation exposure as the findings in the Wing et al., 

1993 were similar to Wing et al., 1991. There were differences in the covariates and interaction 

terms used in the two studies and only all-cancer mortality was used as the outcome. No other 

cancer groups were evaluated. 
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Figure 2.1 

Map of the Oak Ridge Reservation Showing Locations ofK-25, Y-12, and X-10 (ORNL) facilities. 

(Adapted fr.em: Johnson and Schaffer, 1994, p. 4) 
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CHAPTER3 

METHODS 

I. DESCRffiiNG THE SECONDARY DATASET: WING EI AL, 1991 

A Data Acquisition Through DoE 

Data for this dissertation were obtained through the Department of Energy's (DoE) 

. Comprehensive Epidemiologic Data Resource (CEDR), an archive of public data compiled from 

studies conducted to evaluate the mortality experience of DoE contract workers at the National 

Laboratories. Researchers at the University of Chapel Hill School of Public Health (UNC-SPH) 

created the data tape used for this analysis. These analytic data files are stored at Lawrence 

Berkeley National Laboratory (LBNL) which maintains the CEDR database for DoE (DoE/EH-

0339, August 1993). 

The DoE requires that users of data acquired through CEDR receive a version of the data 

that ensures confidentiality of\all workers. Therefore, variables that could potentially identify an 

individual worker have been rounded as follows: 

birthdate -- July 1st of year of birth; 
hiredate -- 15th day of month hired; 
termdate -- 15th day of month employment terminated; 
date of last observation- July 1st of year last observed in follow-up; and 
date of death-- July 1st of year of death. 

B. Person -Years Calculation 

The total number of person-years reported by Winget al. (1991) was 215,680 (Steve 

Wing, personal communication). The method of Wing et al. did not ·calculate exact person-years 

(Pearce and Checkoway, 1987). Use ofCEDR data required rounding of certain dates. Rounding 

dates of entry and exit in the cohort modestly affected the estimated number of person-years 
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(Table 3.1, in text), Rounded date of hire and date of last observation used in calculating follow-

up time for this dissertation resulted in a loss of 1,819 person-years, with 213,861 person-years 

remaining when using the person-year calculation method published by Pearce and Checkoway, 

1987. UNC provided this author the computer code used for calculating person-years in Winget 

al., 1991, which was necessary in order to reproduce published results. 

For calculati~g person-time of follow-up, the computer code rounded the difference 

between dates of entry and exit to the next lowest whole integer. 1bis was a particular problem 

for workers who employed less than 1 year. To retain person-time for workers who were 

employed for more than 30 days and less than I year, follow-up time was set to 1 year for these 

workers. This resulted in the addition of 89 person-years. Therefore, for this dissertation there are 

a total of 213,950 person-years of follow-up that is not an exact calculation of total person-time 

in the ORNL cohort. 

Table 3.1 Number of Person-Years in the ORNL Cohort 

Total Reported in Winget al., 1991 
Loss due to Mandatory Rounding of DoE data 

Gain due to Rounding of Workers Employed< lyr 

Total Person-Years for This Analysis 

C. Deaths 

215,680 
- 1,819 
+ 89 

213,950 

In addition to rounding dates that are personal identifiers, an additional precaution to 

protect worker confidentiality has been adopted by certain States that have allowed release of 

death certificate information. These states do not allow listing the ICDA-8 code in data available 

for public use. Therefore one death is listed as missing, when in fact, permission was denied by 

the state to list exact cause of death. This is another reason why some study characteristics of 

Winget al. and the data analyzed in this dissertation differ slightly. Therefore, there are 345 

cancer deaths in this analysis, but 346 total cancer deaths in the cohort through 1984. 
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D. Retrospective Cohort Study Design 

Since this dissertation is a re-analysis of existing data collected prior to 1984 on a group 

of workers whose mortality status was established in 1984, the study design is a retrospective 

(also called historical) cohort study. The hallmark of a retrospective cohort study is that a group 

of individuals is identified with certain exposure characteristics using records collected in the 

past Then the disease/mortality experience of the group is reconstructed between the time in the 

past (to) and some defined time in the present (t1). The individuals comprising the cohort are 

identified, and information on their exposure is obtained, prior to obtaining their 

disease/mortality experience (Breslow and Day, 1987, p. 3). The ORNL cohort is considered a 

dynamic cohort since individuals enter and leave the study between to and t1, whereby individual 

follow-up is available for every subject. 

The advantage of retrospective cohort studies are the following. First, a variety of health 

endpoints, instead of one, can be evaluated for an exposure. Secondly, recall and selection biases 

are minimal, since information about cohort members is usually collected prior to study 

initiation. Third, a historical cohort study can provide direct estimates of mortality rates in the 

cohort (Breslow and Day, 1987, p. 2). Next, a historical cohort design is useful for studying 

diseases with long latent periods (Kleinbaum, et al., 1982, p. 64). Finally, results can be obtained 

relatively quickly. 

A disadvantage of cohort studies is that the cohort is usually a selected subgroup of the 

general population and the disease or mortality experience of the cohort may not be comparable 

to the general population. The best known example of this lack of comparability is the so-called 

'healthy worker effect' (HWE). In short, the conceptual basis for the HWE is that the employed 

population is generally healthier than the non-employed population of the same agerisk, and their 

death rates for many causes are lower than the corresponding rates in the general population 

(Breslow and Day, 1987, p. 18). In a subsequent section, the HWE will be discussed when the 
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comparison group is non-exposed workers of the same cohort, instead of the general population. 

Another limitation is that most disease outcomes are rare, such as cancer. Usually the numbers of 

cancers are insufficient to demonstrate an effect from exposure. Third, some bias may be 

introduced if vital status and cause of death cannot be ascertained at the end of the study period 

for a majority of those eligible (lost-to-follow-up). Finally, infonnation on the cohort may not be 

completely U.§eful, since the data would almost certainly have been collected for other purposes. 

The advantage of utilizing previously collected data can also be a limitation, since useful data 

may not have been previously collected, such as a worker's history of smoking. 
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E. Study Population 

The population of X -10 was first enumerated from personnel files in 1964 by Dr. 

Thomas Mancuso and co-workers from the University of Pittsburgh, and enumeration has been 

updated subsequently from the same files (Checkoway et al., 1985 p. 526). 

A case-control design nested within the ORNL cohort was the subject of a dissertation 

completed at UNC-SPH in 1983 (Elghany, 1983). The potential study population included all 

persons who ever worked in the X -10 plant on or after 1943 until December 31, 1977, including 

persons currently employed at the end of 1977 (423 cases and 846 controls). Exposure was 

considered from initial employment date until end of follow-up in 1977 or death (Elghany, 1983, 

p. 58). See Chapter 2 for a discussion of study results. 

Using a historical cohort design, Checkoway et al. (1985) first published results 

regarding cancer mortality in the X-10 cohort. Eligibility into the cohort was further refined to 

include all white males with date of hire between January 1, 1943 and December 31, 1972, a 

minimum work period of 30 days, and exclusion of workers known to have worked at other DoE 

facilities or predecessor organizations. Follow-up was through 1977 to ascertain vital status. 

Winget al. (1991) used the same eligibility criteria as Checkoway (1985), but follow-up 

to ascertain vital status was through 1984. Table 3.2 summarizes criteria for entry into the white 

male cohort. Of the 17,517 workers employed at ORNL between January 1, 1943 and December 

31, 1972, 9,199 were excluded, leaving 8,318 white males in the cohort. The number of eligible 

workers in the Wing cohort differs from the previous report (Checkoway et al., 1985) by 57 

workers due to corrected demographic data (erroneous birth and/or termination dates, race or 

gender information). According to Wing et al. women and non-white men were excluded from 

analysis because they had fewer deaths and lower radiation exposure (Winget al., 1991). 

F., Follow-up of the Cohort 
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For follow-up through 1984, Winget al. ascertained vital status primarily through 

employment records and the Social Security Administration for 91.8% of the cohort (96.5% of 

potential person-years of follow-up), and 1,524 deaths were identified by the end of 1984. Death 

certificates were obtained from state vital records departments for 1,490 of the deaths. No death 

certificate was obtained for 34 deaths. Underlying causes of death and contributory cancer 

causes were coded_ to the International Classification of Diseases, Adapted, Eighth Revision 

(ICDA-8). Contributory causes of cancer death (n=34) were included in the internal comparison 

analysis. The 686 workers of unknown vital status were considered to be alive and contributed 

person-years of observation up to date of termination of employment, although they were 

essentially lost-to-follow-up. Workers of unknown vital status tended to have short employment 

duration and one third were lost after 1982. Workers with less than six month's employment and 

foreign consultants accounted for most of the people with unknown vital status (Checkoway et 

al., 1985, p. 526). The cancer deaths counted as missing contributed to follow-up. There·were 

215,680 person-years of follow-up in the cohort produced by Wing et al. 

G. Gamma Radiation Exposure 

Historical dosimetry practices are reviewed in Chapter 2. To summarize, individual 

exposures to external penetrating radiation, primarily gamma rays (with some neutrons), were 

measured using pocket ionization chambers from 1943 until June 1944, film badges from June 

1944 until 1975, and thermoluminescent dosimeters (lLDs) since 1975. Since workers wore two 

pocket chambers (PCs) the lower of the two PC readings were recorded daily at the end of the 

worker's shift. In a book about the history of radiation protection, Hacker ( 1987, p. 36) stated that 

personnel in the health division at ORNL considered the lower reading as correct "since all errors 

increased apparent exposure." The level of detection for the PC was 0.01 mSv (1 millirem 

(mrem)) (personal communication, Bill Tankersley, January 13, 1993). Film badges were 

evaluated weekly from June 1944 until July 1956, when quarterly monitoring was initiated 

(Winget al., 1991, p. 1937). It has been acknowledged that dose underestimation prior to 1956 
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likely occurred. The film badge minimum detection limit was 30 mrem (0.3 mSv). It was often 

the case that if the limit of detection was not achieved. a dose of zero was recorded, following 

recommendation of the NRPC (Crawford-Brown, et al., 1989, p. 24). Over a 1 year period this 

could total approximately 10.5 mSv (1.5 rems) of exposure going unreported (personal 

communication by Bill Tankersley, ORAU, 1993). Since some workers wore both PC and film 

bagge for a short period during early 1944, a study has been conducted to validate and quantify 

the amount of exposure misclassification (Tankersley et al., J. Appl. Occup. Hygiene. In press). 

Beginning in 1951, dosimeters were incorporated into security badges and all workers 

were monitored. Before that time, only persons considered at risk were monitored (Frome et al., 

1990). Doses were estimated for4.9% of the work-years missing. Doses were estimated 

primarily from the individual worker's own data within 2 years of the missing value. Averages 

for the worker's department in the missing data year were used when no individual data were 

available. Plant averages by year were used for 0.9% of work years when<lepartment averages 

were not known (Winget al., 1991). Beginning in 19751LDs were measured on a quarterly or 

annual basis and have a minimum detection level of 0.01 mSv (1 mrem) (personal 

communication by Bill Tankersley, 1993). Background radiation is assumed to be 0.01 mSv per 

week in the State of Tennessee which is subtracted when the film badge readings are recorded by 

the Health Physics Division at ORNL. 

The datatape obtained from CEDR provides dose quantification for each worker in 

annual totals for each year employed and cumulative dose for each year of follow-up. Units of 

radiation dose are recorded in mrem. Cumulative dose as recorded in mrems represents the 

quantity 'dose equivalent', which is a measurement unit to combine the physical energy content 

of radiation with the effectiveness of dose in producing biologic damage . 

In much of the radiation epidemiology literature, discussion is presented in units of 'rem'. 

However, the internationally accepted unit for reporting dose is the Sievert Therefore, results 

will be presented in units of millisieverts (mSv) or Sieverts (Sv) ( 1 rem= 10 mSv)(See 

discussion in Chapter 1, section IV). 
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II. DEENITION AND USE OF PREDICfOR VARIABLES FROM WING EI AL.. 1991 

A description of the ORNL study population can be found in section E of this 

chapter. This section describes the predictor variables used in analysis of the ORNL data 

published by Wing et aL, 1991. 

There were some similartties and some differences between the analysis of this study 

and that of Winget al., 1991. Covariates of interest included in the Wing analysis were: agerisk. 

birth cohort, active worker status (AWS), paycode, and external radiation dose. Table 3.3 

provides a list of variable names and groupings of categorical data used for Poisson regression in 

the 1991 analysis. Agerisk is the age of the study subject moving through follow-up to the age at 

last observation. In prepartng the data for model fitting, agerisk was stratified into 16- 5-year age 

categories (15-19, 20-24, ... 85-89,90+). Prior to model fitting, age was revised to be centered 

around 52.5. The was done by adding 2.5 _to the value for the lower bound of the age category to 

put age at the category midpoint. Then the midpoint of the age category was divided by 52.5. 

The purpose of this was to place the intercept of agerisk near the middle of the data at the 50-54 

agerisk group. Centering is usually used t:O. increase computational accuracy (Kleinbaum et al., 

1982). The narurallog of agerisk was taken (agerisk = ln(age +2.5/52.5)) for analyzing various 

cancer causes, but agerisk was untransformed for analysis of all cause mortality. In Winget al. 

(1991), agerisk was treated as a continuous vartable in all analyses. 

Birth cohort was defined by stratifying year of birth into three groups: born before 1905, 

born between 1905 and 1914, and born in 1915 or later. The referent group was those born before 

1905. For leukemia the two older cohorts were combined due to small number of deaths. Year of 

birth groups were chosen to distribute deaths evenly throughout the three cohorts. 

The variable 'active worker status' (A WS) was constructed to explore the healthy worker 

effect (HWE), since mortality is likely to be particularly high in the year or two succeeding 

changes in employment, and conversely relatively low in those that continue to work (Breslow 

and Day, 1987, p. 40). The number of active versus inactive person-years could therefore be 
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expected to influence the findings regarding mortality in a cohort (Steenland and Stayner, 1991). 

Person-years while working at ORNL were considered "active person-years".. and person-years 

subsequent to working at the plant were "inactive person-years". Active person-years were coded 

1 and not active person-years were coded 0. 

Payroll code, referred to as paycode, was used as an indicator of socioeconomic status 

(SES). Paycode was considered @ indicator of unmeasured potential confounders and as a __ 

determinant of exposure to radiation (Winget al., 1991). Paycode was defined as the employee's 

wage or salary classification when first hired: monthly, weekly, or hourly. Professional positions 

were monthly (M), while non-union supervisors were weekly (W) and unionized blue-collar 

workers were hourly (H). No information was available to determine if a worker's payroll 

classification changed over the course of employment. In Wing et al. hourly and weekly 

categories were combined for model fitting and the referent group in all analyses was monthly. 

External radiation dose was grouped as an ordered, categorical variable, but fit as a 

continuous variable. Eight dose groups were formed: 0, >0 to <20 mSv, 20 to <40 mSv, 40 to 

<60 mSv, 60 to <80 mSv, 80 to <100 mSv, 100 to <120 mSv, over 120 mSv. The dose 

categories were recoded to use the midpoint of each dose category in regression giving scores of 

0, 10, 30, and 50 mSv up to 110 mSv (the second highest dose category). For the highest dose 

category, dose associated with the median value of person-years (194 mSv) was used. Using the 

median value of person-years in the highest dose group was unique compared to approaches in 

other cohort studies, which used either individual dose values or the mean of the dose category. 

No rationale was provided for the chosen approach. 

Interaction terms were included in model fitting {paycode*cohort, agerisk*active worker 

status, active worker status*cohort, agerisk*cohort). The combination of interaction terms used in 

model fitting was inconsistent between cancer outcomes, as were the models themselves (see 

section IV.A.(2)). Contribution of some of these terms to reduction in residual deviance did not 

contribute to fit of the data. There was insufficient descriptive data provided in the published 

manuscript or supporting documents to indicate a rationale for choosing these terms. 
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Ill. TIME RELATED FACfQRS TO BE CONSIDERED IN ANALYSIS 

On the basis of information obtained from earlier analyses as well as the early history of 

facility operations (see Chapter 2), it was assumed that the following variables may best predict 

mortality in the ORNL cohort: agerisk, yearrisk, paycode, year of hire, and cumulative dose. For 

solid cancers, the contribution of cumulative dose to mortality risk using these v~ables was 

provided by each empirical induction period (EIP): (1) lag=O, p=O.lll; lag=lO, p=0.031, and 

lag=20, p=0.006. Paycode and year of hire were measured at one point in time and do not change 

as a worker moved through follow-up time. 

Few studies of nuclear cohort workers provide information on the role of time-related 

factors, other than agerisk and yearrisk (see Chapter 1). Time-related factors that change as a 

worker moves through follow-up have not been rigorously explored in the ORNL data. A 

decision was made a priori to evaluate time-related factors in the absence of paycode, 

particularly, in order to identify potential covariates that may not have otherwise been detected. 

Paycode was found to provide a significant contribution to explaining mortality in the ORNL 

cohort The complex components of behavior and lifestyle that are likely quantified by paycode 

may be related to factors in this present analysis, in ways that are unknown. However, the role of 

these variables as independent time-related predictors have not been established in this data. 

Thus, a cautious approach may lead to identification of time-related variables suitable for 

inclusion with paycode in future analysis. Noting how the relationship between cumulative dose 

and other variables change by outcome group when paycode is included in statistical modeling 

may help to elucidate the meaning and influence of paycode, which was expected to be 

substantial. 

It would have simpler to specify covariates and seleet a stepwise statistical 

procedure to automate and optimize variable selection from the many that have been 

constructed based on data in the ORNL public use dataset However, part of the process 
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of conducting dissertation research is fonnulation of a research hypothesis and then 

testing the hypothesis, prior to knowing what the results will be. In the occupational 

epidemiology literature, there is compelling evidence that time-related factors that 

change as a worker moves through follow-up time are related to cancer mortality and this 

was a hypothesis in analysis of the ORNL cohort data. 

A. Retaining Time-Related Variables Used by Winget al., 1991 

The format used in this section is to provide a rationale for the variable's inclusion in the 

current analysis, as well as describing how the variable will be used. Table 3.4 summarizes the 

variables and cutpoints for this analysis. There are three variables retained from the 1991 

analysis: agerisk, cumulative dose, and active worker status. Both agerisk and cumulative dose 

are defined differently in this analysis than in Winget al., 1991, but active worker status was not 

.. redefmed. 

(1) Agerisk 

Rationale: The probabiljty of developing cancer over a certain period increases as one 

advances in age. A worker who has not left the cohort is eligible to develop disease, and 

therefore is considered "at risk" for disease or death. As a worker increases in age and moves 

through calendar time, risk of death increases independent of exposures that may enhance 

mortality. Thus, age at risk (i.e. 'agerisk') is a time-related variable. In workers from the DoE 

facility located in Hanford, Washington, Gilbert et al. (1993) found that simple agerisk 

stratification fit data significantly better than agerisk transformation (such as use of the Weibull 

function), but concluded that agerisk transformation and centering were adequate methods for 

adjusting for agerisk in the ORNL cohort (Gilbert et al., 1993). Most other cohort studies of 

nuclear workers stratified agerisk in five year groups to generate deaths and person-years 

(Gribbin et al., 1993; Kendall et al., 1992; Checkoway et al., 1985; Beral et al., 1988; Beral et 

al., 1985), and then included agerisk as a variable in model fitting. 
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More importantly, Gilbert suggested that agerisk should not be conceptualized simply in 

terms of birth cohort Cancer mortality increases as a worker ages, no matter when birth 

occurred. Because the risk of death increases with age, agerisk increases in a linear fashion with 

length of follow-up. Gilbert (1993}, in a combined analysis from three DoE facilities {Hanford, 

ORNL, Rocky Aats), found th~ agerisk over 75 was associated with a 30% excess relative risk· 

of cancer mortality per 10 mSv increase in exposure. This was about 30 times greater than the 

percentage increase in excess relative risk of cancer due to radiation exposure adjusted for agerisk 

(Gilbert et al., 1993, p. 415). Further, it was found that the effect of agerisk on mortality 

persisted when accounting for a 10-year cancer latency period. Not surprisingly, agerisk may be 

correlated with other time related variables. Even in a combined analysis of geographically 

separated facilities, agerisk was seen as a very strong effect modifier (Gilbert et al, 1994, p. 414). 

Use: The number of person-years that a worker contributes to follow-up will be grouped 

· into 16 5-year incremental categories of agerisk (15-19, 20-24, 25-29, .... 80-84, 90). 'Agerisk' 

will be used as a variable to classify person-years and deaths by age at risk. For Poisson 

regression analysis, agerisk will be treated as continuous to calculate relative risk and categorical 

to calculate excess relative risk. Its contribution to Goodness-of-Fit will be assessed for both 

measures of association (see Chapter 3, Section IX.J. for discussion of goodness-of-fit). 

(2) Cumulative Exposure 

Rationale: Cumulative exposure is an overall measure of past exposure history referred 

to simply as 'dose'. In the literature on nuclear workers, the number of cut points and the width of 

each dose category vary from study to study. For example, Gribbin et al. (1993) used 10 dose 

categories from 0 to >= 500 mSv; Checkoway et al. ( 1985) used four dose categories 0 to >= 50 

mSv; and Gilbert et al. (1993) used five dose categories 0 mSv to >=200 mSv. Gilbert et al. 

(1993) found that the use of dose as a continuous versus categorical variable was the most 

influential factor in the estimate of excess relative risk in re-analysis of the ORNL cohort data 

(Gilbert et al., 1994, p. 419). If using a categorical variable, the width and number of dose 
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categories greatly influence the precision of the parameter estimate as well as the value of the 

estimate. Arbitrary exposure cutpoints may also introduce misclassification of exposure. It is 

hypothesized that use of the median value of the highest dose category causes some inflation of 

mortality risk in Winget a/.. (1991) and that a few deaths in the highest dose category may be 

responsible for earlier findings. 

Use: The number of persol)._-years that a_~orker contributes to follow-up will be grouped 

into 13 categories of cumulative dose. 'Dose' will be used as a variable to classify person-years 

and deaths by cumulative exposure. The influence of dose will be investigated and goodness-of

fit assessed. Cumulative dose will be grouped into the following categories reported in mSv: 0, 

~<10, 10-<50,5D-<100, 10D-<150, 15D-<200.~0.25G-<300,300-<350,350-<400, 

400-<450, 45G-<500, >=500. Forty-seven percent of the cohort received less than 10 mSv (1 

rem). Dose will be recoded prior to model fitting so that the parameter estimates can be 

interpreted in terms of the midpoint of the dose category per mSv. Dose will be fit as a 

continuous variable and added as the last predictor variable in regression analysis for all 

outcomes evaluated. 

(3) ·Active Worker Status 

Rationale: According to Breslow and Day (1987, p. 40), mortality is particularly high in 

the year or two succeeding changes in employment, and mortality is lowest in those not changing 

employment They propose that a common way to alleviate this problem is to treat a person as if 

employed by two or three years after ceasing employment to determine if it captures aspects of 

the HWE. Specifically what happens is, the person-years are divided into "active" person-years 

(person -years while still working at ORNL) and "inactive" person-years (person-years 

subsequent to working at ORNL). According to Steenland and Stayner (1991), the percentage of 

active and inactive person-years can be expected to influence findings of mortality studies. 

Furthermore, workers employed the shortest duration contribute the most inactive person-years 

and have the highest mortality. They found an upward trend for cancer among inactive person-
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years and that high SMRs were concentrated in the first one to two years after leaving 

employment. which suggested that some workers leave employment because they are ill 

(Steenland and Strayer, 1991, p. 421). Steenland and Stayer (1991) confirm recommendations of 

Gilbert (1982) that confounding effects of employment status should be controlled partially 

through lagging exposures. 

Use: The number of person-years that a worker contributes to follow-up will be 

grouped two categories of worker starus. Work', the variable name, will be used to classify 

person-years and deaths according to employment starus at ORNL. For Poisson regression, 

'work' will be formulated in the same way as Winget al. (1991): as a dichotomous variable, 

where active working years were coded as 1 and not active were coded 0. The person-years 

associated with inactive employment status will be lagged two years. These two years of person

time will be considered as active. For model fitting, 'work' will be included as a covariate to 

estimate relative risk and as a stratification variable to estimate excess relative risk. Its 

contribution to Goodness-of-fit will be assessed. 
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B. Time-Related Factors Not Previously Explored 

Time-related factors are potential effect modifiers that are not addressed in published 

results from earlier analysis of the ORNL cohort Time-related factors or temporal factors can be 

defined as all potential determinants or modifiers of disease risk that vary as a person goes 

though follow-up time (Thomas, 1983). Time-related factors are predictive of disease in 

occupational cohort studies and will be confounders if they are associated~with exposure 

(Checkoway et al., 1989). Thus, it is premature to make generalizations about cancer mortality in 

this cohort as being due to radiation exposure without understanding the temporal aspects of 

worker employment and potential exposure as the cohort moves forward in time. 

Pearce and coworkers (1986) list four time-related factors that result in confounding due 

to influence of the healthy worker effect: age at first employment, duration of employment 

(DOE), length of follow-up (LOF), and agerisk. These factors are not four independent factors 

but are related to each other. Another time-related variable that influences the exposure-disease 

relationship is empirical induction period (EIP) (see Chapter 1, section I.A) (defined crudely as 

the interval from first employment until death) (Thomas, 1983, p. 354). 

In studies where the exposure of interest is simply employment in a particular industry, 

or in a specific job type within the industry, it is convenient to use age at hire as an indicator of 

agerisk at first exposure and duration of employment as an indicator of duration of exposure 

(DOE). These terms have been used interchangeably depending on the context (Pearce et al., 

1986). 

Of those factors associated with the healthy worker effect, agerisk is the strongest 

predictor (Checkoway et al., 1989, p.90). In general, agerisk and yearrisk are the two strongest 

predictors of disease in occupational studies (Checkoway et al., 1989, p.90). Strict reliance on 

cumulative exposure as the sole exposure variable may waste information, since temporal 

sequencing of exposure could go unnoticed. Calendar year could be considered a surrogate for 

how cumulative dose changes over time and as an indirect means for assessing period effects. 
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One design advantage which favors many of the recent radiation epidemiology studies is 

the use of an internal comparison group using the Poisson regression approach for grouped data 

1bis approach was used in Wing et al. However, according to Checkoway (1989), use of an 

internal comparison group will not eliminate bias if the exposed and unexposed groups differ 

according to time-related factors under consideration (Checkoway et al., 1989, p.89). Finally, as 

mentioned in Chapter 1, Gilbert and colleagues (1993) suggest that risk estimates may differ by 

subgroups in the ORNL cohort. It is also suggested the effects of agerisk result from biases that 

are not well understood, and that the modifying effects of time related factors should receive 

additional scrutiny (Gilbert et al., 1994 p. 418). Therefore, time-related factors must be 

considered in analysis of the ORNL cohort and the rationale for each follows. 

( 1) Y earrisk 

Rationale: The probability of cancer developing over a certain period increases as a 

worker advances through chronological time and hence, calendar time. A worker who has not left 

the cohort is eligible to develop disease, and therefore is considered "at risk" for disease or death. 

As a worker increases in age and moves through calendar time, risk of death increases 

independent of exposures that may enhance mortality. For this reason age at risk (i.e. agerisk) 

and year at risk (i.e. yearrisk) are used frequently as stratification variables in cohort studies. In 

analysis of the ORNL cohort which included follow-up through 1977, Checkoway and coworkers 

(1985) stratified data by agerisk and calendar year (5 year intervals). Agerisk and yearrisk were 

also used as stratification variables in Gribbin et al., 1993; Gilbert et al., 1993(a); Gilbert et al., 

1993(b); Kendall et al., 1992; Beral et al., 1988; and Beral et al., 1985. 

Use: The number of person-years that a worker contributes to follow-up will_be grouped 

into 5-year incremental categories of calendar time (1945-49, 1950-54, 1955-59, 1960-64, 1965-

69, 1970-74, 1975-79, 1980-84). 'Yearrisk' will be used as a variable to classify person-years and 

deaths by calendar time. Workers hired before 1943 are rounded to 1945-1949. For Poisson 

regression analysis, yearrisk will be treated as continuous to calculate relative risk and categorical 
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to calculate excess relative risk. Its contribution to Goodness-of-Fit will be assessed for both 

measures of association (see Chapter 3, Section IX.J. for discussion of goodness-of-fit). 

(2) Length of Follow-up 

Rationale: The mortality of employed persons is lowest, relative to the general 

population, during the period immediately following initial employment (Pearce et al., 1986). -

This has been illustrated in a variety of occupational settings (McMichael et al., 1974). In 

general, mortality increases with length of time employed, since the selection factors that made 

workers healthier at the beginning of employment tend to wear off. Risk ratios slowly approach 

those of the general population as follow-up continues and may eventually exceed risk in the 

general population with longer follow-up time. With longer follow-up time, the worker may live 

longer than the general population to develop disease. With longer follow-up it may be that the 

factors that made the worker healthier than the general population have worn off. For example, 

once retiring, workers may no longer engage in physical labor and become less active. With 

longer follow-up, a worker may become less healthy than the general population, because enough 

time has elapsed for adverse occupational exposure to manifest in disease. 

In the literature, 1ength of follow-up' refers to the same interval as time since hire when 

eligibility criteria are based on all workers hired since plant opening and a worker's follow-up 

begins when hired, not several years after initial employment Flanders (1993) showed that 

results may be biased if length of follow-up is associated with both cumulative exposure and 

mortality but remains uncontrolled in the analysis (Flanders et al., 1993). This is because 

workers hired early had the longest time to accumulate exposure, typically, the highest 

cumulative exposures, and the longest length of follow-up. Workers hired early (who have 

worked longer) tend to have higher mortality rates relative to recent hires because of attenuation 

of the factors that initially made them healthier. In the ORNL cohort, workers hired in the 1940's 
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and 50's received higher exposures than workers hired in the 1970's when exposures were much 

lower. 

Flanders et al., 1993 demonstrate the need to control for length offollow-up especially 

for internal comparisons. Flanders et al. point out that 'lagging' exposure (i.e., assigning the 

follow-up experience of early years of exposure into the unexposed category, as done in the 

ORNL cohort), may e~acerbate the confounding of length of follow-up (when higher exposures 

did exist), since those early years offollow-up will be assigned to the unexposed category 

driving the estimated relative risk downward (Flanders et al., 1993, p. 340). 

Use: 'Length of follow-up' will be used as a variable to classify person-years and deaths 

by the amount of time that the cohort member has been under follow-up. The range of length of 

follow-up is 0-4,5-9, 10-14, 15-19,20-24, 25-29, 30-34, 35-40. The lower bound of the 5-year 

interval will be cut points for length of follow-up: 0, 5, 10, 15, 20, 25, 30, 35, 40. For Poisson 

regression, length of follow-up will be treated as a continuous variable to calculate relative risk 

and a categorical variable to calculate excess relative risk. Its contribution to Goodness~f-Fit 

will be assessed for both measures of association (see Chapter 3, Section IX.J. for discussion of 

goodness-of-fit). 

(3) Duration of Employment 

Rationale: Although the relative mortality advantage of employed persons diminishes 

with length of follow-up, (previous section), a reduction in mortality is most pronounced among 

workers with the longest duration of employment (Pearce et a1., 1986, p.98). The latter 

association is attributable to the survival of relatively healthier persons in the industry (Pearce et 

al., 1986, p. 98). As mentioned in an earlier section, Gilbert et aL (1982) showed elevated risk 

for all-cause mortality using an internal comparison among terminated workers compared to 

employed workers, and among short-term workers compared to l~ng-term workers. Gilbert eta!. 

( 1989) suggested stratification on duration of employment could reduce potential bias and 
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demonstrated that absence of control for duration of employment may lead to inappropriate 

conclusions (Gilbert et al., 1989, p. 181). 

According to Beebe (1982), duration of employment will be an effect modifier if the 

effect of a given dose depends on the rate at which exposure was delivered For example, a non 

lethal dose of radiation may be less ineffective - due to cellular repair- if an equivalent dose is 

delivered in smaller fractions over a lengthy period than over a relatively short period. On the 

other hand, cumulative radiation exposure depends to some extent on duration of employment. A 

longer DOE implies an increased probability that cellular repair systems will fail and a 

permanent cellular transition will occur (Beebe, 1982). Fifty-eight percent (58%) of the ORNL 

cohort worked five years or less. 

Use: The number of person-years that a worker contributes will be grouped into 5-year 

incremental categories of 'duration of employment' (0, 5, 10, 15, 20, 25, 30, 35, 40). 'Duration of 

employment' will be used as a variable to classify person-years and deaths by the amount of time 

that the cohort member has been employed. For Poisson regression analysis, duration of 

employment will be treated as continuous to calculate relative risk and as a categorical variable 

to calculate excess relative risk. Its contribution to Goodness-of-Fit will be assessed for both 

measures of association (see Chapter 3, Section IXJ. for discussion of goodness-of-fit). 

( 4) Empirical Induction Period 

Rationale: The term empirical induction period (EIP) is composed of two parts: (1) the 

induction period, or time from first exposure to beginning of disease, and (2) latency interval, the 

time between beginning of disease to diagnosis (Rothman, 1981). Exposures after disease begins 

are not relevant. In historical cohort studies, the EIP has been estimated as the time from first 

employment (instead of recorded exposure), since unrecorded exposures are possible, and until 

death (instead of onset of disease), since the onset of disease is rarely known. The interval is 
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commonly referred to as the 'latency' interval, but in this discussion the term empirical induction 

period will be used The EIP will be approximated as the time from first employment until death. 

Discussion abounds in the literature about what is the proper terminology for the period 

from exposure until disease development (Checkoway et al., 1989; Thomas 1983; Thomas 1988; 

Pearce et al., 1986). Choice of the correct EIP is not straight forward 'Yhen the exposure varies 

over an extended period of time, with varying intensity for different individuals. Intensity of 

exposure during follow-up cannot be taken into account in thiS analysis. Based on data from 

clinical radiotherapy studies and the atomic bomb survivor cohort studies, the minimal latency 

period from exposure to disease has been estimated to be 2-years for leukemia and at least 10-

years for solid tumors. These EIP intervals have been used extensively in studies estimating 

mortality in nuclear worker cohorts, such as Hanford 

Based on a review of the literature, there are two approaches for introducing an EIP. 

Approach 1 introduces a 1atent' interval and 1ags' cumulative dose. Approach 2 'lags' cumulative 

dose and does not include a 'latent' interval. The 1atent' interval is now described. Some studies 

removed the first five years of deaths and person-years, since these deaths and person-years were 

assumed to be unrelated to the exposure-disease relationship. Exposure for members who remain 

in the cohort during the five year interval are still Cumulated, so that approach 1 does not assume 

a threshold dose exists for those remaining in the cohort. When follow-up time begins after five 

years, cumulative dose is that dose which the worker acquired over the five year interval, plus 

any subsequent exposure. Deaths during this interval are omitted For those deaths that are 

removed, it can be assumed that the theoretical threshold dose (if it exists) was: (1) not ~hed, 

or (2) if the threshold was reached, the level of exposure was (a) safe or (b) not the cause of 

mortality due to insufficient induction. For lack of a better term, the interval where deaths and 

person-years are removed is called the 'latent' interval. Studies in nuclear worker cohorts that 

include a 'latent' interval are: Checkoway et al., 1985; NAS, 1991; Kendall et al., 1992; Gilben 

et al., 1993(b); and Winget al., 1993. The limitation of using a 1atent' period is that removing 

person-years reduces study power. 
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Once the disease process has been initiated, there is an interval where exposures may be 

accumulated, but are not considered as contributing to mortality. This interval is commonly 

referred to as the 'lag' interval. Approach 2, 'lagging' dose, is a technique which pushes 

cumulative exposure forward by the number of years specified in the lag interval. For a worker 
I 

with 10 years of person time and a 5 year lag, exposure for the first five years of follow-up would 

be set to zero and exposure for each of the remaining person-years would be the cumulative 

exposure achieved five years prior. Real time exposure for the last five person-years would be 

eliminated but the total number of person-years for the worker would not change. The approach 

attempts to separate exposures occurring before and after disease initiation. Since all deaths, 

person-years, and exposures are included in the cohort using this method, this approach does not 

assume a threshold exists. Studies in nuclear worker cohorts that include a 'lag' interval are: 

Checkoway et al., 1985; Beral et al., 1985; Smith and Douglas, 1986; Beral et al., 1988; Winget 

al., 1991; Gribbin et al., 1993;-Kendall et al., 1992; Gilbert et al., 1993(b). 

During preparation for this analysis, it was discovered that 'lagging' is used to refer to 

both approach 1 and approach 2. This seemed confusing, since it was known that approach 1 and 

approach 2 differ slightly. 'ibe question arose as to whether incorporating approach 1 versus 

approach 2 would produce differing parameter estimates for cumulative dose. Secondly, a series 

of intervals (0, 10, 20) were tested to determine if differences in parameter estimates would be 

detected due to the size of the interval. Thus, there were two goals in analysis of the EIP: (1) 

determine the difference between approach 1 and approach 2, and (2) assess the magnitude of the 

difference between with increasing interval width, 0, 10, and 20. Two cancer groupings were 

selected since the empirical induction period for solid cancers and leukemias differ, based on 

follow-up of the atomic bomb survivor cohort. 

Approach 1, which was used by Gilbert et at., 1993(b), incorporates a lag, by removed 

the first five years of deaths and person-years and subsequently lagging dose. Approach 2, used 

by Winget al, 1991, incorporates an induction period by lagging dose. The null hypothesis was 

that there was no difference between these two approaches. The combinations for solid cancer are 
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presented below. Latency=5 with lag=5, approach I, would be expected to produce a similar 

parameter estimate for cumulative dose as latency=() with lag=IO, approach 2. Latency=5 and 

lag=l5, approach I, would be expected to produce similar parameter estimates for cumulative 

dose as Iatency=O with lag=20, approach 2. 

SQlid Cancers Leyk~mi~ 

Lo.tency Lag Lo.tency Lag 
0 0 0 0 
5 5 0 2 
0 10 5 2 
5 15 5 5 
0 20 0 10 

For leukemias, latency=() and lag=2 would be expected to produce the same parameter 

estimates as latency=5 and lag=2. Results of latency=() and lag= 10 are expected to be 

similar to latency=5 and lag=5. Intervals reflecting an EIP greater than 10 years 

(latency=5 and lag=15; latency=() and lag=20) for solid cancers are exploratory. EIP 

intervals greater than two years for leukemia are also exploratory. The EIP that produces 

,the largest parameter estimate in a well-fitting model may be assumed to better reflect the 

empirical induction period for low-dose radiation and cancer. The induction period for 

low-dose radiation may be longer than high-dose acute radiation exposure, since 

cumulative dose may require a longer period to produce additive effects culminating in 

cancer mortality. 
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IV. STATISTICAL ANALYSIS 

A Data Replication of Wing et al., 1991 

It was necessary to reproduce results of Wing et al. for several reasons. First, it was 
I 

necessary to determine that the same data used to generate Winget al. (1991) was the same data 

being used in this analysis. This could be achieved by replicating findings using the same 

procedures and techniques as described in Winget al., 1991. Secondly, reproducing results was 

necessary to provide a better understanding of methods used for data management and statistical 

analysis in Winget al. (1991). This allowed the current study to depart from earlier analysis, 

having gained knowledge with respect to the similarities and differences in conduct of data 

analysis. Knowledge of these differences was thought to be important in making conclusions 

from the current analysis. 

To duplicate results as published in Winget al. (1991) methods enumerated in 

background documentation referenced in the publication were followed. Investigators at UNC-

Chapel Hill provided a computer program to generate tables of data suitable for statistical 

analysis. The UNC-SPH computer program was a modified version of a computer program 

originally published by Pearce and Checkoway (1987) that generates deaths and person-years 

cross-classified by variables under study. Results for all cancer mortality (lag=20) displayed in 

Table 4 of the published manuscript were generated using the same statistical procedures and 

software (Generalized Linear Iterative Models (GUM)) as described in Winget al., 1991. 

(1) Conversion from GLIM to S-plus 

Because replication was successful with GUM, it was decided to replicate results using 

S-plus, a UNIX-based statistical software. S-plus is the preferred analytic program because it has 

elements of both a programming language and biostatistical package. Additionally, graphics 

capabilities allow interactive display of data. Using S-plus, the results of all-cancer mortality 
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(lag=20) were exact to three decimal places. With this high degree of concurrence, it was decided 

to proceed with all subsequent analysis using S-plus. Replication of descriptive cohort data and 

graphics as presented in Winget al. (1991) was also successfully completed. 

(2) Model Fitting Using Internal Comparison and Poisson Regression 

Winget al. (1991) adjusts cumulative~ using three different models for four different 

outcomes using three empirical induction periods (0, 10, 20) for each outcome. Results from the 

manuscript for these outcomes were reproduced: 

1. All causes: agerisk (16levels), cohort (3levels), paycode (2levels), active worker status (2levels), 
paycode*cohort, agerisk*active work. active worlc *cohort Lag= 0, 10, 20 

2. All cancer: agerisk (16levels), cohort (3levels), paycode (2levels), active worker status (2levels), 
paycode*cohort, and agerisk*active worlc. Lag= 0, 10, 20. 

3. Lung cancer: agerisk (16levels), cohort (3levels), agerisk *cohort. Lag= 0, 10, 20. 

4. Leukemia: agerisk (16levels), cohort (3levels), agerisk *cohort Lag=O, 10, 20. 

B. Descriptive Infonnation about Time-Related Variables 

As discussed earlier, time-related factors can be important confounders or effect 

modifiers in an exposure-disease association. Further, description of the cohort in terms of vital 

status can assist to locate differences in characteristics of survival between diseased or exposure 

groups. 

The following descriptive statistics will be provided: mean, standard error, and range. 

Descriptive statistics will be grouped by vital status groups: all cohort, known deaths (excluding 

cancer deaths), cancers, and alive (means alive at end offollow-up on 12/31/84). Vital status will 

be evaluated by exposure category. The time-related variables for which descriptive statistics will 

be provided include those enumerated in Table 3.4: DOSE, DOE, LOF, AGERISK, and 

YEARRISK Worker status is a binary variable. 

The time-related variables have a continuous distribution, but will be broken into 

discrete, ordered categories for frequency distribution (count and percent) analysis. Histograms 
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will be provided for certain time-related variables to facilitate examining the shape of the 

distribution. 

C. . Disease Outcomes of Interest 

There were 1,524 deaths in the ORNL cohort, of which 346 were cancer. One death was 

listed as missing in the dataset, since New York City, NY denied permission to identify the 

ICDA-8 code for public use data accessed through CEDR. Thus, the total number of cancers 
. ' 

listed as immediate cause of death for this analysis was 345. The total number of deaths listed as 

immediate cause was revised downward to 1,523. The following outcomes were evaluated: 

1. All cancers (ICDA-8 140-209) 

2. Solid Cancers (All cancers excluding leukemia) (ICDA-8 140-203, 208-209) 

3. Lung cancers (ICDA-8 162-163) 

4. Solid Cancers, excluding lung 

5. Solid Cancers, excluding smoking-related 

6. Solid Cancers and Lung, excluding other smoking-related 

7. Solid Cancers, excluding upper respiratory and upper digestive cancers 

(ICDA-8 142-145, 151-160, 170-203, and 209) 

8. Smoking-related cancers, excluding esophagus (Group I) 

(ICDA-8 Lung 162-163, Larynx 161, Nasopharynx 147, Bladder 188, Pancreas 157) 

9. Smoking-related cancers, including esophagus (Group IT) 

(ICDA-8 Lung 162-163, Larynx 161, Nasopharynx 147, 

Bladder 188, Pancreas 157, and Esophagus 150) 

10. Smoking-related (Group IT), excluding lung 

11. All leukemias (204-207) 

12. Leukemias, excluding chronic lymphocytic leukemia (CLL) (ICDA-8 204-207, 

excluding 204.1) 

13. Non-cancer causes, excluding external causes (ICDA-8 0-139, 210-799) 

14. All causes of death 

All-cancers, outcome 1, evaluates the crude association between radiation exposure and 

cancer mortality. Leukemias are separated from solid cancer in outcome 2, solid cancers, since 
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studies of the atomic bomb survivors indicate conclusively that radiation-induced leukemias have 

a different empirical induction period than solid cancers. Lung cancers, outcome 3, have been 

associated with radiation as well as smoking in earlier studies and were associated with 

cumulative dose in Winget al., 1991. Lung cancers are the largest single cancer group. Solid 

cancer excluding lung, outcome 4, serves to check on the result of solid cancers and lung cancers 

as separate categories. Solid cancers excluding smoking-related, outcome 5, was included since 

there was no independent variable to assess the role of tobacco consumption on the cancer burden 

in this cohort. Removing the smoking-related cancers and comparing the difference in parameter 

estimates with solid cancers will provide some assessment of the role of tobacco-linked cancer 

deaths. Solid cancers and lung (without other smoking related), outcome 6, can be compared to 

solid cancers excluding smoking-related to assess the role of lung cancer within the smoking

related cancer group. Solid cancers excluding upper respiratory and upper digestive, outcome 7, 

was created to evaluate the role of bladder and pancreatic cancers by excluding these cancers. 

Two groups of smoking-related cancers allow comparison of the contribution of 

esophageal cancers to cancer risk. Group I, outcome 8, excludes esophageal cancers and Group 

II, outcome 9, does not This comparison was done since cancers of the esophagus were round to 

have a large impact on results (Gilbert et al., 1993, p. 412). A third smoking-related category 

includes the smoking-related cancers, except lung cancer. 1bis was created since it was found 

early in the current analysis that lung cancer was not associated with cumulative dose. 

Finally, chronic lymphocytic leukemias (CLL) were removed from leukemias in outcome 

12, since there has been no association with CLL and radiation exposure in the ABS cohort or 

other nuclear cohort studies (Gilbert et al., 1993). Outcome 13, which excludes cancer deaths and 

deaths due to injuries, poisonings, accidents, and other external causes, 

was created to determine if non-cancer endpoints show an association with radiation exposure. 

Since the purpose of analysis is to identify trends with cumulative dose that contribute to 

mortality, both immediate and contributory causes of death are included in outcomes for 

multivariate analysis. Inclusion of all cancers mentioned on the death certificate maximizes 
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statistical power to better evaluate mortality trends with dose. According to Little et aL, (1993, p. 

105), it is not expected that there would be differential reporting of cancers on death certificates 

among the dose groups. For the purposes of investigating trends of relative risk with'dose, the 

use of any mentioned cancers on the death certificate should not introduce bias. Table 3.5 

summarized the cancer groupings by immediate and contributory causes. There were 345 

immediate cancer deaths and 34 contributory cancer deaths. There were no deaths due to thyroid 

cancer and only 1 death due to multiple myeloma (ICDA-8 203) in the ORNL cohort. 

D. Cross-Classification to Generate Grouped Data for Analysis 

Before moving to a discussion of Poisson regression, it was important to describe how 

tables of data for regression analysis were generated, since Poisson regression analysis requires 

counts of deaths and person-years by category. A computer pro~am written by Pearce and 

Checkoway (1987) was implemented using the ORNL data (Appendix 1). The objective of this 

program was to generate a table of deaths and person-years cross-classified by variables under 

smdy. These seven variables were: type (2levels), agerisk (16le~els), yearrisk (8levels), worker 

stams (2levels), length of follow-up (9levels), duration of employment (9 levels), and 

cumulative dose (13 levels). 

An eighth column in the table was generated by cross-classification of these variables 

(Appendix 2). In this eight column table, variable 'type' had two levels; if type=O then deaths 

were in the eighth column. If type= I then person-years were in the eighth column. Only column 

8 contained useful information - deaths and person-years. A ninth column was added by cutting 

the eight column table into half and moving the person-years, where type=O into the column 

next to deaths. Appendix 2 provides an example of this procedure. 

There were many rows with no deaths, but person-years, as well as many rows with no 

person-years and no deaths. Records with no deaths or person-years of observation were omitted 

for analysis, since no information is contained in these rows. These procedures were followed to 
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generate a separate table of data for each outcome by induction interval. 1his cross-tabulation of 

deaths and person-years was used as data in statistical analysis. The factors that define the 

multidimensional table were independent variables for model fitting. 

E. Poisson Regression: Log-Linear Model Fitting Using Time-Related Factors 

Poisson regression is a log-linear modeling technique, because the logarithm of expected 

deaths is modeled as having a Poisson distribution. This analytical technique has gained 

JX>Pularity for use in cohort studies for two primary reasons. Ftrst, patterns of exposure-disease 

relationships can be elucidated from large amounts of data, like that collected for occupational 

studies, by grouping variables into categories. Secondly, since data are grouped into categories, 

the comparison group need not be external to the cohort, but can be within the cohort For this 

analysis, the reference category (i.e. comparison group) were those in the zero dose group. 

Poisson regression analysis was conducted in the context of Generalized Unear Models 

(GLM) using Splus software (Statsci, 1995). A large number of different techniques are unified 

by the concept of generalized linear models (Spector, 1994, p. 231). In matrix nota~on the linear 

model can be extended to a generalized linear model represented in the following way: 

y =g(X~) + e* 

where g( ·) is the link function that can change to accommodate a variety of models, 

and e* was an error distribution that may come from a variety of different distributions, including 

the binomial, Poisson, and normal distributions (Spector, 1994, p. 231). In Splus, the link and 

error distribution are specified in the 'glm' model formula using argument 'family=poisson'. The 

'family' argument packages both the Poisson error distribution (variance Jl.) and the 

multiplicative, log-linear link function, log(Jl.). The link function describes how the overall mean 

depends on linear predictors (Chambers and Hastie, 1993, p. 1997). The link function in 'glm' 

assumes a linear relationship between the outcome and independent variables. 
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GLM using the Poisson link function was used to estimate parameters by maximum 

likelihood (ML)(Chambers and Hastie, 1993, p. 242). ML techniques generate parameter 

estimates for independent variables by searching for the value that most likely produced the 

observed data. In Splus maximum likelihood estimation uses the iterative re-weighted least 

squares (IRLS) algorithm . 

. The log-linear model can be written as a multiplicative model for expected cell counts or 

can be written where the main effects are a linear function of the logarithm of the expected cell 

counts, which is shown below: 

where a is the intercept, P1 through P6 represent parameter estimates for agerisk, yearrisk, worker 

status, length of follow-up, duration of employment, and cumulative dose, respectively, and x1 

through x6 represent the factors (agerisk, yearrisk, worker status, LOF, DOE and DOSE). A 

sununary of cut points and levels for each predictor variable can be found in Table 3.4. Indicator 

variables were automatically constructed as part of the computer regression program. The first 

level of each factor is coded zero and subsequent levels are equally spaced ana ordered. Factors 

. effects are estimated relative to the first level. Dose, originally recorded in millirem (mrem), was 

converted to rems and recoded to the mid-point of the dose category with the following 

cutpoints. The equivalent measure in Sieverts (Sv) is also presented (1 rem= 0.01 Sv). 

One rem is 100 times smaller than a Sv. 

Recoded Seivert 
Level Range (mrem) tQ Rems EQuivalent 
0 0 (reference category) 0 0 
1 0+-<1000 0.5 0.005 
2 1 ,000-<.5000 2.5 0.025 
3 5000-<10,000 7.5 0.075 
4 10,000-<15,000 12.5 0.125 
5 15,000-<20,000 17.5 0.175 
6 20,000-<25,000 22.5 0.225 
7 25,000-<30,000 27.5 0.275 
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8 30,000-<35,000 32.5 0.325 
9 35,000-<40,000 37.5 0.375 
10 40,000-<45,000 42.5 0.425 
11 45,000-<50,000 47.5 0.475 
12 >50,000 82.5 0.825 

The range for the last dose category was 50,000 mrem to 114,405 mrem; the mid-point of the 

range was 82,202. Cumulative dose was then fit as a continuous variable. The Poisson model 

allows residual analysis in GLM so that the contribution of added terms can be evaluated while 

holding fixed those already fit (Chambers and Hastie, 1993, p. 222). 

Main effects were added in the following order: agerisk, yearrisk, worker status, length 

of follow-up, duration of employment, and dose. As each main effect was added, the GLM model 

generated a variety of information. The primary approach for identifying contribution of an 

added variable was the nested model approach. The method starts out with a simple model, 

including only the intercept term. Then, a variable, such as agerisk, was added, and the 

contribution of the addition of this variable to the reduction in residual deviance is compared to 

the null model with only an intercept term. Next, yearrisk was added and the contribution of 

yearrisk to reduction in residual deviance wa~ compared to the model that included the intercept 

and agerisk. The final nested model compares a formula where all main effects are added 

(intercept+ agerisk+ yearrisk +worker status+ lof +doe) to a formula with all main effects plus 

dose. The contribution of dose to the main effects model can be assessed by the deviance 

difference, i.e. change in residual deviance, that results from adding dose to the model. The 

significance of adding a parameter to the model is assessed by subtracting the residual deviance 

of the smaller model from the residual deviance of the larger model and comparing the difference 

using a chi -square test with 1 degree of freedom (X~= 3.84 ). 

It is convenient to summarize a series of fitted models in an 'Analysis of Deviance 

Table', which will be presented for each outcome by empirical induction period. Inference is 

based on the deviance difference between two nested models. In Splus the term 'Deviance' refers 

to 'deviance difference'. A computer program for generating results is provided in Appendix 3. 
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F. Poisson Regression: Model Fit~ng Using Linear Excess Relative Risk 

In the previous section, a multiplicative (log-linear) model was used to generate 

parameter estimates using Poi~n regression. A second type of model structure, the linear 

excess relative risk. is presented in this section. 1bis dissertation was originally planned with the 

goal of comparing results between the log-linear model and the linear excess relative risk model. 

1bis comparison seemed necessary, since much controversy surrounded Winget al. (1991), in 

part, because the analysis failed to incorporate the linear excess relative risk model. 

The linear excess relative risk model has been preferred in analysis of cohorts exposed to 

low-level radiation, such as ORNL, so that results from analysis of these cohorts would be 

comparable with results from follow-up studies of the atomic bomb survivor (ABS) cohort, 

which experienced higher exposure. It is desirable that results in estimated mortality risk be 

comparable between these two exposure groups, since public health standards are based on 

extrapolation from the ABS cohort data. Empirical fmdings from study of nuclear cohort 

populations completes a gap in our understanding of the health effects of low-dose radiation, but 

more importantly serves to 'check' that public health standards'based on extrapolation do not 

underestimate risk. 

The 'linear' in linear exeess relative risk has been adopted as preferred statistical 

methodology after several decades of follow-up of the ABS cohort. Researchers at the Radiation 

Effects Research Foundation (RERF) detennined that the linear excess relative risk model was 

the simplest model that provides the best goodness-of-fit (largest deviance difference) for solid 

cancers, compared to the log-linear or linear-quadratic models (Shimizu et al., 1990). (See 

Chapter 1, section D for a thorough discussion). 

There are two major differences between this model and the log-linear model as currently 

used. The intercept tenn in the linear excess relative risk model goes through zero. Since the 

'true' shape of the dose-response curve at low doses is unknown in human populations, it is 

assumed that the dose-response curve for nuclear worker populations is linear and crosses they-
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axis at zero. There is controversy about this assumption, but for purposes of radiation protection, 

caution is taken not to underestimate risk. 

Secondly, cumulative dose is not transformed onto the logarithmic scale using a linear 

excess relative risk model, whereas the log-linear model assumes that once transformed 

cumulative dose is linear on the logarithmic scale. According to Gilbert et al. (1989), the linear 

excess relative risk model is preferred over the l~g-linear model, because comparisons can be 

made to the ABS cohort data. Futhermore, Gilbert and colleagues state for lower doses, the log

linear function exp(l3z) is approximately equal to the linear function 1 + l3z. The linear excess 

relative risk model tends to give larger risk estimates and wider confidence interval (Gilbert et 

al., 1989). 

The goal of comparing results between the linear excess relative risk model and the log

linear model cannot be completely achieved, primarily due to limitations in analytical capacity. 

While the log-linear model was fit using time-related factors agerisk, yearrisk, worker status, 

length of follow-up, duration of employment, and dose, the linear excess relative risk model 

allowed use of three variables or less, depending on the levels of stratification. Fewer category 

levels of agerisk and yearrisk were allowed than in the log-linear model. A complete analysis 

using all levels of each time-related factor was not possible, since a student version of the 

software was available to conduct analysis. 

The linear excess relative risk model (ERR) is obtained from a statistical model designed 

around the ERR. In simplest terms, the ERR = RR - 1, where RR is the relative risk. If ERR = 

RR-1, then RR = 1 +ERR The model used in this analysis takes the following form: 

RR = s [ 1 + l3 1 dose] 

where s indicates adjusunent of the background mortality rate, and l31 is the ERR. The RR 

is modeled as a linear function of dose. The coefficient l3 1 is referred to as the excess relative 

risk and is expressed as a proportional increase over baseline per unit of dose (Gilbert et al., 

1990, p. 919). The symbol s represents stratification to make adjustment of the background 
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mortality rate. A more technical summary describing the ERR model can be found in Peterson et 

al., 1994 (p. 3-7). 

A student version of the regression program AMFIT, contained in the software 

EPICURE©, was used to obtain estimates of the ERR. AMFIT is fundamentally a Poisson 

regression program designed to be used with grouped cohort follow-up data and was developed 

by statisticians at RERF in Japan. The rate to be modeled is computed as the ratio of cases to 

person-years for each record in the input dataset (Epicure Use's Guide, 1993, p. 37). AMFIT 

models the Poisson mean as a piecewise constant hazard on fixed time intervals. 'Ibis means that 

death rates were assumed constant within fixed time intervals and exposure categories. It was 

assumed that the variability within time intervals and exposure categories was small relative to 

variability between intervals. Because of this assumption, it was possible to use maximum 

likelihood estimation to obtain the ERR (Epicure User's Guide, 1993, p. 11). 

Time-related variables were used for stratification using the STRATA command 

Stratification of a categorical variable essentially removes the influence of that variable as a 

possible confounder with cumulative dose as well as possible interactions. Stratification adjusts 

the background rate for factors aff~ting the background rate (Epicure User's Guide, 1993, p. 

207). 

The data prepared for Poisson regression in the previous section were read into AMFIT. 

Not all dataframes used in log-linear analysis were used in ERR analysis. Only three lag intervals 

Oag=O, 10, and 20) were used to model the ERR. Using the student version ofEPICURE© 

precluded analysis for all levels of each categorical variable, as presented in Table 3.4. When 

stratifying by only one variable, cutpoints were the same as those presented in Table 3.4, except 

for agerisk which was eight categories instead of 16 and yearrisk which was four instead of eight 

levels. When stratifying by two or more variables, fewer levels were possible. 

Because the number of categories by which three variables could be stratified was 

reduced relative to the log-linear approach, a decision was made to introduce paycode as a third 

stratification variable with agerisk (5 levels) and yearrisk (4 levels). 111is would allow closer 
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comparison of results with other nuclear worker cohort studies, and control for residual 

confounding. The following levels for stratification were used: 

Strata Cutpoints for Single Stratification Variables Levels 

1. AGERISK <45, 45-49,50-54,55-59,60-64,65-69,70-74, 75+ 8 
2. YEARRISK 1945-49, 1950-54, 1955-59, 1960-64, 1965-69, 

1970-74, 1975-79, 1980-84 8 
3. LOF 0-4,5-9, 10-14, 15-19, 20-24, 25-29, 30-34, 35-41 8 
4. DOE 0-4, 5-9, 10-14, 15-19, 20-24,25-29, 30-34, 35-41 8 
5. WORKER STATIJS 0,1 2 

Strata Cutpoints for More than One Stratification variable I..evels 

6. AGERISK 
7. YEARRISK 
8.LOF 
9.DOE 

10. PAYCODE 

<45,45-54,55-64,65-14, 75-90 
1945-54, 1955-64, 1965-74, 1975-84 
<10, 10-19,20-29,30-41 
<10, 10-19,20-29,30-41 
0, 1, 2 

5 
4 
4 
4 
3 

Dose was read into AMF1T as a categorical variable with 12 levels. The cutpoints for 
dose as measured in millirem were recoded into Sieverts: 

Level 
0; 

1 
2 
3 
4 
5 
6 

7 
8 
9 
10 
11 
12 

Range 
0 (reference category) 
0+-<1000 
1 ,000-<5000 
5000-<10,000 
10,000-<15,000 
15,000-<20,000 
20,000-<25,000 
25,000-<30,000 
30,000-<35,000 
35,000-<40,000 
40,000-<45,000 
45,000-<50,000 
>50,000 

Recoded 
to Sieverts 

0 
0.005 
0.025 
0.075 
0.125 
0.175 
0.225 
0.275 
0.325 
0.375 
0.425 
0.475 
0.825 

The range for the last dose category is 50,000 mrem to 114,405 mrem; the mid-point of the range 

is 82,202. Dose was centered to mid-category and recoded to be a continuous variable for 

analysis with AMFIT. 
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Outcomes evaluated were: solid cancers only, leukemias excluding CLL, solid cancers, 

removing smoking-related, and smoking-related. 

After stratification. the NULL model was fit to the data constraining P1 to be zero. With 

the data stratified and the null model fitted, dose was fit using the LINEAR command. Thus 

there are no parameter estimates for the time-related variables. The influence of covariates were 

removed through stratification. The unexposed ca~gory with zero cumulative exposure was the 

comparison group (i.e. interval comparison group). 

What was referred to as the 'deviance difference' approach used in log-linear models 

analysis was the same approach used in the ERR analysis. In the ERR analysis the deviance 

difference was measured as the likelihood ratio test (LR1)(LRT=deviance difference). The 

likelihood ratio test requires a nested model approach, comparing the difference in deviance 

between the null model and that with the addition of dose, where dose was added as a continuous 

variable. The likelihood ratio test was used to demonstrate a well fitting change in deviance. The 

deviance from the current model is subtracted from that of the null model and the difference in 

number of free parameters is computed. In this analysis the difference between nested models 

will always be 1, which has a X2 distribution with 1 degree-of-freectom (X2 > 3.84 = p<O.OS). 

The coefficient associated with dose is the percent increase in mortality at the 1 Sv level. 

This is the unit of risk for excess relative risk coefficients, which are in units of percent per 

Sievert (%/Sv) (Peterson et al., 1994, p. 9-1). The estimated relative risk at 1 Sv would be 1 + 

ERR For example, if a regression coefficient fit_ting the ERR model is 0.5, then the mortality 

rate is 50% higher in the exposed population, or, 1 + 0.5 = 1.5 times greater than the baseline 

mortality rate in the nonexposed population. The value 0.5 is the excess relative risk and the 

value 1.5 is the relative risk (RR). 

The summary parameter table and results generated by AMFIT include the following: 

parameter estimate for cumulative dose, standard error, null deviance and degrees of freedom, 

model deviance and degrees of freedom, likelihood ratio statistic and p-value, and confidence 
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interval (CI) for the parameter estimate. The CI was calculated as two-sided(~ +1- 1.96*stderr) 

(Epicure User's Guide, 1993, p. 52). 

G. Limitations of Data Analysis 

(1) Exclusion of Paycode in Log-Linear Model Fitting 

A decision was made a priori to exclude the variable paycode from log-linear analysis, 

since the presence of paycode could influence the relationship of time-related factors to mortality 

and/or cumulative dose. It was decided to include paycode in linear excess relative risk analysis 

as a stratification variable, since it was determined after data analysis had begun that results using 

linear excess relative risk model would not be comparable to results from log-linear analysis. The 

two statistical approaches were comparable, since the same degree of stratification using each 

model could not be achieved with time-related variables. 

(2) Measurement Error of Exposure 

(a) Dosimeter Readings, and Level of Detection 

The quality of radiation measurements become even more important when expos.ures 

have been very low. In the ORNL cohort most workers received repeated low doses of radiation. 

Accuracy of the measuring instruments, reporting of levels near the limit of detection, and the 

pattern of dose accumulation are important considerations. 

The difficulty with film badge measurements was estimating exposure from 

measurements made below the film's limit of detection. Weekly readings could promote 

cumulative dose underestimation if badges were not sufficiently exposed to reach a minimum 

detectable dose of 30 mrem (0.3 mSv). The individual's documentation for a film with an 

exposure below the detection limit might be recorded as the detection limit or may be recorded as 

zero depending upon ORNL protocol at the time. In a years time, a worker could have received 

up to 1.5 rem (0.015 Sv) that would be unrecorded or recorded as zero. Tanksersley et al. (in 
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press) recently showed that unrecorded exposures were highest in those with the highest recorded 

exposure. 

(b) Background Radiation Exposure 

The total external gamma-ray and cosmic-ray radiation in US cities averages from 0. 7 

mSv (0.07 rem) to 2 mSv (0.2 rem) per year (NCRP, 1987). The geographic distribution of 

natural exposure and the variability in life-style, and individual mobility introduces the potential 

for exposure misclassification, especially when exposure is a fraction above average background 

(Harley, 1991). Background exposure at ORNL was assumed to be 0.01 mSv per week (State of 

Tennessee) and subtracted from the readings by health physics personnel (Tankersley, personnal 

communication). 

(c) Exposure to Radiation at Non-DoE Facilities 

The amount and types of radiation that ORNL employees may have received prior to 

1943 is unknown. Many of these workers were relocated from contractor facilities, such as 

Dupont Corporation, or university research laboratories, such as the University of Chicago 

Physics Department These institutions are non-DoE facitlites. Those working in nuclear research 

who relocated from one area of the country to another may have received substantial doses that 

would not be recorded (Strom, 1991, p. 69). These workers would be eligible for inclusion in the 

ORNL cohort F:or example, Enrico Fermi, a Nobel Laureate in Physics who is probably in the 

ORNL cohort, worked in nuclear physics in the 1920's and 1930's receiving large doses that 

would not have been monitored before 1943 (since standard radiation exposure monitoring did 

not exist). Large doses of exposure received by members of the ORNL cohort employed at non

DoE facilities prior to 1943 would not be reflected in dose information that forms the basis for 

radiation risk estimates. Large unrecord&i doses in cohort members would tend to overestimate 

mortality risk from exposure in the ORNL cohort White men who were known to have been 

employed at other DoE facilities (such as Los Alamos, NM or Hanford, W A) were excluded from 

103 



eligibility in the ORNL cohort The eligibility criteria included those who were hired between 

January 1, 1943 and December 1, 1972 with no history of working at another DoE facility. 

(d) Exposure to Workplace Chemicals 

There was extensive exposure to paints, solvents, asbestos, and other chemicals used in 

construction and maintainence operations at ORNL. According to ORNL, monitoring data from 

exposures in air are available for mercury, lead, beryllium, and nickel. Biological monitoring (i.e. 

urine) programs were initiated in the 1950's for mercury and nickel, and in 1949 for lead. 

Monitoring data are also available for perchloroethylene and carbontetrchloride (ORAU 

Symposium, 1992), both of which cause liver cancer in mice. Benzene, a known human 

carcinogen, was used at ORNL, but the available information did not indicate exposure to benzen 

was montiored. Nickel is listed as a human carcinogen; beryllium and lead have been shown to 
.. 

cause cancer in animals (Goyer, 1991, p. 632). The fact that biological specimens were collected 

for these carcinogens suggests that exposures were of concern. Exposure to known and probable 

carcinogens in the workplace have not been incorporated into analysis of ORNL mortality risk 

estimates. The contribution of chemical exposure to mortality burden in this cohort may never 

be adequately determined. 

(e) Consumption of Tobacco Products 

The influence of the cigarette smoking and chewing tobacco on cancer mortality 

in the ORNL cohort could not be assessed. Yet, tobacco consumption, particularly 

cigarette smoking, is an important confounder. Data was collected on smoking for a 

twenty-five percent (25%) random sample of the ORNL study population (Elghany, 

1993). Data recorded during pre-employment physical examination were abstracted from 

the medical charts for approximately seventy percent (70%) of this sample (70% of 

25% ). The remainder were missing smoking infor:mation on their medical records. A 
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larger proportion of cases were smokers, though there was no statistically significant 

difference in the smoking status between cases (86.2%) and controls (77 .4% ). Elghany 

(1993) found that eighty percent (80%) of the ORNL sample were smokers at the time of 

the pre-employment physical. Thus, cigarette smoking is an uncontrolled confounded in 

the ORNL cohort. 
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Table 3.2 

Cohort Definition and Vital Status as of December 31, 1984 
for 8,318 White Males Employed at ORNL between 1943-1972 

as Obtained from DoE's Comprehensive Epidemiologic Data Resource 

Eligibility: White males hired between 1/1/43 and 11131n2 
who worked at least 30 days only at ORNL 

Follow-up: Through 11131184 

Total Workers* 
Exclusions 

Worked less than 30 days 
Unknown information 
Women 
Nonwhite 

17,517 

469 
426 

3792 
805 

Employment in other DoE plants (c) 3707 
White male study cohort(%) 8318 

Missing 1(0.01)(a) 
Known Alive 6108(73.4) 
Status Unknown 686(8.2) 
Deaths(%) 1523(18.3) 

No death certificate 34(2.23) 
Cancers 345(226)(a) 
Known Natural Deaths( d) 972(64.0) 
External Causes 172(11.3) 

Total Person-Years of Follow-up 213,950(b) 

*Includes females and nonwhites from January 29, 1943 to December 31, 1984 
(a) One death is counted as missing, since New York City did not grant permission 
for CEDR to release ICDA-8 cancer code. Total deaths are 1,524 as published by Wing et al. 
(b) Total person years differ using rounded dates. Unrounded person-years for 
the entire cohort are 215,680, as published by Wing et al. 
(c) Exclusions include working at Y-12 or K-25, 
which are other plants on the Oak Ridge Reservation. 
(d) Known Natural Deaths excludes deaths from cancers and injuries, 
poisoning, accidents, and other external causes of death. 
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Table 3.3 

Cutpoints Used for Model Fitting in Winget al., 1991(a) 

Age(b) 

Birth cohort (c) 

Active worker 
status 

Paycode(d) 

Cumulative 
Dose (mSv)(e) 

15-19, 20-24, 25-29, 30-34, 35-39, 4044, 45-49, 50-54, 
. 55-59, 60-64, 65-69, 70-74, 75-79, 80-84, 85-89, 90-95 

<1905 (referent) 
1905-1914 
>1915 

0 - not active (referent) 
1 - terminated worker but still considered working 

monthly (referent) 
weekly 
hourly 

0, >0-19, 20-39,40-59,60-79, 80-109, 110-119, 120+ 

(a) Variables "type" and "internal monitoring" are not included in model fitting, 
but used to construct multi-dimensional table. 
(b) Age was stratified into 16 5-year intervals. Then age was_ttanformed and centered aroUnd 52.5. 
(e.g. log(age + 2.5) /52.5). 
(c) Birth cohorts 1905-1914 and <1905 were combined in leukemia regression analysis, 
and used as the referent. 
(d) Weekly and hourly workers were combined in regression analysis. 
(e) Midpoint of the dose category was used in regression, except in the highest dose category 
where the median value of person-years in the highest dose category was used (194 mSv). 
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LOF 

AGERISK 

CALYR 

Table 3.4 

Cutpoints Used for Time-Related Factors in Current Analysis 

Duration of employment (not the same as duration of exposure) 

(0-4, 5-9, 10-14, 15-19, 20-24,25-29, 30-34, 35-39, 40) 

Length of follow-up: number of person-years contributed 
by the worker from entry into the cohort until death, end of 
study period, or lost to follow-up, whichever occurs first. 

(0-4,5-9, 10-14, 15-19.~24,25-29,30-34,35-39,40) 

Attained age is a worker's ,age at any point in follow-up. 

(15-19, 20-24, 25-29, 30-34, 35-39,40-44,45-49,50-54,55-59, 
60-64, 65-69,70-74,75-79, 80-84, 85-89, 90 

Calendar year is the chronological year at any point in time 

as a worker passes through follow-up. 
(1945-49, 1950-54, 1955-59, 1960-64, 1965-69, 
1970-74, 1975-79, 1980-1984) 

WORKER Whether the worker has retired or is still working, 

STATUS lagged by two years. 

(0, 1) 

CUMULATIVE Cumulative dose is annual dose summed yearly for overall 
DOSE measure of past exposure (in mSv) 

~<10, 10-<50,50-<100, 1~150, 150-<200,200-<250, 
250-<300,300-<350,350-<400,400-<450,450-<500,>=500. 
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3.5 Summary of Cancer Deaths Grouped for Model-Fitting 

by Immediate and Contributory Causes of Cancer 

TOTALS Number of Cancer Deaths 

Cancer Group Immediate Cancer Contributory Cancer 

I. All Cancers 379 345 34 
2. Solid cancers(a) 349 317 32 
3. Lung cancers 104 96 8 
4. Solid cancers, no lung 245 221 24 
5. Solid cancers, no smoking-related(b) 205 182 23 
6. Solid cancers and lung( c) 309 278 31 
7. Solid cancer, no respiratory (d) 232 207 25 
and upper digestive 

8. Smoking-related (Group I) (e) 138 129 9 
9. Smoking-related (Group m (t) 144 135 9 
10. Smoking-related (Group ll), 40 39 1 
excluding lung cancer 

11. All Leukemias 30 28 2 
12. Leukemia excluding CLL (g) 23 23 0 

(a) solid cancers excludes leukemia (n=30) 
(b) excludes leukemias (n=30), lung (n=104), larynx (n= 4), nasopbarnyx (n=1), bladder (n=3), 
pancreas (n=26), and esophagus (n=6) 
(c) excludes smoking-related cancers 
(d) excludes leukemias (n=30), nasopharynx (n=1), hypopharynx (n=1), ill-defmed lip (n=1), 
esophagus (n=6), larynx (n=4), and lung (n=104) (includes bladder and pancreas) 
(e) includes lung (n=104), larynx (n= 4), nasopbarnyx (n=1), bladder (n=3), pancreas (n=26) 
(f) includes lung (n=104), larynx (n= 4), nasopbarnyx (n=1), bladder (n=3), pancreas (n=26), 
and esophagus (n=6) 
(g) excludes chronic lymphocytic leukemia (n= 7) 
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CHAPTER4 

RESULTS 

I. \TITAL STAniS AND MISSING INFQRMAIION 

After exclusions enumerated in 'fable 3.2, at the end of follow-up on December 31, 1984, 

Table 4.1 shows that 73.4% of the cohort was alive, 18.3% were deceased and 8.2% had unknown 

vital status and were considered· lost to follow-up. Based on rounding of person-years, there were 

213,950 person-years in the cohort for this analysis (see Chapter 3, I.B. for discussion). Those 

alive contributed 167,941 person-years, those deceased contributed 37,875 person-years, and those 

with unknown vital status contributed person-years of observation up until termination of 

employment (9,636 person-years). 

In some cases the vital status was unknown (n=686; 8.2% ). Those with unknown vital 

status were assumed alive at the end of follow-up, but only contributed person-years up until 

termination of employment AssUming that workers were alive when they are not could have the 

effect of artificially lowering mortality rates if some of the unknowns had, in fact, died before end 

of follow-up. However, counting person-years until date of termination for those with unknown 

vital status minimizes loss of information. 

For others the vital status was known, but the cause of death could not be obtained from a 

death certificate. There were 34 (2.23%) deaths for which cause of death was not obtained from a 

death certificate. These deaths were only included in analysis of all~se deaths. 

There were 469 workers who were employed for less than 30 days, the minimum 

employment period for eligibility into the study, and thus, are not included in this analysis. The 

gender distribution and vital status of workers employed for less than 30 days were not available 

from dita in the CEDR archive. 

In terms of cumulative exposure by vital status, 78.4% of deceased received exposures 

above zero. Seventy-four percent of those alive at the end of follow-up received greater than zero 
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exposure. Sixty-six percent of those with unknown vital status received greater than zero dose 

(Table 4.1). 

n. DESCRIPIJ\TE INFoRMAnoN ABotrr TIME-RElATED v ARJABLES 

A Mean, Standard Error, and Range 

Table 4.2 preSents mean, standard error, and range for time-related variables grouped by 

(1) entire cohort, (2) known deaths, (3) cancer deaths, and (4) still alive. Looking across the row 

for duration of employment, mean duration of employment does not differ greatly by vital status. 

Mean duration of employment for those still alive, 1 0.3, is quite similar to the mean duration of 

employment for cancer deaths (9.9 years). The range of duration of employment for each group is 

also similar. 

The mean length of follow-up by study status ranges from a mean of 23.4 for all known 

deaths to a mean of 27.5 for known alive. The range of length of follow-up for those still alive is 

different from the range of length of follow-up for the other groups. Those still alive have a length 

of follow-up between 12-41 years, while the all cancer group ranges from 0 to 41. This suggests 

that some still alive have been in the cohort for a minimum of twelve years. 

Other notable aspects of this table are that the mean age of hire for those that died of 

cancer was 37, while the mean year of hire was 1948, which does not differ much from the non

cancer deaths. The mean age of hire for the entire cohort is 28 and the mean year of hire is 1955. 

B. Frequency Distributions and Histograms 

(1) Agerisk 

The probability of developing cancer over a certain period increases as one advances in 

age. A worker who has not left the cohort is eligible to develop disease, and therefore is considered 

"at risk" for disease or death. As a worker increases in age, risk of death increases independently of 
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exposures that may enhance mortality. In Table 4.3 agerisk is displayed for deaths of all causes of 

death and all cancers. Since the tables represent agerisk as a subset of the cohort, namely for only 

those deceased, then the tables are analogous to age at death. However, agerisk is a slightly 

different concept that simply age at death, since members of the cohort still alive contribute person

years when stratifying by agerisk. Agerisk represents the age at which these members left the 

cohort. The age at risk for other cohort members has been omitted from this table. In stratification 

on agerisk, there would be seven deaths in agerisk group 20, and the person-years for agerisk 

group 20 would have all person-years in the cohort that contributed to agerisk 20. 

In the frequency and percent columns, the distribution of deaths increases as the cohort 

ages. Agerisk displayed as a continuous variable in Table 4.3a. showed that deaths peaked at 

agerisk 65 (15.6%) but that deaths are primarily distributed between agerisk 50 and 70, 

approximately 65% of deaths. The trend for cancer deaths was similar. Between agerisk 50 and 70 •. 

71% of the cancer deaths occurred (Table 4.3b ). 

(2) Y earrisk 

The probability of cancer developing over a certain periOd increases as a worker advances 

through chronological time and hence, calendar time. A worker who has not left the cohort is 

eligible to develop disease, and therefore is considered "at risk" for disease or death. As a worker 

moves through calendar time, risk of death increases independent of exposures that may enhance 

mortality. Y earrisk was analogous to year of death in the subset of deaths presented in Table 4.4a 

and 4.4b, since year at risk for other member of the cohort are not presented. Table 4.4a shows 

that the number of deaths are increasing as the cohort moves through calendar time, peaking at 

1980, which reflects that 26.5% of the cohort died between 1980-1984. Table 4.4b shows that 

33% of cancers deaths occurred between 1980 and 1984. 

(3). Active Worker Status 
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Briefly, the rationale for including worker status as a potential confounder is summarized. 

. The reader is referred to Chapter 3, Methods, for a more thorough discussion. Whether or not a 

worker has recently left employment, such are retirement, influences overall mortality in a cohort 

1bis aspect of the health worker effect is not confined to comparisons between exposure groups, 

since odd peaks of mortality can occur in relation to changing jobs (i.e. going from working to 

retirement)(Breslow and Day, 1987, p. 40). The percentage of 'inactive' versus 'active' person

years can be expected to influence findings of mortality studies. Furthermore, workers employed 

the shortest duration have the highest mortality and contribute the most inactive person-years. 

Breslow and Day (1987) have suggested that in order to account for the odd peaks in mortality that 

can occur immediately after leaving the workplace, the first two person-years years after · 

retirement and deaths should be treated as if the individual is still employed. Specifically, the 

person-years are divided into "active" person-years (person -y~ while still working at ORNL) 

and "inactive" person-years (person-years subsequent to working at ORNL). 

For solid cancers, this change in status resulted in 74.5% of 260 deaths classified as 

occurring two years after ceasing work, while 89 (25.5%) deaths'!Jeeurred either while still 

employed or within two years of leaving employment (Table 4.5). The person-years in table 4.5 

represent all person-years in the cohort (n=213,950). The person-years are split between those 

classified as active and inactive. Active status include person-years for workers which are (1) dead 

but still considered alive, based on a two year lag, and (2) alive and currently employed at ORNL 

(n=95,123). Inactive person-years include person-years for workers who are deceased, lost to 

follow-up, or otherwise no longer in the cohort 

(4) Duration of Employment 

Table 4.6 breaks down duration of employment (DOE) into three groups: entire cohort, 

known natural deaths, and cancer deaths. The most notable element of the DOE frequency 

distribution (Table 4.6) is that over 55% of the cohort worked less than five years. Twenty-nine 
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percent (29%) of the entire cohort was employed between 15 and 41 years, while twenty-seven 

percent (27%) of the non-cancer deaths and thirty-five (35%) of the cancer deaths were employed 

between 15 and41 years. Only 3,715/8,318 (44.6%) ofthecohortmembers worked five years or 

more. The range of DOE is 30 days to 41 years with the mean DOE at 9.3 years (std. err= 0.12); 

The distribution of DOE is highly skewed toward workers employed less than five years. 

For this reason, a histogram displaying the natural logarithmic distribution of DOE was provided 

in Figure 4.1a. Taking the nan.rrallog of DOE makes the distribution more symmetric and 
·, 

normally distributed. While the distribution of DOE was transformed to the natural log scale, the 

cutpointlabels on Figure 4.1a (<1, >=1, >=7, and >=20) are displayed on the arithmetic scale for 

easier interpretation. 1be histogram indicates that 2,880 (34.6%) of the cohort was employed less 

than one year, and 2,321 (27.9%) of the workers were employed between one year and less than 

seven years. Approximately 16% (n=1,314) were employed between seven and 19 years, while the 

remainder of the cohort (n=1,803 or 21.68%) were employed 20 years or more. From the 

:frequency distribution and histogram it is concluded that over one-half of those employed less than 

five years were actually employed less than one year. 

(5) Length of Follow-up (years) 

Table 4. 7 presents a frequency distribution for length of follow-up (LOF) by three groups: 

entire cohort, non-cancer deaths, and cancer deaths. Most of the cohort was followed between 15 

and 41. Eighty-four percent of the cancer group was followed between 15 and 41 years, while 81 

percent (81% )of the non-cancer deaths and 83 percent (83%) of the entire cohort were followed 

between 15 and 41 years. The mean length of follow-up for these three groups did not differ, 25.6, 

24.1 and 24.2 years, respectively, for the entire cohort, non-cancer, and cancer deaths. 

The histogram for length of follow-up (Figure 4.1 b) closely corresponds to the frequency 

distribution for the entire cohort There were 138 cohort members who had 'zero' LOF recorded, 

but presumably were employed at least 30 days in order to be included in the cohort. The 
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documentation and other materials with the ORNL dataset did not describe this group adequately. 

Of the 138 workers with zero LOF, 123 workers were included in the 686 workers for whom vital 

stanJs was unknown. The cut points for the frequency distribution and for the histogram differ 

slightly, since the histogram cutpoints were computer generated based on distribution of the data. 

Nevertheless, it is evident from the data that much of this cohort contributed between 15 and 40 

years to follow-up. 

( 6) Cumulative Dose 

A worker's individual dose value accumulated yearly over a working lifetime represents 

cumulative dose. Figure 4.2 demonstrates the overall low exposure in the cohort. Over 40% of the 

entire cohort received approximately 10 mSv (1 rem) exposure over a working lifetime. The solid 

line, representing a cumulative exposure curve for the entire cohort, falls off rapidly after 50 mSv 

(5 rem) of cumulative exposure. For comparison puq)oses, the amount of cumulative exposure 

allowed per year in an occupational setting is 50 mSv (5 rem) (Shapiro, 1990, p.338). The middle 

peak, indicated by short closely spaced dashes, represents the group of deaths remaining after 

excluding cancer deaths and external causes of death. Over 60% of non-cancer deaths received 

approximately 10 mSv of cumulative dose. The sharp peak at 10 mSv represents the all cancer 

group (immediate causes of death only). It is evident that approximately 80% of this group 

received approximately 10 mSv of cumulative exposure. 

The density distribution displays a three curves in the right tail. The first curve is between 

100 mSv (0.1 Sv) and 500 mSv (0.5 Sv), which represents 24 deaths. Further out in the right tail, 

the two small peaks between 500 mSv and 1000 mSv (1 Sv) represent 1 death from esophageal 

cancer and one death from laryngeal cancer. For comparability purposes, the range between 500 

mSv and 1000 mSv would be considered greater than low-dose exposure in the atomic bomb 

survivor (ABS) cohort (Shimizu et al., 1990, p. 121), while 100 mSv would be considered in the 

low-dose range relative to exposures experienced by the ABS. The density distribution is a 
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smoothed representation of cumulative dose, so the curves do not correspond perfectly to cutpoints 

at 100 mSv, 500 mSv and 1000 mSv. 

Table 4.8 shows a breakdown of cancer deaths by cumulative dose. From this display it 

can be seen that the two deaths in the right tail of Figure 4.2 are cancers of the esophagus and 

larynx, respectively. It is also evident that over 50% of the lung cancer deaths received cumulative 

dose less than the annual occupational limit of 50 mSv. There are six lung can~r deaths occurring 

in the dose range between 100 mSv to 150 mSv. There was one death from laryngeal cancer in the 

850-900 mSv dose group. 1bis was the highest dose group in which a cancer death occurred. 

Table 4.9 categorizes cumulative dose into four groups: 0, less than 50 mSv, 50 mSv to 

less than 100 mSv and greater than 100 mSv presented for four broad outcome groups. Only 

16.8% of the cancer group received zero exposure, while over 20% of workers in the other groups 

received zero dose. lhe second dose category (>0-49.9) corresponds nicely to the density curve 

presented--in Figure4.2), showing that a majority (90%) of the exposed cohort received less than 

the annual occupational limit over their working lifetime, while 86% of exposed cancer deaths 

received less than the annual occupational limit over their working lifetime. For the last dose 

category (100+ mS~). it is evident that the cancer group received a larger cumulative dose than 

other workers. This is evident by evaluation of the median dose (50% percentile) of exposed cancer 

deaths, which shows that 50% of 345 cancer deaths were below 6.1 mSv and 50% were above, 

while 75% of345 cancer deaths were below 17.8 mSv and 25% were above 25 mSv. Median 

values were calculated including deaths in the unexposed group. 

lhe range of dose for those still alive indicate that the worker who received the largest 

dose in the cohort was still alivefat the end of follow-up in 1984. Workers who died of non-cancer 

causes (n=972) received a wider range of cumulative dose than cancer deaths (0-920.7 mSv versus 

0-852.2 mSv). However, based on the 75% percentile, a larger dose was received by 25% of the 

cancer group (17.8 mSv) than by 25% of the non-cancer deaths (16.1 mSv) or alive group (11.7 

mSv). 

116 



III. CAl JSES OF DEATH 

There were a total of 1524 deaths in the ORNL cohort between January 1, 194 3 and 

December 31, 1984. As mentioned earlier, one cancer death is coded as missing making available 

1523 total deaths including 379 cancer deaths (immediate and contributory). 

Table 4.10 shows the break down of cancer deaths by immediate and contributory causes 

of death. The largest number of cancer deaths for immediate cause of death category was lung 

cancer (n=%), followed by large intestine (n=34), leukemia (n=28), and pancreas and prostate both 

having 25 deaths. Closely paralleling immediate cause of death, the largest number of contributory 

cause of death was also lung cancer (n=8), followed by prostate (n=5), and large intestine (n=3). 

There was two contributory deaths for leukemia and one contributory death for pancreatic cancer. 

Table 4.11 shows outcomes for non-cancer causes of death. By far the largest disease 

burden in this cohort occurred from heart attack (n=386), and other diseases of the circulatory 

system (n=352). 

IV. EMPIRICAL lNDlJCIION PERIOD 

It has been established that development of cancer has a latency period To date, little has 

appeared in the epidemiologic literanrre discussing statistical modeling of cancer latency and its 

i.IDpact on estimates of mortality risk. Few papers were found in the literature which contrasted 

various assumptions about cancer latency (Checkoway et al., 1989). A systematic evaluation of 

computational approaches to incorporating an induction period was needed to develop a better 

understanding of the differences between assumptions. It was discovered that two approaches were 

referred to as the same phenomenon. 

Lack of consistency between computational approaches for introducing an empirical 

induction period (EIP) may be an important methodologic consideration when comparing study 

results. For example, both Gilbert et al. (1993) and Winget al. (1991) refer to a 10-year lag, but 
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10-year lag was not computed in the same way. If methodologic approaches differed, then results 

may not be comparable. Both techniques are analytic and employed to increase probability of 

<Jetecting a true dose-related change in the disease or mortality experience of a cohort The terms 

are not clearly defined and are used in varying ways by different investigators. 

The null hypothesis here was that no difference in estimated mortality risk results between 

approaches to incorporating an empirical indu~~m period. This hypothesis was not rejected. 

Results of this investigation lead to the conclusion that, while approaches to incorporating an 

empirical induction period differ computationally, parameter estimates do not differ. Different 

approaches did not lead to significantly different mortality risk. Three sections follow. Section A 

describes 'latency with lagging', while section B describes 1agging' only. Section C graphically 

displays parameter estimates demonstrating there was essentially no difference between 

approaches. 
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A Latency with Lagging Dose 

For simplicity in terminology, 1atency' refers to removing deaths and person-years during 

some specified interval for analysis of cohort data, and 1ag' refers to shifting dose of individual 

cohort members. For example, a 10-year lag (Gilbert et al., 1993) means that (1) the first five 

years of person-years and deaths are not counted, and (2) dose is lagged for five years from first 

year of cumulative dose. A 10 -year lag is, therefore, composed of a 5-year interval in which 

deaths and person-years are removed (plus the fractional year in which the worker entered the 

cohort), and a 5-year interval when dose is lagged. These two intervals together constitute a 10-

year lag, since dose received in the first year of follow-up is not included until 10 years later 

(Gilbert, personal communication). An excerpt and interpretation from Gilbert et al., 1993 follows: 

"For example, a worker who initiated employment in 1950, and received doses of 10 m.Sv, 5 mSv, and 25 m.Sv in 
1950, 1951, and 1952 respectively, would begin contributing person-years at the beginning of 1956. With a 10-year 
lag, this worker would be assigned 0 mSv for each of the years 1956-1960, 10 mSv for the year 1961, 15 mSv for the 

year 1962, and 40 mSv for 1963 and all succeeding years of follow-up." A 10-year lag is displayed in the 
following way: 

\actual analytic actual analytic 

WJ7 ~ ~ gm1dose gJWdQSe 
1950 1 10 I Started work in 1950 
1951 2 15 I These five-plus person-years are 
1952 3 40 I not counted in the cohort. 
1953 4 40 I 
1954 5 40 I 
1955 6 40 I 
------------------------------------------------

Assign dose 0 
[Q[ 1256-12® 

1956 7 1 40 0 
1957 8 2 40 0 The worker contributes 
1958 9 3 40 0 9 person-years of follow-up 
1959 10 4 40 0 to the cohort. Cumulative dose 
1960 11 5 40 0 is40mSv. 
1961 12 6 40 10 
1962 13 7 40 15 
1963 14 8 40 40 
1964 15 9 40 40 
1965 16 10 40 40 -- worker dies and leaves 

follow-up in 1965 
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It appears that the last year of follow-up could be handled in two ways. The last year of follow-up 

could be rounded to mid-year. In the example above, this would mean that the worker would 

conttibute 9.5 person-years of follow-up to the cohort Secondly, the last person-year of follow-up 

may be included in the calculation of total person-years. For the exampl~ above, this would mean 

that the person-year for 1965 would not be counted as part of the total number of person-years, so 

that the worker would contribute 9 person-years of follow-up. 

B. Lagging Dose Only 

In contrast to Gilbert et al. (1993), Winget al., 1991 used a 1ag only' approach. Lagging 

dose is an approach that results in cumulative dose being shifted forward by the number of years in 

the lag interval. Real-time cumulative exposure at the end of follow-up, the width of the lag 

interval, becomes omitted. The total number of person-years and deaths are retained. This 

approa.Ch attempts to isolate the range of cumulative dose in the past that is relevant for disease 

development and ignore cumulative dose further out in follow-up that is unlikely to be related to 

disease development A 10-year lag is displayed in the following way: 

actual analytic actual analytic 
gUr 1m. 1M cumd~ cumd~ 

1950 1 1 10 0 Started work 
1951 2 2 15 0 
1952 3 3 40 0 
1953 4 4 40 0 

. 1954 5 5 40 0 
1955 6 6 40 Additional 0 
1956 7 7 40--1 cumdose between 0 
1957 8 8 40 I 1955 and 1964 is not 0 The worker contributes 
1958 9 9 40 I included in analysis. 0 15 person-years of follow-up 
1959 10 10 40 I 0 is40mSv. 
1960 11 11 40 I 10 
1961 12 12 40 I 15 
1962 13 13 40 I 40 
1963 14 14 40 I 40 
1964 15 15 40 40 
------------------------------------------------------
1965 16 16 40 I 40 -- worker dies and leaves follow-up in 

1965 
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In this example for one hypothetical worker, a worker does not accumulate an annual increase in 

dose after 1952. Thus, cumulative dose between 1952 and 1964 is not modified by subsequent 

exposures. When dose is lagged by 10 years (see 'actual cumdose' column). the cumulative dose 

from 1956 through 1964 is not included in analysis. These person-years become the '0' dose group 

that appears in column 'analytic cum dose'. Lagging dose by 10 years would not incorporate 

exposure beyond cumulative dose recorded in 1955 for this hypothetical worker. All person-years 

that this worker contributes to follow-up are kept in the cohort 

C. Graphical Display of Dose Coefficients 

Because it was recognized that two computational approaches exist in the same txxly of 

literature, but referred to interchangeably, it was hypothesized that some difference in the 

parameter estimate may result due to ~e differences in the method for incorporating an _ 

empirical induction period (EIP).However, based on follow-up through 1984 in the ORNL 

cohort, no bias was detected using the following the following combinations: 

SQlid Can~r.s Leuk~mias 

Latency Lag Latency Lag 
0 0 0 0 
5 5* 0 2 
0 10** 5 2 
5 15 5 5 
0 20 0 10 

The rationale for these combinations is presented in detail in Chapter 3, Methods. The latency:lag 

combination that includes latency=5:lag=5 is analogous to an approach used by Gilbert et al., 

1993* while the latency:lag combination Iatency=O:Iag=IO corresponds to the approach used by 

Winget al. ** In the radiation epidemiology li~rature, latency=5:lag=5 and latency=O:Iag=10 

were assumed to incorporate the same induction period, namely a 10-year 'lag'. 
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Figure 4.3 shows estimated dose coefficients for all cancers using the five latency: lag 

combinations. It can be seen that there is little difference in the value of the dose parameter 

estimate between latency=5:lag=:5 (dose= 0.020) and latency=(): lag=10 (dose= 0.021), which are 

assumed to incorporate the same 10-year interval. At an EIP of 20 years, .latency=5:lag=15 (dose= 

0.032) shows no difference from latency=O:lag=20 (dose= 0.033), however, the dose coefficient is 

markedly increased between intervals 10 and 20. 

Figure 4.4 shows parameter estimates for solid cancers (no leukemias). The same pattern 

for the EIP can be found for solid cancers as found with all cancers. After removing leukemias, the 

dose parameter estimates actually become more similar when comparing latency=5: lag=5 (dose = 

0.021) to latency=O: lag=10 (dose= 0.021). There is very little difference between the dose 

parameter estimates comparing latency=5: lag=l5 (dose= 0.032) to latency=O:lag=20 (dose= 

0.033). 

Figure 4.5 shows parameter estimates for smoking-related cancers. There is no difference 

between the latency: lag combinations. In fact, there was essentially no difference between latency: 

lag combinations for any of the outcomes evaluated in the ORNL cohort 

In the ORNL cohort no difference was found comparing latency=5:lag=5 with 

latency=O:lag=lO or comparing latency=5:lag=15 with latency=O:lag=20. It is believed that lagging 

dose only, approach 2, is more suitable to the analysis of cohort data, since approach 2 retains all 

' 
deaths and person-years in the cohort In Figure 4.6, parameter estimates do not change, since the 

first year of cumulative dose is assigned in 1961 for approach 1 and 1960 for approach 2, 

respectively (Figure 4.6). The major difference in approaches is the loss of person-years. No 

difference in mortality risk due to choice of approach exists in the ORNL cohort, which could be 

due to overall low exposures in this cohort It is unknown whether differences would be found in 

another cohort, that received larger exposures or greater variability in dose. At the very minimum, 

these results help to visualize how the induction period was calculated. 

The estimated dose coefficients for all cancers, solid cancers, and smoking-related cancers, 

increased with increasing lagged dose. Increasing mortality risk with increasing lagged dose was 
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most pronounced in the smoking-related cancers. lbis increase in risk with lagged dose was 

consistently demonstrated in all cancer outcomes, with the exception oflung cancers. Between an 

induction period of 10 and 20 years lung cancer mortality risk does ~change, and may even 

decline. 

In general, however, these results suggest that cumulative exposure received in the last 20-

years of follow-up are not as important in mortality risk as exposures received prior to the last 20-

years of follow-up. lbis gradient of larger coefficients with increasing lagged dose is consistent for 

cancer outcomes that are significantly related to cumulative dose and for cancer outcomes that are 

not significantly related to cumulative dose. 

Figure4.6 

Actual Exposure 
.cal.l7 ~ curnd~ 

1950 1 10 
1951 2 15 
1952 3 40 
1953 4 40 
1954 5 40 
1955 6 40 
1956 7 40 
1957 8 40 
1958 9 40 
1959 10 40 
1960 11 40 
1961 12 40 
1962 13 40 
1963 14 40 
1964 15 40 

1965 16 40 

Summary of Two Approaches to Incorporate an EIP 

Approach 1 
la~DC): lYitb liJ.3ged dO~ 

Deaths and 
person-years 
are not counted 

0 Contributes 
0 9 person-years 
0 of follow-up 
0 Cumulative dore 
0 is40mSv. 
10 
15 
40 
40 

40 
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Approach 2 
laggeddore 
0 Started work 
0 
0 
0 
0 
0 
0 
0 The worker contributes 
0 15 person-years of follow 
0 up to the cohort. 
10 Cumulative dore 
15 is40mSv. 
40 
40 
40 

40 -- worker dies and leaves 
follow-up in 1965. Person-year 
in which death occurs is not 

counted. 



V. RESUIJS FROM MODEL FriTING USING TIME-RElATED FACTQRS 

A Poisson Regression: Results of Log-Linear Model 
Using Time-Related Factors 

To assess the importance of individual time-related factors, Appendix 4 shows an 

'Analysis of Deviance Table' for 13 outcomes by five latency and lag combinations. Both 

immediate and contributory causes of deaths are included in these results. Results for non-cancer 

outcome do not include latency and lag combinations. The components of an 'Analysis of Deviance 

Table' are as follows. Column heading 'Deviance', which is more correctly called deviance 

difference, reports the difference in deviance betWeen each model and the one fitted immediately 

before it and 'df is the difference in degrees of freedom between each model (always 1 in this 

analysis). A large deviance between nested models reflects that the added variable fits the model 

well. 'Residual df' are the number of observations minus the number of estimated coefficients. 

'Residual deviance' is the amount of unexplained variation. Deviances between nested models have 

chi-square distributions. The analysis of deviance table reports the effect of sequentially including 

each term starting from the NUlL model up to adding dose last The NULL model is a constant, 

and is the mean number of deaths if an intercept is present in the model. Each row of the table 

corresponds to a term in the model The 'P(chi-sq)' gives the tail probability of the chi-.square 

distribution corresponding to the 'df and 'Deviance' columns, or simply the p-value for the addition 

of the variable to reduction in model deviance. The p-value is the significance probability of 

obtaining a more extreme value of the chi-square test statistic than the test statistic observed, 

calculated under the null hypothesis. The p-value is an assessment of the likelihood that the 

observed results occurred by chance alone. 

In presenting the results, emphasis is given to testing whether cumulative dose has 

systematic influence on the risk of cancer mortality, with the influence of other variables removed 

from the data. The dose coefficients estimate the percentage increase in mortality per 10 mSv 
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exposure. In general the limitation of these analyses is that paycode was not included as a 

confounder. A second limitation is that there may be variables included in stratification that do not 

contribute to improvement of overall mOdel fit to the observed data. 

(I) All Cancers, Leukemias, and Non-Cancer Deaths 

Table 4.12 shows parameter estimates for cumulative dose for each latency:lag 

combination, subsetted from the full deviance table that appears in Appendix 4. After adjusting for 

the effects of agerisk, yearrisk, worker status, length of follow-up, and duration of employment, the 

estimated coefficients for dose in 'all cancers' (n=379) are significant at all levels of the EIP. lllis 

is evident due to the P(chi-sq) which assesses the significance of addi~g cumulative dose to the 

model relative to X2 with 1 degree of freedom. A deviance difference greater than 3.84 indicates a 

· probability less than 0.05. The dose coefficients, standard error, deviance, and p-value increase in 

a positive direction as the dose is lagged at greater intervais (fable 4.12). Similarity between the 

two EIP approaches was demonstrated. The standard errors are small relative to the dose 

coefficients, suggesting that there is small variability around mean cumulative dose. Cumulative 

dose appears to be significantly related to all-cancer mortality in'this cohort, adjusting for time

related factors. For example, at lag= 10, the contribution of cumulative dose to explaining cancer 

mortality was (0.021, p=O.Ol). Confounding from paycode has not been removed from analysis, so 

the dose coefficients may be overestimated, since paycode is related to mortality and may be a 

proxy for exposure. 

Leukemia have been associated with ca.Iicer mortality in the atomic bomb survivor (ABS) 

cohort and in other nuclear worker cohorts. Seven of 30 leukemia deaths were chronic lymphocytic 

leukemia (CLL). Due to the small numbers, of both all leukemias and leukemias excluding CLL. 

the standard errors were larger than the dose coefficients, and thus, unstable (fable 4.12). Similar 

to findings of Wing et al. ( 1991 ), an association between cumulative dose and mortality could not 

be detected for either leukemia outcome group. 
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Chronic lymphycytic leukemia (CLL) has not been associated with radiation exposure in 

the ABS cohort and is usually omitted from leukemias in the analysis of nuclear cohort data. There 

were 7 deaths of CLL in the ORNL cohort. When removing these deaths the parameter estimate 

for dose improved slightly, even though there are seven fewer deaths. Nevertheless, the standard 

error and 95% confidence limits indicate instability in these estimates. The deviance does not 

change greatly with increasing lag, such as found with all cancers. 

A non-cancer category was evaluated to identify if cumulative dose was associated with 

non-cancer deaths. This category, which excluded suicides, accidents, poisoning, and other external 

causes of death, was primarily composed of deaths from heart attack or heart disease. No empirical 

induction period was evaluated, since cancer was not an endpoint The parameter estimate for 

cumulative dose was 0.010 (p=0.08). The reduction in deviance with cumulative dose added to the 

model was 3.0. This suggests that exposure to radiation was not related to non-cancer deaths. 

(2) Solid Cancer Groupings 

Leukemias have been shown to have a shorter induction period than cancers of other organ 

sites. For this reason, results from analyses are typically presented removing leukemias from the all 

cancer grouping and reporting results as solid tumors or cancers excluding leukemia. Table4.13 

presents solid cancers and subsets of solid cancer groupings. When removing leukemias from all 

cancers (solid cancers), as done in most nuclear worker studies, the number of deaths are reduced 

by approximately 30 from 379 to 349 solid cancer deaths. The coefficients for dose in the solid 

cancer grouping did not change, when removing leukemia deaths. For example, at lag=20, the dose 

coefficient was 0.33, while for solid cancers, at lag=20, the dose coefficient was 0.33. lbis 

suggests that death from leukemia does not strongly influence the mortality burden in this cohort, 

when controlling for the effects of time-related factors. Deviance resulting from addition of 

cumulative dose in the model increased and remained significantly associated with solid cancer 
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mortality at each level of the EIP. For example, the dose coefficient increases from 0.016 at lag=O 

to 0.033 at lag=20. 

Lung cancer was the largest group of cancer deaths in this cohort comprising 104/379 

(27 .4%) of the total cancer deaths. Estimated dose coefficients indicate that cumulative dose did 

improve overall model fit for lung cancer. However, estimates are unstable, since the standard 

errors are as large or larger than the parameter estimates. This suggests that there is wide 

variability around the mean value for cumulative dose. Duration of employment is significantly 

related to lung cancer mortality (p=<O.OO, lag=IO and lag=20). The data suggest there was no 

difference in lung cancer mortality among exposure groups. This may or may not be true. Since the 

smoking prevalence in this cohort was very high 80% and radiation exposure generally low, 

difference in mortality due to radiation exposure may been masked by cigarette smoking. 

When excluding lung cancer from solid cancer, the third group presented in Table 4.13, it 

is seen that cumulative dose contributes to goodness-of-fit of the model at each level of empirical 

induction period. For example, at lag=O, the dose coefficient was 0.019 (p--Q.04), while at lag=20, 

the dose coefficient was 0.04 (p=<O.OO). 

Table 4.13 shows that when smoking-related cancers are removed from solid cancers, 

results are more similar to the lung cancer group. This outcome group has 205 deaths. The 

deviance difference is low and cumulative dose was umelated to cumulative dose. The parameter 

estimates are smaller than the standard error which suggests wide variability around mean 

cumulative dose in solid cancers that are not smoking related. 

Results of adding cumulative dose last to the model containing time-related variables is 

presented for a grouping of solid cancers and lung, but excluding other smoking related cancers 

(n=309). Not surprisingly, removing smoking-related other than lung, closely parallel results when 

all smoking-related cancers are removed from solid cancers. Even with 309 deaths, instability in 

the parameter estimate is suggested, due to large standard errors for cumulative dose at each lag. 

The last grouping presented in Table 4.13 are solid cancers (including bladder and 

pancreatic cancers) but excluding the other smoking-related cancers (n=232). The parameter 
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estimates at lag=O and lag=lO are extremely low. The standard errors are larger than the dose 

coefficients which means there is wide variability around mean cumulative dose in this group of 

cancer deaths. Pancreatic and bladder cancers have been associated with cigarette smoking in 

epidemiologic studies. 1be low deviances sugg~ that cancers of the pancreas and bladder cancers 

do not improve model fit to the observed 

(3) Smoking-related Cancer Groups 

Smoking-related cancers were important in the overall dose-response relationship between 

cancer mortality and cumulative dose. When removing smoking-related cancers from solid cancers, 

the relationship between mortality and cumulative dose was removed Smoking-related cancers 

include cancers of the lung, larynx, nasopharnyx, bladder, pancreas, and esophagus. Table 4.14 

presents a summary of dose coefficients for smoking-related cancer groups. Smoking related 

cancerS (Group n include respiratory cancers as well as bladder and pancreatic cancers, but not 

esophageal (n= 138). With zero lag, cumulative dose does not provide improve overall model fit for 

this outcome. With increasing lag, cumulative dose does provide improvement to overall model fit 

(lag=O, p=0.124; lag=lO, p=0.05, lag=20, p=0.03). 

In Table 4.14, the next category was ~moking-related cancers that include esophageal 

cancers (Group m (n=I44). This group indicates that cumulative dose provides a significant 

improvement to overall model fit, relative to smoking-related cancers (Group n, reflecting the 

addition of six esophageal cancers. The increase in deviance difference when adding esophageal 

cancers to the smoking-related cancer category indicates that these six cancer deaths have strong 

influence over cancer mortality in this cohort. It can be seen that the deviance was large and 

significant (>3.84 = p-value <0.05) at each EIP interval. The standard error is small relative to the 

parameter estimate and the confidence intervals are non-negative. 

Finally, when removing lung cancers, but including esophageal cancers (n=40) (the last 

outcome group in Table 4.14), it is evident that this outcome provides the best model fit, highest 
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deviance, lowest standard error, even with as few as 40 deaths. 1his is not surprising since two 

cancer deaths with the highest cumulative dose were cancers of the esophageal and larynx (fable 

4.8). 

A variety of outcomes were evaluated using a series of empirical induction periods. In 

general, with increasing induction period, higher mortality risk resulted, regardless of whether 

cumulative dose contributed to overall model fit Cumulative dose significantly added to overall 

model fit with solid cancers, however, cumulative dose did not add significantly to overall model fit 

with solid cancers excluding smoking-related. For smoking-related cancers, cumulative dose added 

significant improvement to overall model fit For lung cancers, cumulative dose did not contribute 

to overall model fit, but smoking-related cancers excluding lung provided the largest deviance 

difference of any outcomes evaluated. These results suggest that smoking-related cancers, 

excluding lung cancers, could be radiation-related. The influence of cigarette smoking on mortality 

risk cannot be· assessed in this data, however, it was known that the prevalence of smoking was 

high (80% ). In the literature, there is evidence that the risk of lung cancer from asbestos exposure 

is greater in smokers than non-smoJrers. An analogy could be relevant here, namely that, risk of 

mortality from\smoking-related cancers due to radiation exposut-e may be greater in smokers than 

non-smokers. 
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B. Poisson Regression: Results Using Linear Excess Relative Risk 

Excess relative risk (ERR) estimates were provided for the following outcomes: solid 

cancers (n=349), lung cancers (n=l04), smoking-related (n=l44), and smoking-related excluding 

lung cancers (n=40), adjusting for agerisk (8 levels), yearrisk (8 levels), and paycode (3 levels), 

Tables 4.15, 4.16, 4.17, and 4.18, respectively. For results of ERR analysis adjusting for time

related factors, the reader is referred to Appendix 5, which contains results for solid cancers, lung 

cancers, and smoking-related cancers. 1bese tables will not be discussed further. 

Each table in this section presented results of ERR analysis and log-linear analysis 

stratified by agerisk, yearrisk, and paycode. Lag intervals 0, 10, and 20 are shown, since no 

difference was detected in approaches for introducing an empirical induction period. The parameter 

estimate obtained from ERR analysis was the change in excess relative risk of mortality per Sievert 

(Sv) of cumulative dose. The relative risk at 1 Sv would be interpreted as 1 + ERR. The ERR 

does not require exponentiation. An important point is that, when stratifying by a variable using the 

STRATA command, the influence of that variable is removed. However, the influence of other 

potential confounders are not removed unless specified in the STRATA command or in some other 

way. Therefore, the value for the ERR may still be confounded by influence of other variables. A 

two-sided 95% CI was calculated <P +1- 1.96*std.error). Large values for the likelihood ratio (LR), 

which is similar to the deviance difference, reject the null hypothesis that cumulative dose does not 

contributes to fit of the data 

Components of the results tables are as follows: dose coefficient at 1 Sievert exposure 

(which is the ERR), deviance difference (also referred to as the likelihood ratio statistic), and the p

value for the addition of cumulative dose to null model. Inference is made with the deviance. 

difference (likelihood ratio), compared to xz. tdf where X2>3.84 = p<0.05). 

For solid cancers (n=349), Table 4.15 shows that the ERR at 1 Sv increased with 

increasing lag interval for' each strata evaluated. The deviance difference also increased with 
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increasing lag. Comparing solid cancer results to log-linear results, the same trend is evident. TI1e 

log-linear model provides a better improvement of goodness-of-fit primarily due to a higher degree 

of stratification on agerisk than the ERR modeL For lung cancers (n= 104) (fable 4.16), the ERR 

'. 
and log-linear models suggest that cumulative dose does not improve model fit. lhis was the same 

trend seen when adjusting· for time-related factors, with many more strata and without adjustment 

for paycode. Paycode added S!gnificantly to model fit with lung cancers, but cumulative dose did 

not. 

Table 4.17 displays smoking-related cancers (n='=144). ERR estimates are larger than log-

linear estimates, but the log-linear model provides a larger deviance difference reflecting, a better 

improvement of model fit with cumulative dose added compared to the ERR model. Large 

differences between the ERR and log-linear model emerge with a subset of smoking-related 

cancers, excluding lung cancers (n=40)(fable 4.18). The ERR and log-linear models differ with 

respect to dose coefficients at lag=20 {lag=20, ERR=25.1 and LL=6.1 ). The log-linear model 

provides a better goodness-of-fit, suggested by the larger deviance. However, this large difference 

in dose coefficient between these two models, suggests that number of stratification levels may not 

be the only feature that defines this difference. 
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Figure 4.1 Histograms of Duration of Employment (Natural Log Scale) 
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and Length of Follow-up, ORNL, 1943-1984, (n=8318) 

0 
0 
10 
(\J 

8 
0 
(\J 

0 
0 
10 ,... 

0 
0 
0 ,... 

0 
0 
10 

0 

<1 >=1 >=7 >=20 

Duration of Employment (Years), Natural log Scale* 
Figure 4.1 a, *Cutpolnts converted to arithmetic scale 

~ 

~ 
~ 
0 ,_ 
Q) 
.0 
E 
;j 

z 

132 

8 
10 ,.... 

§ 
,... 

g 

0 

mean= 25 yrs 
range = 0-41 yrs 

0 10 20 30 

length of Follow-up (Years) 
Figure 4.1b 

40 



0 
T"" 

-~ 

co 
0 

Q) <D 
~ c:i 
::J 
(.) 

.c: 
(.) 
co 
w ~ 
(i) 0 
"0 
c 

:::,) 

>. 
+oJ 

'(i) C\1 c . 
Q) 0 
0 

~ 
0 

Figure 4.2 Distribution of Cumulative Dose (Log-10 Scale) for Immediate Cancer 

Deaths, All Cohort, and Non-Cancer Death's at ORNL between 1/1/43 and 12/31/84 

Cancer Deaths (n=345) 

All Cohort (n=8318) 
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Figure 4.3 Estimated Dose Coefficients* (with 95% Confidence Intervals), 

All Cancers, by Latency and Lag Intervals, 

0:0- n=379, 213950 
5:5 - n=359, 173398 
0:10- n=379, 213950 
5:15- h=359, 173398 
0:20- n=379, 213950 

White Males, ORNL, Follow-up 1/1/43 to 12/31/84 

I
I _. Remove Deaths & Person-Years, Lag Dose I l X Lag Dose Only -.. 

-.. 
-r-
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5:5 0:10 5:15 
Latency:Lag Interval in Years 

*adjusted for age risk, yearrisk, worker status, length of follow-up and 
duration of employment 
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Figure 4.4 Estimated Dose Coefficients* (with 95% Confidence Intervals), 

Solid Cancers- no Leukemias, by Latency and Lag Intervals, 

White Males, ORNL, Follow-up 1/1/43 to 12/31/84 

0:0- n=349, 213950 I .A Remove Deaths & Person-Years, Lag Dose 
5:5- n=331, 173398 , X Lag Dose Only 
0:10- n=349, 213950 L---------------------1 
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0:20- n=349, 213950 
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*adjusted for agerlsk, yearrisk, worker status, length of follow-up and 
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Figure 4.5 Estimated Dose.Coefficients* (with 95% Confidence Intervals), 

Smoking-Related Cancers#, by Latency and Lag Intervals, 

o:o · n=144, 213950 
5:5 • n=140, 173398 
0:10 • n=144, 213950 
5:15 • n=140, 173398 
0:20 • n=144, 213950 

White Males, ORNL, Follow-up 1/1/43 to 12/31/84 
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X Lag Dose Only 
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--1- _.._ 

5:5 0:10 5:15 
Latency:Lag Interval in Years 

*adjusted for agerlsk, yearrlsk, worker status, length of follow-up, 
ancf duration of emolovment 

#Includes lung, larynx, nasopharnyx, oradCier, pancreas, esophagus 
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Table 4.1 

Vital Status by Exposure Group at End of Follow-up, December 31, 1984, 
8,318 White Males Hired between 1/1/43 and 12/31172,:0RNL 

Number(%) Person Exposure > O(a) Exposure = 0.0 
Years No.(%) No.(%) 

Known Alive 6108 (73.4) 167,941 4541 (74.3) 1567 (25.6%) 

Dead 1523 (18.3) - 37,875 1194 (78.4%) 330 (21.6%) 

Unknown 686 (8.2) 9,636 454 (66.2%) 232 (33.8%) 
.. ~ .. , ... 

8318 (100) 213,950 I 6189 2129 

(a) Exposure is defined as employed at ORNL > 30 days and hired between 1/1/43 and 12/3tn2 
with cumulative dose as recorded on dosimeter> 0.0 mSv. 
(b) 1 death counted as missing 
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Table4.2 

Descriptive Statistics for Time-Related Variables 
at End of Follow-up, December 31, 1984 

All Cohort Non-Cancer Deaths( a) Cancer Deaths (b) Still Alive 
(n=8318) (n=972) (n=345) (n=6108) 

mean(std.err) ran~te mean(std.err) ran~te mean(std.err) ran~te mean(std.err) range 

LOF(c) 25.6 (0.10) 0-41 24.1 (0.31) 0-41 24.37 (0.52) 0.0-40 27.5 (0.10) 12.0-41 
DOE( d) 9.3 (0.13) 0.08-41.3 8.31(0.31) 0.08-36.9 9.9 (0.57) 0.10-38.5 10.3(0.15) 0.08-41.3 
YOB (e) 1925 (0.14) 1880-1954 1909 (0.36) 1880-1946 1911(0.57) 1881-1941 1928(0.14) 1892-1954 
YOH(t) 1955 (0.09) 1943-1972 1948 (0.16) 1943-1972 1948 (0.28) 1943-1967 1956 (0.1) 1943-1972 
YOT(g) 1965 (0.14) 1943-1984 1956 (0.33) 1943-1984 1959 (0.66) 1943-1984 1967 (0.17) 1943-1984 
YOD(h) 1972 (0.10) 1944-1984 1972(0.29) 1944-1984 1973(0.49) 1947-1984 NA : NA 
AOH(i) 29 (0.09) 16-67 38 (0.32) 16-67 37 (0.5) 16-64 27 (0.09) 16-62 
AOTG) 39 (0.9) 16-79 47(0.41) 17-69 47 (0.69) 17-68 35 (0.18) 16-79 
AOD(k) 61 (0.14) 20-93 63 (0.4) 24-92 62 (0.63) 24-92 NA NA 

(a) excludes deaths from immediate cancers (ICDA8/9 140-209; n=345) and injuries, poisonings, accidents, 
other external causes of death (ICDA8 or ICDA9 800-999; n=172) 
(b) immediate cancer deaths; no contributory cancer deaths included. 
(c) length of follow-up 
(d) duration of employment 
(e) year of birth 
(f) year of hire 
(g) year of termination 
(h) year of death 
(i) age at hire 
G) age at termination 
(k) age at death 
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Table4.3a 

Frequency Distribution of Number of Deaths 

All Causes, by Agerisk 

Cumulative Cumulative 
Agerisk Frequencl: Percent Freque~ Percent 

20 7 0.5 7 0.5 
25 22 1.4 29 1.9 
30 31 2.0 60 3.9 
35 37 2.4 97 6.4 
40 84 5.5 181 11.9 
45 104 6.8 285 18.7 
50 160 10.5 445 29.2 
55 196 12.9 641 42.1 
60 219 14.4 860 56.5 
65 238 15.6 1098 72.1 
70 198 13.0 1296 85.1 
75 113 7.4 1409 92.5 
80 77 5.1 1486 97.6 
85 26 1.7 1512 99.3 
90 11 0.7 1523 100.0 

Table4.3b 

Frequency Distribution of N\fillber of Deaths 

All Cancers, by Agerisk 

Cumulative Cumulative 
Agerisk Frequencl: Percent Fr~uencl: Percent 

20 1 0.3 1 0.3 
25 2 0.5 3 0.8 
30 7 1.8 10 2.6 
35 6 1.6 16 4.2 
40 11 2.9 27 7.1 
45 27 7.1 54 14.2 
50 40 10.6 94 24.8 
55 50 13.2 144 38.0 
60 52 13.7 196 51.7 
65 73 19.3 269 71.0 
70 60 15.8 329 86.8 
75 28 7.4 357 94.2 
80 15 4.0 372 98.2 
85 4 1.1 376 99.2 
90 3 0.8 379 100.0 
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Tab1e4.4a 

Frequency Distribution of Number of Deaths 
All Causes, by Y eanisk 

Cumulative Cumulative 
Yearrisk Frequencl Percent Freque!!£X Percent 

40 2 0.1 2 0.1 
45 26 1.7 28 1.8 
50 55 3.6 83 5.4 
55 94 6.2 177 11.6 
60 146 9.6 323 21.2 
65 216 14.2 539 35.4 
70 255 16.7 794 52.1 
75 326 21.4 1120 73.5 
80 403 26.5 1523 100.0 

Table4.4b 

Frequency Distribution of Number of Deaths 
All Cancers, by Y earrisk 

Cumulative Cumulative 
Yearrisk Frequencl Percent Fr~uencl Percent 

45 4 1.1 4 1.1 
50 14 3.7 18 4.7 
55- 16 4.Z 34 9.0 
60 23 6.1 57 15 
65 56 14.8 113 29.8 
70 61 16.1 174 45.9 
75 80 21.1 254 67.0 
80 125 33.0 379 100.0 
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Table4.5 

Distribution of Deaths and Person-Years by Worker Status, 
Solid Cancers (a) 

Deaths 

Person(b) 
Years 

Worker Status at Time of Death 

Inactive Active. 

260 89 

118,827 95,123 

(a) Worker status is lagged for two years, meaning that workers 

Total 

349 

213,950 

are considered still working for two additional years after leaving ORNL. 
89 deceased workers are considered alive and working as a result of using a two 
year lag. Cancer deaths are immediate and contributory causes. 
(b) Person-years for active workers include those that are dead and considered 
alive, as well as, those still alive in the cohort. Pe~n-years for inactive 
include those that are deceased, who have been deCeased more than two years. 
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Table4.6 

Number (and Percent) of ORNL Cohort by Duration of Employment 
in Years by Group as of December 31, 1984 

Entire Cohort Non-Cancer Deaths( a) 
No.(%) No.(%) 

Duration (Yrs) 

>30d-<5 4603 (55.34) 517 (53.19) 
5-9 790(9.5) 114 (11.73) 
10-14 445 (5.35) 78 (8.02) 
15-19 571 (6.86) 87 (8.95) 
20-24 525 (6.31) 86 (8.85) 
25-29 583 (7.01) 55 (5.66) 
30-34 523 (6.29) 28 (2.88) 
35-44 278 (3.34) 7 (0.72) 

Totals 8318 (100) 972(100) 
Mean DOE 9.3 8.3 
Std. error 0.12 0.31 
Range 0.8-41 0.082-36.9 

(a) Non-cancer deaths exclude deaths from cancer and 
external causes of death, such as accidents and suicides. 
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Cancer Deaths 
No.(%) 

165 (47.83) 
40(11.59) 
24 (6.96) 
32(9.28) 
36 (10.43) 
24 (7.96) 
19 (5.51) 
5(1.45) 

345 (100) 
9.4 

0.57 
0.11-38.5 



Table4.7 

Number (and Percent) of ORNL Cohort by Length of Follow-up 
in Years by Group as of December 31, 1984 

Entire Cohort Non-Cancer Deaths (a) 
No.(%) No.(%) 

Follow-up (yrs) 

0 138 (1.66) 6(0.62) 

>0-<5 173 (2.08) 19 (1.95) 

5-9 133 (1.6) 59 (6.07) 
10-14 479 (5.76) 89 (9.16) 
15- 19· 1422 (17.1) 134(13.79) 
20-~4 1316 (15.82) 162 (16.67) 
25-29 1433 (17.23) 176 (18.11) 
30-34 1581 (19.01) 172(17.7) 

35-39 1165 (14.01) 145 (14.92) 
40-41 478 (5.75) 10 (1.03) 

Totals \ 8318 (100) 972 (100) 

Mean LOP 25.6 24.1 

Std. error 0.1 0.31 
Range 041 041 

(a) Non-cancer deaths exclude deaths from caneer and 
external causes of deaths, such as accidents and suicides. 
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Cancer Deaths 
No.(%) 

1 (0.29) 

15 (4.35) 

18 (5.2) 
18 (5.2) 

45 (13.04) 
58 (16.81) 
71 (20.58) 
66 (19.13) 

49 (14.2) 

4 (1.16) 

345 (100) 

24.4 

0.51 

0-40 



Table4.8 

Number of Immediate Cancer Deaths by Cumulative Dose Category, 

between 1/1143 and 11131184, White Males, ORNL 

Cancer Deaths (ICDA8 or 9) Cumulative Dose Categories in mSv 
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Major salivary glands (142) 1 
Unspecified Mouth (145) 1 1 

Nasopharynx (147) 1 
Hypopharynx (148) 1 

ill-defined lip/oral cavity (149) 1 
Esophagus (150) 2 1 1 1 1 

Stomach (151) 1 11 4 
Small Intestine, duodenum (152) 1 1 

Large Intestine (153) 11 14 5 1 1 1 1 

Rectum(154) 2 1 1 1 
Liver, bile ducts(155) 1 

Gallbadder(156) 1 1 3 
Pancreas (157) 2 14 7 2 

.. Nasal Cavities(160) 1 
Larynx(161) 1 1 1 1 

Lung (162-163) 13 38 30 5 6 2 1 1 
Bone and cartilage (170) 1 

Connective/soft tissue(171) 2 1 1 
Melanoma (172) 1 4 1 1 

Other malignant skin(173) 1 
Prostate (185) 6 10 8 1 1 

Testis(186) 1 1 ' 

Bladder (188) 1 1 1 

Kidney/unspecified urinary (189) 2 4 3 1 

Brain/CNS (191-192) 11 4 
Origin unknown (195) 2 1 

Secondary Lymph Nodes(196) 1 
Secondary Respiratory/ 

Digestive (197) 2 2 1 
Secondary Malignancy(198) 1 1 2 

Malignant, no site listed(199) 4 6 2 1 
Lymphosarcoma and/or 

reticulosarcoma (200) 3 1 4 I I 
Hodgkin's Disease (20I) 3 1 I 

Other lymphatic (202-203) 3 2 
Leukemia (204-207) 5 9 13 1 
Myelofibrosis (209) 1 

TOTAL Cancer Deaths 58 149 97 I5 13 6 3 0 2 1 0 0 1 

(a) 50 mSv = 5rem, the annual occupauonallimit 
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c; 
...... 
{3. a-

1\ 

1 
2 
1 
1 
1 
6 
16 
2 

34 
5 
1 
5 

25 
1 
4 

96 
1 
4 
7 
1 

26 
2 
3 
10 
15 
3 
1 
0 
5 
4 
13 
0 
10 
5 
5 
28 
1 

0 345 
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Table4.9 

Cumulative Dose (mSv) Categories by Status at End of Follow-up, December 31, 1984 

I I __ ju__ I 

Entire Cohort Non-Cancer Deaths(a) Cancer Deaths(b) 
Cumulative 
Do~{9_ 

0 
>0- 49.9 mSv 

50-99.9 mSv 
100+ mSv 

Totals 

median dose(e) 
75th percentile(t) 

dose range 

Person 
No.(%) Years 

2,129(25.6) 53,133 
5,551(66.7) 145,874 

317 (3.8) 7,763 
321 (3.9) 7,180 

8,318 (100) 213,950 

1.45 
11.45 

0-1144.1 

Incidence 
Density( f) No.(%) 

0.040 210 (21.6) 
0.038 681 (70.1) 
0.041 38 (3.9) 
0.045 43 (4.4) 

0.039 972 (100) 

Person 
Years 

5,319 
16,923 

808 
839 

23,889 

4.3 
16.1 

0-920.7 

Incidence 
Density No.(%) 

0.039 58 (16.8) 
0.040 246 (71.3) 
0.047 15 (4.4) 
0.051 26 (7.5) 

0.041 345(100) 

Person 
Years 

1,555 
6,141 
341 
519 

8,556 

6.1 
17.8 

0-852.2 

IncidencJ 
Density 

0.037 
0.040 
0.044 
0.050 

0.040 

(a) Non-cancer deaths excludes deaths from immediate cancers (ICDA8 140-209) and external causes, such as injuries, 
poisoning, accidents and other external causes of death (n=172) (ICDA8 800-999). 
(b) There were 346 primary cancer deaths; 1 cancer death coded as missing at State's request. 
Deaths are for immediate cause of death; 34 contributory canes are not included. 
(c) 50 mSv (5 rem) has been the cumulative dose permitted annually in occupational 
settings since 1958 (1 rem= 10 mSv). 
(d) Median is the 50% percentile. 
(e) For the entire cohort, 75% of 8318 observations for cumulative dose were below 
11.45 and 25% of observations were above 11.45 mSv. 
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Known to be Alive 
Person 

No.(%) Years 

1,567 (25.7) 42,062 
4,056 (66.4) 114,088 
249 (4.08) 6,276 
236 (3.86) 5,515 

6108 (100) 167,941 

1.4 
11.7 

0-1144.1 

Incidence 
Density(h) 

NA 
NA 
NA 
NA 



Table 4.I 0 Summary of the Cancer Deaths in the ORNL Cohort 

by Immediate and Contributory Causes as of December 31, 1984 

Malignant Cancer Types (140-209)* Immediate Contributory 
Major salivary glands (142) 1 0 
Floor ofmouth(144) 0 I 
Unspecified Mouth (145) 2 0 
Nasopharynx (147) 1 0 
Hypopharynx (148) 1 0 
ID-defmed lip/oral cavity (149) 1 0 
Esophagus (150) 6 0 
Stomach (151) 16 1 
Small Intestine, duodenum (152) 2 0 
Large Intestine (153) 34 3 
Rectum(154) 5 1 
Liver, bile ducts(155) 1 1 
Gallbadder(156) 5 0 
Pancreas (157) 25 1 
Nasal Cavities(160) I 0 
Larynx(161) 4 0 
Lung (162-163) 96 8 
Bone and cartilage (170) •1 0 
Connective/soft tissue(171) 4 0 
Melanoma (172) 7 0 
Other malignant skin(l73) 1 0 
Prostate (185) 26 5 
Testis(186) -~ 0 
Bladder (188) 3 0 
Kidney/unspecified urinary (189) 10 1 
Brain/CNS (191-192) 15 1 
Origin unknown (195) 3 1 
Secondary Lymph Nodes(196) 1 0 
Secondary Respiratory/Digestive (197) 5 0 
Secondary Malignancy(198) 4 0 
Malignancy, no site listed site(199) 13 1 
Lymphosarcoma and/or 
reticulosarcoma (200) 10 2 
Hodgkin's Disease (201) 5 I 
Other lymphatic (202-203) 5 4 
Leukemia (204-207) 28 2 
Myelofibrosis (209) 1 0 
TOTAL Cancer Deaths 345 34 

*(ICDA8 or ICDA9 codes) 
Two immediate cancers listed as benign: thyroid (226), and unspecified, bone (238) 
One contributory listed as benign: unspecified bone (238) 
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Table 4.11 Summary of Non-Cancer Causes of Death 
in the ORNL Cohort as of December 31, 1984 

Primary Tuberculosis (011) 
Septicemia (038) 
Viral Hepatitis (070) 
Endocrine, Nulritional, Metabolic Diseases and 

Immunity Disorders(240-279) 
Diseases of Blood and Blood-forming Organs(280-289) 
Mental Disorders (290-319) 
Diseases of the Nervous System and Sense Organs(320-389) 
Diseases of the Circulatory System(390-459) 

Hypertension(401-405) 
Acute myocardial infarction(410) 
Past MI diagnosis(412) 
Intercerebrnl hemorrllage( 431) 
All other 

Diseases of the Respiratory System (460-519) 
Pneumonia (486) 
Emphysema( 492) 
Pulmonary insufficiency (519) 
All other 

Diseases of the Digestive System (520-579) 
Chronic liver disease( 57!) 
All other 

Diseases of the Genitourinary System (580-629) 

Diseases of Skin and Subcutaneous Tissue (680-709) 
Diseases of Musculoskeletal System 

and Connective Tissue (710-739) 
Congenital Anomalies (740-759) 

Symptoms and ill-Defined Conditions(780-799) 
Non-specific Low Blood Pressure(796.3) 

Accidents, Poisoning and Violence (800-999) 
Missing Causes of Death 
TOTAL NON-CANCER 

* Category totals are bold, subcategory totals are not 
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Totals* 
2 
3 
1 

15 
2 
5 
9 

738 
13 

386 
151 
29 
159 

73 
14 
21 
16 
22 
45 
23 
22 
16 

2 

2 
2 

55 
44 
172 
34 

1176 



Table4.12 

Summary of Dose Coefficients (a) 
for All Cancers and Leukemias 

by Empirical Induction Period, Log-Linear Model Fitting 

All Cancers 
Dose Deviance( c) Person 

EIP Coefficients Std.Err. 95%CI(b) Difference P(chi-sq)d Years 
0,0 0.015 0.006 0.002, 0.028 4.10 0.043 213950 
5, 5 0.020 0.007 0.007,0.034 6.36 0.012 113398 
0,10 0.021 0.007 0.007, 0.034 6.69 0.010 213950 
5,15 0.032 0.008 0.016, 0.048 9.59 0.002 173398 
0,20 0.033 0.008 0.017, 0.049 10.51 0.001 213950 

Leukemias 
Dose Deviance Person 

EIP Coefficients Std.Err. 95%CI Difference P(chi-sg) Years 
0,0 0.006 0.025 -0.044, 0.055 0,05 0.8~1 213950 
0,2 0.006 0.026 -0.045, 0.057 0.05 0.826 213950 
5, 2 0.008 0.026 -0.043, 0.059 0.07 0.788 173398 

0, 10 0.012 0.025 - 0.037, 0.062 0.18 0.671 213950 
5, 15 0.030 0.026 -0.020, 0.080 0.90 0.343 173398 

Leukemias Excluding CLL (e) 
Dose Deviance 

EIP Coefficients Std.Err. 95%CI Difference P~chi-sg~ Years 
0,0 0.012 0.025 -0.037,0.061 0.19 0.665 213950 
0,2 0.013 0.025 -0.035, 0.062 0.23 0.629 213950 
5, 2 0.014 0.025 -0.065, 0.064 0.23 0.629 173398 

0,10 0.013 0.025 -0.035, 0.062 0.23 0.629 213950 
5, 15 0.037 0.025 -0.011, 0.085 1.32 0.250 173398 

Deaths 
379 
359 
379 
359 
379 

Deaths 
30 
30 
28 
30 
28 

Deaths 
23 
23 
22 
23 
22 

(a) per 10 mSv. Cumulative dose added last and adjusted for agerisk, yeanisk, worker status, 
length of follow-up, and duration of employment 
(b) 2-sided 95% Confidence Interval around parameter estimate. 
(c) Deviance difference is the amount of variation which is explained by adding dose 
to the model. 
(d) P(chi-sq) is the probability, based on a chi-square distribution (1 df), that 
the change in residual deviance as extreme as the one attributed to dose 
would occur by chance. 
(e) excludes chronic lymphocytic leukemia 
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Table4.13 

Summary of Dose Coefficients (a) for 

Solid Cancers and Lung Cancer Groups, 

by Empirical Induction Period, Log-Unear Model Fitting 

Solid Cancers -Leukemias Excluded 
Dose Deviance( c) Person 

EIP Coefficients Std.Err. 95%CI(b~ Difference P(chi-~)(d~ Years 
0,0 0.016 0.007 0.003, 0.029 4.21 0.040 213950 
5, 5 0.021 0.007 0.007, 0.035 6.24 0.012 173398 

0, 10 0.021 0.007 0.008, 0.035 6.63 0.010 213950 
5,15 0.032 0.009 0.015, 0.049. 8.66 0.003 173398 
0,20 0.033 0.008 0.017, 0.050 9.58 0.002 213950 

Lung Cancers 
Dose Deviance Person 

EIP Coefficients Std.Err. 95%CI Difference P(chi-sg) Years 
0, 0 0.()()9 ~ 0.013 -0.015, 0.034 0.45 0.502 213950 
5, 5 0.015 0.013 -0.011, 0.04 0.96 0.327 173398 

0, 10 0.015 0.013 -0.011,0.041 1.02 0.313 213950 
5, 15 0.012 0.022 -0.031, 0.054 0.23 0.629 173398 
0,20 0.013 0.021 -0.029, 0.054 0.29 0.593 213950 

Solid Cancers, excluding lung 
Dose Deviance Person 

EIP Coefficients Std.Err. 95%0 Difference P(chi-~) Years 
0,0 0.019 0.008 0.003,0.034 4.15 0.042 213950 
5, 5 0.024 0.008 0.008, 0.04 5.62 0.018 173398 

0,10 0.024 0.008 0.008, 0.041 5.96 0.015 213950 
5, 15 0.039 0.009 0.021, 0.057 10.04 0.002 173398 
0,20 0.040 0.009 0.022, 0.058 10.97 0.001 213950. 

Solid Cancers, excluding smoldng-related (e) 
Dose Deviance Person 

EIP Coeficients Std.Err. 95%CI Difference P(cbi-sg) Years 
0,0 0.005 0.012 -0.019, 0.029 0.14 0.711 213950 
5, 5 0.007 0.014 -0.021, 0.035 0.19 0.661 173398 

0, 10 0.008 0.014 -0.02, 0.036 0.29 0.593 213950 
5, 15 0.022 0.016 -0.009, 0.052 1.26 0.262 173398 
0,20 0.025 0.015 -0.005, 0.054 1.75 0.186 213950 
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Deaths 
349 
331 
349 
331 
349 

Deaths 
104 
100 
104 
100 
104 

Deaths 
245 
231 
245 
231 
.245 

Deaths 
205 
191 
205 
191 
205 



Table 4.13 (Continued) Summary of Dose Parameter Estimates 
for Solid Cancer and Lung Cancer Groups 

Solid Cancers and Lung, excluding other smoking-related (f) 
Dose Deviance 

EIP Coefficients Std.Err. 95% CI Difference 
0, 0 0.007 0.009 -0.01, 0.024 0.53 
5, 5 0.011 0.01' -0.008, 0.03 1.00 

0, 10 0.012 0.01 -0.007,0.03 1.19 
5, 15 0.018 0.013 -0.008, 0.043 1.38 
0, 20 0.020 0.013 -0.004, 0.045 1.88 

Solid Cancers, excluding respiratory and upper digestive(g) 
Dose Deviance 

EIP Coefficients Std.Err. 95%CI Difference 
0,0 0.005 G.012 -0.018,0.027 0.14 
5, 5 0.007 0.013 -0.019, 0.033 0.25 
0,10 0.008 0.013 -0.017,0.034 0.34 
5, 15 0.023 0.014 -0.005, 0.051 1.83 
0,20 0.026 0.014 -0.001, 0.052 2.34 

P(cbi-sg) 
0.469 
0.318 
0.276 
0.241 
0.170 

P~cbi-sg) 

0.705 
0.618 
0.559 
0.176 
0.126 

Person 
Years 

213950 
173398 
213950 
173398 
213950 

Person 
Years 

213950 
173398 
213950 
173398 
213950 

Deaths 
309 
291 
309 
291 
309 

Deaths 
232 
218 
232 
218 
232 

(a) per 10 mSv. Cumulative dose added last and adjusted for agerisk, yeanisk. worker status, 
length of follow-up, duration of employment 
(b) 2-sided 95% Confidence Interval around parameter estimate. 
(c) Deviance difference is the amount of variation which is explained by adding dose 
dose to the modeL 
(d) P(cbi-sq) is the probability, based on a chi-square distribution (1 df), that 
the change in residual deviance as extreme as the one attributed to dose 
would occur by chance. 
(e) excludes cancers of the lung, larynx. nasophamyx, bladder, pancreas, and esophagus 
(f) excludes smoking-related cancers listed in (e), except lung 
(g) excludes cancers of the nasopharynx. hypopharynx, illdef"med lip, esophagus, 
larynx, and lung, but includes bladder and pancreas 
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Table 4.14 

Summary of Dose Coefficients (a) for 

Smoking-Related Cancer Groups, 
by Empirical Induction Period, Log-linear Model Fitting 

Smoking-Related Cancers without esophageal (Group I) (e) 

Dose Deviance( c) Person 
EIP Coefficients Std.Err. 95%CI(b) Difference P(chi-~Xd~ Years 
0,0 0.017 0.009 ,..0.002, 0.035 2.36 0.124 213950 
5, 5 0.022 0.010 0.003, 0.042 3.78 0.052 173398 

0, 10 0.023 0.010 0.004, 0.042 3.84 0.050 213950 
5, 15 0.032 0.012 0.009, 0.056 4.51 0.034 173398 
0,20 0.033 0.012 0.009, 0.056 4.58 0.032 213950 

Smoking-Related Cancers with esophageal (Group ll)(t) 

Dose Deviance Person 
EIP Coefficients Std.Err. 95%CI Difference P(chi-~) Years 
0,0 0.022 0.008 0.007' 0.038 5.6 0.020 213950 
5, 5 .. 0.028 0.008 0.012, 0.044 7.9 0.005 173398 

0, 10 0.028 0.008 0.013, 0.044 8.1 0.004 213950 
5,15 0.038 0.010 0.018, 0.057 8.1 0.004 173398 
0,20 0.038 0.010 0.018, 0.058 8.2 0.004 213950 

Smoking~Related (Group m. excluding lung cancers 

Dose Deviance Person 
EIP Coefficients Std.Err. 95%CI Difference P~chi-~~ Years 
0, 0 0.039 0.01 0.019, 0.059 8.61 0.003 213950 
5,5 0.045 0.01 0.025, 0.065 10.45 0.001 173398 

0, 10 0.045 0.01 0.025, 0.065 10.39 0.001 213950 
5, 15 0.060 0.01 0.037, 0.082 12.80 <0.00 173398 
0,20 0.059 0.01 0.037, 0.081 12.59 <0.00 213950 

(a) per 10 mSv. Cumulative dose adjusted for agerisk, yearrisk. worker status, 
length of follow-up, duration of employment 
(b) 2-sided 95% Confidence Interval around parameter estimate. 
(c) Deviance difference is the amount of variation which was explained by adding dose 
to the model. 
(d) P(chi-sq) is. the probability, based on a chi-square distribution (1 dt), that 
the change in residual deviance as extreme as the one attributed to dose 
would occur by chance. 
(e) includes cancers of the lung, larynx, nasopharnyx, bladder, pancreas 
(t) includes cancers of the lung, larynx, nasopharnyx, bladder, pancreas, and esophagus 
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Deaths 
138 
134 
138 
134 
138 

Deaths 
144 
140 
144 
140 
144 

Deaths 
40 
40 
40 
40 
40 



EIP 

lag=O 

Iag=IO 

lag=20 

EIP 

lag=O 

lag=10 

lag=20 

Table4.15 

Comparison of Linear Excess Relative Risk and Log-Linear Models 

Solid Cancers by Empirical Induction Period 

Solid Cancers (n=349) 

ERR(a) Log-Linear( d) 

Dose Deviance( c) Dose Deviance 

Coefficient(b) Difference P-value Coefficient Difference P-value 

1.4 1.9 0.16 1.3 3.3 0.06 

2.2 3.5 0.06 1.9 5.8 0.01 

5.2 6.6 0.01 3.1 9.3 <0.01 

Table 4.16 

Comparison of Linear Excess Relative Risk and Log-Linear Models 

Lung Cancer by Empirical Induction Period 

Lung Cancers (n=104) 

ERR( a) Log-Linear( d) 

Dose Deviance Dose Deviance 

Coefficient Difference P-value Coefficient Difference P-value 

0.7 0.1 0.7 1.0 0.5 0.4 

2.1 0.7 0.4 1.7 1.4 0.2 

2.3 0.3 0.6 2.0 0.8 0.4 

(a) per 1 Sv. Dose added after stratification on agerisk (8levels), yearrisk (8levels), 
and paycode (3 levels). 
(b) coefficient for cumulative dose. 
(c) Deviance difference measures the change in goodness-of-fit 
by adding dose to the model. Large deviance reflects well fitting model. 
(d) per 1 Sv. Dose added to model after agerisk (16levels), yearrisk (8levels), 
and paycode (3levels). 
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Table4.17 

Comparison of Unear Excess Relative Risk and Log-Unear Models 

for All Smoking-Related Cancers by Empirical Induction Period 

Smoking-Related (n=144)(a) 

EIP ERR(b) Log-Unear(e) 

Dose Deviance( d) Dose Deviance 

Coefficient( c) Difference P-value Coefficient Difference P-value 

lag=O 3.2 4.0 0.04 2.3 6.3 0.01 

lag=10 5.1 6.4 0.01 3.0 6.7 <0.01 

lag=20 9.1 7.9 <0.01 6.1 14.5 <0.01 

Table 4.18 

Comparison of Unear Excess Relative Risk and Log-Unear Models 

Smoking-Related Excluding Lung Cancers by Empirical Induction Period 

Smoking-Related Excluding Lung Cancers (n=40) 

ERR Log-Unear 

Dose Deviance Dose Deviance 

EIP Coefficient Difference P-value Coefficient Difference 

lag=O 10.1 6.6 0.01 4.1 10.0 

lag=10 13.5 8.0 <0.01 4.7 12.2 

lag=20 25.1 11.0 <0.01 6.1 14.5 

(a) includes cancers of the lung (n=l04), larnyx (n=4), nasopharynx (n=l), 
bladder (n=3), pancreas (n=26), and esophagus (n=6) 

P-value 

<0.01 

<0.01 

<0.01 

(b) per 1 Sv. Dose added after stratification on agerisk (8levels), yearrisk (8 levels), 
and paycode (3 levels). 
(c) coefficient for cumulative dose. 
(d) Deviance difference measures the change in goodness-of-fit 
by adding dose to the model. Large deviance reflects well fitting model. 
(e) per 1 Sv. Dose added to model after agerisk (16levels), yearrisk (8 levels), 
and paycode (llevels). 
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CHAPTERS 

DISCUSSION 

The piimary purpose of this dissertation was to determine if elevated mortality previously 

found in the ORNL cohort can be explained as due to: 

I. Confounding due to time-related factors not previously oonsidered, 
n. Selection bias iesulting from methods to incorporate an empirical induction period, 
m. Grouping of cancer outcomes, 
IV. Type of statistical model chosen. 

Once having determined if these factors influence mortality. other analyses were 

performed. including investigation of outliers in the data and the influence of pay code. This 

analysis was primarily explOratory in design and execution. This was evident by the several 

hypothesis that were evaluated independently. but also in combination. with an objective to refine 

our understand of the role of radiation exposure in this cohort based on comparing and combining 

methodologic approaches. In this section each hypothesis is presented and the findings are 

summarized and discussed. 

I. JlME-RELATEJ) vARIABLES 

Kleinbaum et al. (1982. p. 244) define a oonfounder as a 'risk factor' for the 

disease under smdy whose 'control' in some way (either singly or in conjunction with otber 

variables) will reduce or completely correct a bias when estimating the (true) exposure-disease 

relationship. Time-related factors have been shown to be oonfounders in many occupational 

epidemiology smdies (Checkoway et al., 1989; Pearce et al .• 1986). Yet. few studies of nuclear 

cohort workers provide information on the role of time-related factors. other than agerisk and 

yearrisk. Time-related factors which change as a worker moves through follow-up have not been 

rigorously explored in the ORNL data In particular, resent results of re-analysis of the ORNL 

data by Gilbert et al. (1993) suggest that the influence of time-related factors on estimating cancer 
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mortality in this cohort is not well understood (Gilbert et al., 1993, p. 418, 420). The reader is 

referred to Chapter 3 for a discussion of the rationale for each of these. 

Tune-related factors included in this analysis were: agerisk, yeaaisk, worker status, length 

of employment, and duration of employment. In univariate analysis duration of employment and 

length of follow-up were found to confound the relationship between mortality and cumulative 

eXJX>SUre. There was evidence of confounding, since the aude measure of risk with cumulative 

dose differed from the adjusted measure of risk for duration of employment and for length of 

follow-up. Not only did the adjusted measure differ, but for duration of employment, the significant 

relationship between cumulative dose and mortality was completely explained by the addition of 

duration of employment 1bis was also found for length of follow-up. 

In multivariate analysis, independent variables were related to mortality. Aftec including 

covariates agerisk, yeanisk, worker status, length of employment, and duration of employment, 

cumulative dose was added last 1be contribution of each variable as it was added ~uentially to 

the model was assessed using the nested model approach. Two .variables were related to mortality 

when added sequentially, agerisk and duration of employment Agerisk was related to all mortality 

outcomes. Duration of employment was significantly associated with lung cancer mOrt.ality, and 

smoking-related cancers, including and excluding esophageal cancers when adjusting for agerisk, 

yeanisk, worker status, and length of follow-up. Duration of employment was not associated with 

the grouping, solid cancers excluding lung or solid cancers and lung excluding other smoking

related. It is unclear why including lung cancer with other solid cancers would result in masking 

the effect of duration of employment in this combined group. 

Findings for duration of employment differ from those expressed by Pearce et al. (1986), 

which stated less mortality occurs in workers with the longest duration of employment This was 

not true for lung cancer mortality. Cumulative radiation exposure depends to some extent on 

duration of employment as suggested by the correlation between these variables (r-=0.66). It could 

be possible that a longer duration of employment implies an increased probability that cellular 

repair systems will fail and a permanent cellular transition occur (Beebe, 1982). Fifty-eight percent 
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of the ORNL cohort worked five years or leSs. Duration of employment was an independent 

predictor for lung cancer deaths. 

An outcome consisting of non-cancer causes of death, excluding external causes was 

constructed to evaluate deaths that were not due to cancer. suicides. accidents. poisoning. as well 

as other external causes of death. This groups was primarily composed of employees who died of 

heart disease (n=972). Agerisk. yeanisk. worker status. and duration of employment wben added 

sequentially as independent predictors improved overall model fit for this group of workers. 

Cumulative dose and length of follow-up did not significant add to improvement of overall model 

fit (Appendix 4). Yeanisk and worker status were significantly inversely related to mortality in the 

non-cancer group. In the cancec group. yeanisk and worker status were not confounders in any of 

the cancer outcomes evaluated and parameter estimates for these variables were positive. 1be 

group of workers who died of non-cancer causes appear to differ from the group of workers who 

died of cancer. in ways other than exposure to cumulative dose. 

II. EMPIRICAL INDUcriQN PER!OD 

An empirical induction period is an important oomponent of statistical modeling in the 

analysis of cancer data. The interval identifies the assumed period when exposure has initiated the 

carcinogenic proCess. Secondly. the empirical induction period defines an interval after the 

carcinogenic process has begun. when exposures are assumed to be unrelated to subsequent 

mortality. 

It was hypothesized that the method to incorporate an empirical induction period may 

influence the parameter estimate for cumulative dose. This hypothesis was developed. since it was 

discovered that there were two approaches to incorporate an empirical induction period in the 

radiation epidemiology literature. These approaches were slightly different conceptually and 

computationally, yet referred to interchangeably. 
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Using an example of a 10-year lag, the two approaches are briefly summarized For 

approach 1, a 10-year lag removed the fraction of the first year of employment and the next five 

full years of deaths and person-years. Dose was lagged five-years from first year of cumulative 

dose for those remaining in the cohort. nus was referred to as a 10-year lag, since the dose 

received from the beginning of follow-up was not included until10-years later (Gilbert, 1995, 

personal communication). The second approach assigns the first 10-years of cumulative dose to 

zero, and the last 10 person-years of cumulative dose are removed from analysis. All deaths and . 

person years are retained in the cohort using approach 2. 

Three cancer outcomes were ev~uated for the empirical induction period Results shows 

that the parameter estimates for the two approacbes did not differ significantly. For example, on 

the x-axis in figure 4.5 , 1atency5:lag5 and l~cyO:lag10 have approximately the same 

parameter estimates (0.022, and 0.023, respectively). 

/ 

1he implication of these findings was that-approach 2, lagging dose, was more appropriate 

than approach 1, since approach 2 retains all deaths and person .. years in the cohort, which 

maintains statistical power. Approach 1, removing all deaths and person-years during the first five 

years of follow-up, does not assume a threshold fol'\those remaining in the cohort, since cumulative 

dose of those 'remaining in the cohort was counted from entry through the end of follow-up. A 

rationale for removing these person-years was to allow for an especially strong healthy worker 

effect (Gilbert et al., 1993(b ), p. 590). For those that died during the first five years of follow-up, 

it was assumed that any exposure received would be highly unlikely to be associated with 

mortality. Since the overall exposure in this cohort was small, finding no difference in parameter 

estimates based on choice of empirical induction period, may not preclude a difference being found 

in a cohort with greater cumulative exposure. For the remainder of this discussion, only approach 

2, lagging, will be referenced. 

The most important finding related to levels of the empirical induction period (i.e. lag=O, 

lag= tO, lag=20) was that with a longer lagged dose the parameter estimate for dose (and deviance 

difference) consistently increased for all cancers outcomes except lung. TI1e present analysis only 
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evaluated three lag intervals. From any of the graphical figures, it can be seen that the estimated 

dose coefficient changed from lag=lO to lag=20. Evaluating lag=l5 would likely smooth out an 

increase in parameter estimate for dose if displayed on the plot The optimal empirical induction 

period for lung cancers may be 15 years. In preliminary analysis using data originally published by 

Winget al. (1991), lagging dose by 25 years slightly improved the parameter estimate compared to 

lag=20. By lag=30, the parameter estimate values were in decline and the confidence intervals 

became very wide, most likely reflecting the few number of workers in exposed groups who had 30 

years of follow-up or more. 

It is important to evaluate what 'lagging' does. Appendix 6 shows a hypothetical worker 

who worked 22 years and died in his 23rd year of follow-up. It can been seen that when dose is 

lagged 20 years, dose for the first 20 years of follow-up are set to zero, and the last 20 years of 

real time dose are essentially not included in analysis. In the case of the hypothetical worker, only 

cumulative dose received during the first, second, and third year of employment are considered in:. 

analysis. Dose for the remaining person-years are reassigned to the zero dose category. 1be 

implication is that only dose received *early* in a worker's follow-up or employment are induded 
' 

for analysis. ~ suggests that the year of hire may be an important predictor of mortality and 

may also be related to cumulative dose. In particular, workers hired in the early years of plant 

operation (before 1950) probably received higher cumulative dose than workers hired in the 1960's 

or 1970's. The increase in risk with increasing induction period has been noted by others. Thomas 

(1983) commented that exposure levels were higher in the past for many occupational 

settings, so subjects with high doses probably worked long ago with long follow-up, 

leading to a bias toward positive associations between exposure and increasing latency. 

III. GROUPING OF CANCER O!ITCOMES 

There were thirteen cancer groupings evaluated in this analysis, which were summarized in 

Table 3.5. The contribution of dose adjusting for all other risk factors in the model was assessed 
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for each outcome using a nested-model approach. Cancer outcomes were selected in order to 

disentangle the relationships of solid cancers, lung cancer, and other smoking-related c3ncers with 

cumulative dose. 

In four outcomes, cumulative dose significantly contributed to improvement of overall 

model fit at lag=(): (1) all cancers, (2) solid cancers, (3) smoking-related cancers including 

esophageal, (4) solid cancers excluding lung, and (4) smoking-related excluding lung. 

In seven outcomes, cumulative dose did not significantly contribute to improvement of 

overall model fit at lag=(): (1) lung cancers, (2) smoking-related excluding esophageal, (3) all 

leukemias, (4) leukemias excluding chronic lymphocytic leukemia, (5) solid cancers excluding 

respiratory and upper digestive, (6) solid cancers excluding smoking-related, and (7) solid cancers 

and lung excluding other smoking-related. 

From lag=O to lag=20, the parameter estimate for cumulative dose as well as the deviance 

difference increased with increasing lag~ One outcome, smoking-related excluding esophageal, that 

was not significant at lag=() became significantly associated with cumulative dose by lag= tO. . 

In earlier analysis of this cohort, Winget al. (1991) found an association with lung cancer 

and cumulative dose for lag=O and lag=IO (p=O.Ol and p=0.02, respectively), using eovariates 

agerisk, cohort, and agerisk*cohort. When adjusting for time-related variables, cumulative dose did 

not significantly contribute to overall model fit in the lung cancer outcome. In assessing the 

relationship of cumulative dose with lung cancer, neither analysis adjusted for paycode. The 

current analysis found that lung cancer was significantly related to duration of employment 

(p=0.007,lag=O), but not cumulative dose (p=0.502,lag=O). This relationship did not change with 

increasing lag interval. Winget al. (1991) did not reflect adjustment for duration of employment 

No interaction between duration of employment and dose was discovered. 

To investigate further the relationship between lung cancer and cumulative dose, it was 

determined that duration of employment and cumulative dose were correlated (r=0.66). Instead of 

adding dose last to the time-related model, dose was added immediately before duration of 

employment, which was added last Since these two variables were correlated, adding duration of 

159 



employment prior to dose could mask the influence of cumulative dose on mortality. After 

switching the order, duration of employment was still significantly associated with mortality 

(p=O.Ol, lag=O) and cumulative dose was not significantly related tri lung cancer mortality 

(p=O.l8, lag=O). This relationship was unchanged at lag=IO or lag=20." 

It was thought that the relationship between lung cancer and cumulative dose may be 

confounded by paycode, since model fitting did not include adjustment for paycode. After 

adjustment for agerisk. yearrisk. and paycode, cumulative dose did not contribute to improvement 

in overall model fit (lag=20, p=0.4). 

Wbile lung cancer mortality was not associated with cumulative dose but was associated 

with duration of employment, smoking-related cancers were associated with both cumulative dose 

and duration of employment Cumulative dose and duration of employment significantly 

contributed to improvement in overall model fit for three outcome groups: (1) smoking-related 

excluding esophageal, (2) smoking-related with esophageal (all EJP intervals), and (3) smoking

related excluding lung. Both variables were significantly associated with mortality in each outcome 

and EJP evaluated, with the exception of smoking-related excluding esophageal. At lag=O 

cumulative dose was not associated with mortality for this outcome. 

IV. COMPARING RESULTS USING DifFERENT STAUSDCAL MopEIS 

1his dissertation was originally planned witll the goal of comparing results between the 

log-linear model and the linear excess relative risk model. 1his comparison seemed necessary, since 

much controversy surrounded Winget al. (1991), in part. because the analysis failed to incorporate 

the linear excess relative risk model. 

Tile linear excess relative risk model has been used to analyze data from nuclear worker 

cohorts exposed to low-level radiation, particularly workers from the Department of Energy 

National Laboratories, as well as nuclear workers from the United Kingdom. The linear excess 

relative risk model has been used in analysis of these cohorts exposed to low-level radiation, so that 
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results from analysis of these cohorts would be comparable with results from follow-up studies of 

the atomic bomb survivor. (ABS) cohort. which experienced high exposure. 

1be linear excess relative risk model is used to analyze data from the ABS cohort for ti¥ee 

primary reasons. First, the linear excess relative risk model provides the best goodness~f-fi.t to 

cohort data from the ABS, compared to the log-linear or linear-quadratic modcls, based on 

published results from ABS cohort studies. The ABS cohort has been under follow-up for forty 

years. 

Secondly, the intercept term in the linear excess relative risk model goes through zero. 

Since the 'true' shape of the dose-response curve at low doses is unknown in human populations, it 

is assumed that the dose-response curve for nuclear worker populations is linear and crosses the y

axis at zero. There is controversy about this assumption, but for purposes of radiation protection, 

caution is taken not to underestimate risk. 

Third, cumulative dose is not transformed onto the logarithmic scale using a linear excess 

relative risk model, whereas the log-linear model assumes that once transformed cumulative dose is 

linear on the logarithmic scale. lbis transformation assumes that response per unit dose is the same 

at any point on the curve. According to some, for high doses the relative risk could be distorted 

using the log-linear model (Prichard, 1992). For example, if the percentage increase in mortality, 

say, for example 4.94%, was multiplied by 0.825 Sv (the mid-point of the highest dose category), 

and then exponentiated, the person exposed to 0.825 Sv is 59 times more likely to die of cancer 

than an unexposed person. According to Gilbert et al. (1989), the linear excess relative risk model 

is preferred over the log-linear model, because comparisons can be made to the ABS cohort data. 

Furthermore, Gilbert and colleagues state for lower doses the, the log-linear function exp(J3z) is 

approximately equal to the linear function 1 + f3z. 1be linear excess relative risk model tends to 

give larger risk estimates and wider confidence interval (Gilbert et al., 1989). 

161 



A. Comparing Results to Other Studies 

The goal of comparing results between the linear excess relative risk model and the log

linear model cannot be completely achieved, primarily clue to limitations in analytical capacity. 

While the log-linear model was fit using time-related factors agetisk, yearrisk, worker status, 

length of follow-up, duration of employment, and dose, the linear excess relative risk model 

adjusted for agerisk, yeamsk, arid paycode. Fewer category levels of agetisk and yearri.sk were 

allowed than in the log-linear model which had 16 agerisk categories. A complete analysis using all 

levels of each time-related factor was not possible since a student version of the software was 

available. 

Comparisons between the linear excess relative risk model and the log-linear model do not 

completely correspond since stratification by agerisk and yearrisk were not as complete using the 

linear excess relative risk model. A modified comparison of these two models was performed using 

8 levels-of agerisk, 8levels of yearrisk and 3 levels of paycode for the linear excess relative risk 

model. For the log-linear model, stratification variables included agerisk (16levels), yearrisk (8 

levels), and paycode (3 levels). This could explain why the log-linear model had a larger deviance 

difference, indicating that the data fits the log-linear (U..) model better than the linear excess 

relative risk model for solid cancers (Deviance, ERR=35, IL=5.8, lag=10) (Table 4.15). 

Several nuclear cohort worker studies have stratified by agerisk, yearrisk, and a measure 

of socio~nomic status, using varying levels of stratification. In analysis of the ORNL data, 

Gilbert et al. (1993) found an ERR of 1.5 (90% Cl= <0, 4.0) for solid cancers with a 10 year lag, 

when stratifying on agerisk in single year intervals, yearri.sk in five-year intervals, and paycode 

(three levels). Cumulative dose was divided into 10 categories. Contributory causes of cancer death 

were not included in that analysis. Results from analysis of the Hanford cohort using the same 

stratification variables above show a negative risk for mortality -0.0 (90%CI= <0, 1.0) (Gilbert et 

aL, 1993, p. 414). 
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A combined analysis of mortality in worker cohorts from the US, United Kingdom (UK), 

and Canada was recently completed (IARC Study Group, 1994; Cardis et al., 1995). An ERR of 

1. 7 (90% CI= 0.04, 4.4) was found for mortality from solid cancers at ORNL (lag=10)(Cardis et 

al., 1995, p. 123). The approach in the IARC study included stratification by five-year agerisk and 

yeanisk categories as well as paycode (Cardis et al., 1995, p. 120). To be eligible for membership 

in the IARC cohort, workers had to be employed at least six months. In this analysis eligibility was 

30 days or more. In an earlier release of this same combined analysis (IARC Study Group, 1994, 

p.1029), the ERR for solid cancers combining three cohorts was -0.07 for lag=10 (90% CI= -0.04, 

0.3). 

In a Canadian study of nuclear workers, Gribbin et al. (1993) found an ERR of 0.049 

(90% CI= -0.68, 2.17), for solid cancers with lag=10. Data were stratified by age, yeanisk, and 

length of follow-up in 5-year intervals. Ten dose categories were used. In the United Kingdom, 

little et al. (1993, p. 101) found an ERR of 0.39 (90%CI= -0.23, 1.16)-for solid cap.cers when 

stratifying by time since first employment (five levels), together with age, calendar time, industrial 

classification, and first employer. 

In the current analysis, the ERR and log-linear estimates for lurlg cancer were 2.1 and 1.0, 

respectively for a 10-year lag. Gilbert et al. (1993), found an ERR of 0.5 (90% Cl= <0.0, 6.7) in 

the ORNL cohort for lung cancec mortality when stratifying on agerisk in single year intervals, 

yeanisk in five-year intervals, and paycode (three levels). Estimates from the Hanford cohort using 

the same stratification scheme found an ERR of 0.1 (90% Cl= <0, 1.8), where cumulative dose 

was divided into 10 categories. Kendall et al. (1992) found an ERR of 0.12 (90% CI= -0.098, 1.5) 

for lung cancers stratifying by age in five year intervals to age 85, calendar period (four levels), 

industrial classification code and first employer (Kendall et al., 1992, p.223). Other sites 

associated with smoking were negative. Gribbin and colleagues (1993) did not evaluate lung or 

other smoking related cancers. 

Smoking-related cancers show an association with cumulative dose in the ERR and log

linear models (5.1 and 3.0, respectively, Iag=IO). Earlier research found esophageal cancers and 
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respiratory cancers have a large impact on the overall results of mortality in the ORNL cohort. 

These cancers have been associated with both alcohol and smoking. Gilbert et al. ( 1993, p. 412) 

found an ERR of 3.0 (90% CI= 0.1, 8.1) for all smoking-linked cancers in the ORNL cohort, but 

when excluding lung cancer from this group found an ERR of7.7 (90% CI= 2.1, 21). E'.stimates 

from the Hanford cohort were 0.2 (90%CI=<0,28) for lung cancer mortality and -0.1 

(90%CI=<O, 23) for smoking-related cancers excluding lung. Smoking-linked cancers included 

respiratory, buccal cancer, and cancers of.the esophagus, pancreas, and bladder (Gilbert et al., 

1993, p. 415). In this analysis and 13.4 and 4. 7 were found for the ERR and log-linear estimates, 

respectively, when lung cancer was excluded from smoking-linked cancers {lag= tO). Large 

differences between estimates of cumulative dose for smoking-related cancers excluding lung, and 

solid cancers suggests that the mortality burden in this cohort may be influenced by cancers 

associated with consumption of tobacco products. 

Results from this analysis using the log-linear model are very similar to results that Gilbert 

and colleagues (1993) obtained using the same stratification variables, albeit with varying levels of 

stratification. Other differences between earlier re-analysis of the ORNL data (Gilbert et al. 

(1993)), and this analysis were inclusi0n of contributory causes of death and cohort eligibility 

requirements. Gilbert et al. (1993) did not include contributory causes of death and required 

employment for six months or more to be eligible for the study. Results from the linear excess 

relative risk model are slightly larger than results from the log-linear model approach, which could 

be due to less extensive stratification. Nevertheless, as predicted, the ERR estimates are larger than 

the log-linear estimates. In general, no matter what stratification variables or degree of 

stratification were used in the analysis of the ORNL cohort data, mortality estimates from the 

ORNL cohort are larger than estimates from other nuclear cohort studies. 
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V. HIGH DOSE 0£!TL!ERS 

Given that the overall cumulative dose in this cohort is low, it was prudent to evaluate the 

outliers in this cohort As stated earlier, two cancec deaths experienced quite large cumulative dose 

readings (greater than 0.5 Sv) (see density distribution) that would be comparable to exposures in 

the ABS cohort. If these deaths are removed from the cohort, does the dose effect remain? Are 

these two cancer deaths that received high cumulative dose driving the results? It has been shown 

that the dose distribution is highly skewed to low dose and that most workers received between 10 

and 50 mSv cumulative exposure (Figure 4.2). Lagging exposure would not seem to make much 

difference if cumulative dose at the beginning and end of follow-up were essentially the same. 

Two deaths were over 0.5 Sv exposure: (1) one from esophageal cancer which received 

0.52 Sv exposure, and (2) one death from laryngeal cancer with 0.82 Sv exposure. Both these 

workers were employed between 30-34 years (esophageal cancer), and 25-29 (laryngeal cancer) 

years, respectively, and both were hired in 1944. Both workers received between 10 mSv and 50 

mSv cumulative exposure in the first year of employment. Cancer of these sites has been associated 

with path chewing tobacco and cigarette smoking, as well as alcohol consumption. Table 5.1 

shows that when these two deaths (esophagus and larynx) are removed from the cohort, cumulative 

dose added to the log-linear model did n~ significantly improve overall model fit for the solid 

cancer grouping at lag=O or lag=lO (p=0.33 and 0.17, respectively). It appears that these two 

deaths are very influential in the dose-response relati~nship. 

Since these two death are also smoking-related, deaths were removed from the smoking

related outcome (Group ll). When these two cancer deaths were removed, the association between 

with.smoking-related cancer deaths and cumulative dose was no longer significant for any level of 

EIP (Table 5.2). 

Smoking prevalence at ORNL was fairly high. A dissertation conducted in 1983 (Elghany, 

1983) found that 86% of cancer cases smoked and 77% of controls also smoked (423 cases and 

846 controls), based on a 25% random sample of the case-control study population. Given the high 
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smoking prevalence of male employees at ORNL, it was not surprising that an association with 

cumulative dose, could not be detected for lung cancers. Effects of radiation exposure may not be 

detectable, since cigarette smoking was such a strong risk factor for lung cancer. Flft.y-three 

perrent of the lung cancer deaths received 10 mSv or less of cumulative exposure, and 84% 

received less than the annual occupational limit (50 mSv) over a working lifetime. Having said 

that, however, it is difficult, if not impossible, to separate the contribution of smoking and 

radiation exposure to the cancer burden in this cohort, since recorded smoking data were not 

available in this analysis. 

Nevertheless; the association with high cumulative exposure and esophageal cancer has 

precedence. Wiggs et al. (1994) found a dose response trend for cancer of the esophagus after 

controlling for exposures to plutonium in a cohort at Los Alamos National Laboratory (p=0.02). 

1bree of the seven cases were in the unexposed group; three had cumulative dose of 1049.9 mSv; 

none had cumulative dose of 50-99.9 mSv; and one death had cumulative dose of 2121 mSv. 

Cancer of the esophagus has been associated with radiation in human populations exposed to high 

doses of therapeutic radiation. For persons exposed to radiation in the treatment of anky1osing 

spondylitis, more than a two-fold excess of ~cer of the esophagus was observed among subjects 

who received very high doses to the esophagus (Wiggs et al., 1994). A significant dose response 

for cancer of the esophagus has also been reported among the Atomic bomb survivor cohort 

(Shimizu et al., 1990). 

Cancers of the larynx have been observed to arise as a complication of therapeutic 

irradiation, after doses in the range of 30-60 Sv, but no excess has been found in the ABS cohort 

or in other populations exposed in the range below 1 Gy. The National Academy of Sciences 

concluded (1990) that the sensitivity of the larynx to radiation carcinogenesis appears to be 

relatively low. 

Based on data presented in Tables 5.1 and 5.2, two deaths in the high dose category 

substantially influence the dose-response relationship in the ORNL cohort Cumulative dose did 

significantly contribute to overall model fit for explaining the relationship between mortality and 
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exposure. 1his improvement in overall model fit was not found when smoking-related cancers were 

removed from solid cancers. There was an association with cumulative dose and smoking-related, 

but not when two deaths in the highest dose category were removed When two deaths in the 

bighest dose category were removed from the solid cancer grouping, cumulative dose did not 

contribute to overall improvement in fit of the time-related model after an induction period of 20 

years (p=<>.o7). With additional follow-up, increased mortality in the ORNL cohort may be 

detected in the subset of cancers, independent of smoking-related cancers. 

VI. INSIGIITS INTO IMPORTANT v AR!ABI.ES FOR FURlllER. ANALYSIS 

It has been shown that duration of employment may be an important confounder in the 

ORNL data. As stated earlier, payoode is also an important predictor. Some exploratory analysis 

was conducted in order to make more specific conclusions about the role of payoode and a~on 

of employment as predictor variable that should be included in future analysis. 

Pay code was added as a predictor variable in the log-linear model containing time-related factor: 

agerisk, yeanisk, worker status, length of follow-up, duration of employment, payoode, and dose. 

Using three cancers outcomes, it was determined that the influence of payoode was not the same for 

all outcomes. With solid cancers only payoode contributed to improvement of overall model fit 

(p=<O.OO, lag=O), but cumulative dose did not. By lag=20, both payoode and duration of 

employment contributed significantly to overall improvement in model fit. For lung cancers at 

lag=O, both payoode and duration of employment were significantly related to mortality (p=<O.OO 

and p=<l007, respectively), but consistent with earlier analysis, cumulative dose was not The 

opposite trend was found with smoking-related cancers excluding lung. Paycode and duration of 

employment did not contribute to overall model fit when added as independent predictors (p=0.5 

and p=0.06, respectively, lag=O), cumulative dose was associated with mortality. Mortality risk 

estimates for lung cancer and smoking-related excluding lung did not significantly change with 
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paycode included in the model than with paycode excluded. When paycode was included with solid 

cancers. the association between cumulative dose was reduced from 1.6 (p=<0.04) to 1.3 (p=O.l). 

If paycode was assumed to be a proxy for smoking as a component of lifestyle, but there 

was no association between lung cancer and cumulative dose, then one would expect there to be no 

association between paycode and mortality. Both paycode and duration of employment appear to 

be -~portant in particular subsets of cancer groupings, though not necessarily the same cancer 

grouping for each. Each variable is probably capnuing different information. Paycode and duration 

of employment are not correlated with each other. 

Year of hire has been indirectly suggested as an important predictor of mortality from 

results of eUlpirical induction period analysis. As lagging of dose increases, x, the cumulative dose 

incorporated into analysis is that which was achieved x years earlier. 1bis is why earlier exposures 

in follow-up time appear important 
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Table 5.1 

Summary of Model Fitting( a) for Solid Cancers Removing Two Cancer Deaths in 

Cumulative Dose Range Corresponding to Dose in Atomic Bomb Survivors 

by Empirical Induction Period 

Solid Cancers 

Deaths Present (n=349) · Deaths Absent (n=347) 
Dose Deviance( c) Dose Deviance 

EIP Coefficient(b) Difference P-value Coefficient Difference P-value 

Lag=O 1.6 4.2 0.04 0.9 0.9 0.33 
Lag=10 2.1 6.6 <0.01 1.4 1.9 0.17 
Lag=20 3.3 9.6 <0.01 2.4 3.3 0.07 

Table5.2 

Summary of Model Fitting( a) for Smoking-Related Cancers Removing 

Two Deaths in Cumulative Dose Range Corresponding to 

Dose in Atomic Bomb Survivors by Empirical Induction Period 

Smoking-Related( d) 

Deaths Present (n=l44) Deaths Absent (n=l42) 
Dose Deviance Dose Deviance 

EIP Coefficient Difference P-value Coefficient Difference P-value 

Lag=O 2.2 5.6 0.02 1.1 0.8 0.38 
Lag=10 2.8 8.1 <0.01 1.7 1.6 0.21 
Lag=20 3.8 8.2 <0.01 2.2 1.4 0.24 

(a)Log-linear multiplicative model stratified by agerisk (16levels), yearrisk(8levels), 
worker status (2 levels), LOF (8 levels), and DOE (8 levels). Dose had 13 levels. 
(b) Coefficient for cumulative dose per Sievert added last to time-related model. 
(c) Deviance difference indicat~s the contribution of cumulative dose to model fit. 
A well-fitting variable will contribute a large deviance to overall model fit 
(d) Smoking-related includes cancers of the lung, larynx, nasopharynx, bladder, 
pancreas, and esophagus. 
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CHAPTER6 

CONCLUSIONS 

1be purpose of this dissertation was to determine if the risk of cancer mortality in the 

ORNL cohort was associated with low-level radiation exposure. The association between mortality 

and cumulative dose was explored by (1) grouping a variety of cancer outcomes, (2) evaluating 

assumptions of the empirical induction period. and (3) assessing the confounding effects of time

related factors. 

The overall exposure experience of this cohort was quite low. The mean cumulative 

lifetime exposure in tbis cohort was 17.3 mSv (1. 7 rem). Forty-three percent of the cancer deaths 

received 10 mSv (1 rem) or less of cumulative exposure. Two deaths from smoking-related cancers 

received 500 mSv or greater, which would be considered comparable to exposures received by 

survivors of the atomic bombs. Exposure of these two workers should not be considered low-dose 

cumulative exposure. A worker with the highest badge reading was still alive at the end of follow

up in 1984. To put these exJ?Psures into context, up to 50 mSv (5 rem) per year of cumulative 

exposure is permitted in occupational settings according to the National Commission on Radiation 

Protection (Shapiro, 1990). 

Solid cancers were significantly associated with cumulative dose at each empirical 

induction period (lag=20, p=<0.01). The addition of cumulative dose contributed significantly to 

overall model fit, adjusting for time-related factors. Removal of two deaths in the highest 

cumulative dose group, referenced in the previous paragraph, resulted in a diminished association 

between solid cancer mortality and cumulative dose at.each empirical induction period (Table 5.1, 

lag=20, p=0.07). Smoking-related cancers were associated with cumulative dose with these two 

cancer deaths included (Table 5.2, lag=20, p=<O.Ol), but cumulative dose no longer provided 

significant improvement in overall model fit for any level of induction period when these two 

deaths in the highest dose category were removed (Table 5.2, lag=20, p=0.24). When removing 
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smoking-related cancers from solid cancers, there was no significant association detected betw~n 

cumulative dose and mortality. Cumulative dose did not contribute to overall goodness-of-fit for 

solid cancers with lung cancer, minus other smoking-related. Cumulative dose was not 

significantly associated with mortality at any empirical induction period. 

The two smoking-related cancer deaths that received large amounts of cumulative 

exposures are ~ngly influential in the dose-response relationship foun~_in these results and 

presumably in earlier analysis of this cohort data. Both workers were hired in 1944 and received 

between greater than 10 m.Sv and less than 50 m.Sv cumulative dose during the first year of 

. employment In the absence of these cancet'S, the data suggest that cumulative dose was an unlikely 

explanation for the observed cancer mortality at ORNL. 

However, data suggest that with additional follow-up a small effect with cumulative dose 

may emerge independent of smoking (Table 5.1, lag=20, p=0.07). Several observations point to 

this conclusion. Cumulative dose was not significantly associated with solid cancers excluding 

smoking-related with the two high-dose cancers included. Furthermore, cumulative dose was not 

significantly associated with solid cancers and lung, minus smoking-related. Smoking-related 

cancers removing lung cancers *and* the two high dose deaths (n=38) were not significantly 

associated with cumulative dose. With additional follow-up, there will be more deaths and person

years. enhancing the ability to detect an association between exposure and mortality. 

1bere are several limitations of these findings. F.ust, paycode was not included as a 

covariate in log-linear analysis. Ftfty-three percent (53%) of the weekly workers were 

deceased at the end of follow-up compared to 16.8% of the hourly workers and 30% of 

the monthly. This was not surprising given that 30% of the entire cohort and 63% of the 

cancer deaths were hired between 1943 and 1950, many of whom were short-tenn 

laborers to advance the war effort. Pay code was not related to exposure, but paycode was 

related to mortality in several, but not all, outcomes. There was no interaction detected between 

paycode and dose. Paycode was defined as the payroll category assigned when hired at ORNL: 

hourly, weekly or monthly. Workers who were employed by ORNL may have been promoted, and 
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hence, paycode may have changed from hourly to weekly or from weekly to monthly. Thus, 

paycode captures those who likely worked in the most exposed areas, represents previous 

workplace exposure, and lifestyle characteristics. Since, in general, paycode was a strong 

predictor of mortality, its inclusion may have precluded detecting associations with time-related 

factors. 

Secondly, there were five covari~ W.cluded in data analysis together with cumulative 

dose. Tilere is a trade-off between controlling for enough risk factors to maintain validity, and the 

possible loss of precision resulting from control of too many variables (Kleinbaum et al., 1982, p. 

278). Based on the standard error values for cumulative dose (Tables 4.12, 4.13, and 4.14), there 

may be over-stratification of the data (standard errors are smaller tban the parameter estimates) for 

some outcomes. Worker status and length of follow-up do not conttibute significantly to overall 

model fit in explaining cancer mortality, so inclusion of these variables may not have been 

necessary. 1berefore, worker status and length of follow-up would not be relevant in futme 

analysis of certain outcome groups. 

lbird, there was no information on other workplace exposures that contribute to the cancer 

process. Biological and/or area air monitoring was performed for many known and suspected 

carcinogens, such as asbestos, nickel, beryllium, carbon tettachloride, percholoethylene and others, 

beginning as early as 1949 (ORAU Symposium, April, 1992). The fact that biological monitoring 

was performed prior to substantial knowledge about the carcinogenicity of these compound implies 

that exposures may have been considerable. An overestimate of cumulative dose would occur if 

workers with radiation exposure also were exposed to chemicals in the workplace, since no 

adjustment in analysis can be made for these exposures. 

Fourth, there was no smoking data available for members of this cohort, so mortality risk 

estimates do not adjust for smoking. It is known that the smoking prevalence was high at ORNL, 

based on data obtained prior to employment (80% )(Elghany, 1983). It can be hypothesized that 

lung cancers were associated with cumulative radiation dose. However, because the contribution of 

smoking to the lung cancer burden masked any difference that could be detected between the 
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radiation exposure groups, the effect of radiation could not be detected. Assuming that lung cancer 

~ were smokers. the data could also suggest that the presence of radiation exposure and 

cigarette smoking did not enhance the risk of mortality. However, it must be said that smoking 

stan1s of individuals in this cohort was unknown. 

1bird. it was known that radiation exposure misclassification occurred in the ORNL 

cohort ~ly in ORNL operation. it was standard practice to record a non-<letectable reading on 

the radiation badge as zero exposure, instead of the more conservative limit of detection. Recently, 

it has been determined that those which bad the highest recorded dose likely received the greatest 

amount of unrecorded cumulative dose (Tankersley et al. in press). This suggests that results of· 

mortality risk may be overestimated in this report 

From this analysis it is recognized that variables have different relationships with mortality 

depending on the outcome. The association of duration of employment quantifies not only that 

someone may have been exposed for a long time, but that the individual is older.~ The mean age of 

hire in the cancer mortality group was 39. The longer an individual works, the greater the 

probability that gamma radiation will pass through DNA, and initiate the cancer process. With 

more exposure, the greater the opportunity for DNA repair processes to fail. Thell again, with 

intermittent low-level radiation exposure, the more opportunity there may be for DNA to 

completely repair. Duration of employment plays a role in predicting lung cancer mortality 

independent of cumulative dose, suggesting that duration of employment may be measuring other 

expOsures in the workplace or may be a surrogate for cumulative dose. In future analysis, duration 

of employment and paycode should be considered as covariates in analysis, with the understanding 

that not all outcomes operate under the same combination of covariates. 

The optimal empirical induction period for solid cancer development in the ORNL cohort 

was 20 years. The cumulative effect of low-level radiation may take longer to manifest into a 

cancer than acute high dose exposure such as occurred in the atomic bomb survivors. Since the 

optimal empirical induction period was 20 years, the empirical induction period could be 
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quantifying the effects of exposure occuring ~ly in follow-up, such as during the 1940s and 

1950s, when exposures where higher than in later years. 

1bis analysis demonstrates that two smoking-related cancers deaths receiving greater than 

500 msv exposure are influential in the dose-response relationship between cancer mortality and 

cumulative exposure. With these two deaths removed from analysis, cancer mortality due to low

dose radiation expos11re does not appear to exist in the ORNL cohort with follow-up through 1984 

(lag=20, p=0.07). Additional follow-up will be necessary to more fully understand the impact of 

low-level radiation exposure on cancer mortality in the ORNL cohort 

174 



Bibliography 

Adams GE and Cox R Radiation Carcinogenesis. Chapter 7. In: Introduction to the 
Cellular and Molecular Biology of Cancer, second edition. Edited by: Franks ML and 
Teich NM. Oxford Medical Publications. Oxford, England. 1991. page 180. 

Adams GE. Temporal Stages of Radiation Action. In: The Biological Basis of 
Radiotherapy. second edition. Edited by: GG Steel, GE Adams, and A Horwich. Elsevier 
Science Publishers. Amsterdam, The Netherlands. 1989. 

Annal of the ICRP. Recomrnen<Jations of the International Commission on Radiological 
Protection. ICRP Publication 26. Pergamon Press, 1977. 

ABC Contract No. At-(30-1)-3394 (Mancuso) 

Awwad HK. Radiation Oncology: Radiobiological and Physiological Perspectives. 
Developments in Oncology, VoL 60. Kluwer Academic Publishers. Dordrecht, The 
Netherlands.1990. 

Beebe GW. Ionizing Radiation and Health. Am Sci 1982; 70:35-44. 
.. 

Beral V, Inskip IL Fraser P, Booth M, Coleman D and Rose G. Mortality of Employees of 
the United Kingdom Atomic Energy Authority, 1946-1979. British Medical Joumal1985; 

Cardis E. Gilbert ES, Carpenter L, Howe G, Kato I, Armstrong BK, Beral V, Copwer G, 
Douglas A, Fk J, Fry SA, Kaldor J, Lave C, Salmon L, Smith PG, Voelz GL, and Wiggs 
LD. Effects of Low Doses and Low Dose Rates of External Ionizing Radiation: Cancer 
Mortality among Nuclear Industry Workers in Three Countries. Radiation Research 1995; 
142:117-132. 

Chambers JM and Hastie TJ. Statistical Models in S. Chapman and Hall Computer 
Science Series. Chapman and Hall. New York, NY. 1993. 

Checkoway H, Mathew RM, Shy CM, Watson JE, Tankersley WG, Wolf SH, Smith JS, 
and Fry SA Radiation, Work Experience, and Cause Specific Mortality among Workers 
at an Energy Research Laboratory. Br J Indus Med 1985; 42:525-33. 

Checkoway H, Pearce N, Hickey JLS, and Dement JM. Latency Analysis in OCcupational 
Epidemiology. Arch Environ Health 1990; 45(2):95-100. 

Crawford-Brown, et al., 1989, ORAU 89/ A-127, Procedures for ASsessing Occupational 
Radiation Monitoring Data for use in Epidemiologic Studies, p. 24 

175 



flanders WD, Cardenas VM, and Austin H. Confounding by Time Since Hire in Internal 
Comparisons of Cumulative Exposure in Occupational Cohort Studies. Epidemiology 
1993; 4:336-41. 

Flander WD, Austin H, and Cardenas VM. Authors Reply: Health Worker Effect and 
Cumulative Exposure. Epidemiolo~ .1995; 6(3):340-41. 

Frome EL, Cragle EL, and McLain RW. Poisson Regression Analysis of the Mortality 
among a Cohort of World War IT Nuclear Industry Workers. Radiation Resea.rch.1990; 
123:138-152. 

DoFJEH-0339, August 1993 

Elghany Abd Naima AK. An Epidemiological Study of Cancer Mortality among Workers 
Exposed to Occupational Low Levels of Ionizing Radiation. University of North Carolina, 
Chapel Hill School of Public Health. Dissertation. 1983. 

Epicure Command Summary. Hirosoft International Corporation. Seattle, WA 1993. 

Epicure User's Guide. Hirosoft International Corporation. Seattle, W A 1993. 

Frankenberg-Schwager M. Induction, Repair, and Biological Relevance of Radiation
Induced DNA Lesions in Eukaryotic Cell Radiat Environ. Bio.phys 1990; 29:273-292 

' 

Gilbert ES. Some Confounding Factors in the Study of Mortality and Occupational 
Exposures. Am JEpidemio 1982; 116:177-88. 

Gilbert ES, Peterson GR, and Buchanan JA Mortality of Workers at the Hanford Site: 
1945- 1981. Hea}th Physics 1989; 56(1):11-25. 

Gilbert ES, Fry SA, Wiggs LD, Voelz GL, Cragle DL, and Petersen GR. Methods for · 
. Analyzing Combined Data from Studies of Workers Exposed to Low Doses of Radiation. 

Am J Epidemio 1990; 131(5): 917-27. 

Gilbert ES. Letter to Editor. Mortality of Workers at Oak Ridge National Laboratory. 
Health Physics 1992; 62(3):260-64. 

Gilbert ES, Cragle DL, and Wiggs LD. Updated Analyses of Combined Mortality Data for 
Workers at the Hanford Site, Oak Ridge National Laboratory and Rocky Flats Weapons 
Plant Radiation Research 1993(a); 136:408-21. 

Gilbert ES, Omohundro E, Buchanan JA, and Holter NA. Mortality of Workers at the 
Hanford Site: 1945-1986. Health Physics 1993(b); 64(6):577-590. 

176 



Goodhead DT, Thacker J, and Cox R Weiss Lecture. Effects of Radiations of Different 
Qualities on Cells: Molecular Mechanisms of Damage and Repair. Int. J. Radiat Bioi. 
1993; 63(5):543-556. 

Goyer RA. Toxic Effect of Metals, Chapter 19. In: ToxicoloGY: the Basic Science of 
Poissons, fourth edition. Amdur MO, Doull J, and Klaassen CD, editors. Pergamon Press, 
Elsmford, NY. 1991. 

Gribbin MA, WeeksJLandHoweGR. Cancer Mortality (1956-1985) among Male 
Employees of Atomic Energy of Canada Limited with Respect to Occupational Exposure 
to External Low-Linear Energy Transfer Ionizing Radiation. Radiation Research 1993; 
133:375-80. 

Hacker BC. The Dragon's Tail: Radiation Safety in the Manhatten Project. 1942-1946. 
University of California Press. Berkeley, CA 1987. · · 

Hagan U. Mechanisms of Induction and Repair of DNA Double-Strand Breaks by Ionizing 
Radiation: Some Contradictions. Radiat Enyiron. Bio.phys 1994; 33:45-61. 

Harley N. Toxic Effects of Radiation and Radioactive Materials, Chapter 21. In: 
Toxicology: the Basic Science of Poisons, fourth edition. Amdur MO, Doull J, and 
Klaassen CD, editors. Pergamon Press, Elmsford, NY. 1991. 

Hendee WR, editor. Health Effects of Low-Level Radiation. Appleton-Century-Crofts, 
Norwalk, Connecticut 1980. · 

ICRP, 1990. 1990 Recommendations":nfthe International Commission on Radiolocical 
Protection. User's Edition. Permamon Press. 1992. p. 5. 

Gofman, JW. Radiation and Human Health: A Comprehensive Investigation of the 
Evidence Relating Low-Level Radiation to Cancer and Other Diseases. Sierra Club 
Books. San Francisco, CA 1981 

Hart, JC. A Progress Report Dealing with the Derivation of Dose Data from ORNL 
Personnel Exposure Records Applicable to the Mancuso Study. Oak Ridge National 
Laboratory. Atomic Energy Commission. Central Flies Number 66-1-84. 1966, p. 1 

IMC Study Group on Cancer Risk among Nuclear Industry Workers. Direct Estimates of 
Cancer Mortality due to Low Doses of Ionising Radiation: An International Study. Lancet 
1994; 344:1039-43. 

International Classification of Diseases, Adapted, Eighth Revision (ICDA-8). US Public 
Health Service Publication No. 1693. 

177 



Johnson Land Schaffer D. Oak Ridge National Laborator:y: The First Fifty Years. 
University of Tennessee Press. Knoxville, 1N. 1994. 

Kathren RL and Peterson GR., Units and Terminology of Radiation Measurement: a 
Primer for the Epidemiologist. Am J Epdemio 1989; 130(6):1076 ). 

Kendall GM, Muirhead CR., MacGibbon BH, O'Hagan JA, Conquest AJ, Goodill AA, 
Butland BK, Fell TP, Jackson DA Webb MA, Haylock RGE, Thomas JM, and Silk TJ. 
Mortality and Occupational Exposure to Radation: Fust Analysis of the National Registry 
of Radiation Workers. Bristish Medical Journal1992; 304:220- 5. 

Kleinbaum 00, Kupper LL, and Morganstern H. Epidemiologic Research: Principles and 
Quantitative Methods. Van Nostrand Reinhold, New York, NY.l982, p. 64) 

Land CE. Estimating Cancer Risks from Low Doses of Ionizing Radiaf.!.on. Science 1980; 
209:1197-203. 

McMichael AJ, et al. Journal of Occupational Medicine 1974; 16:459. 

Mabuchi K, Soda M, Ron E, Tokunaga M, Oshikubo S, Sugimoto S, Ikeda T, Terasaki I, 
Preston DL, Thompson DE. Cancer Incidence in Atomic Bomb Survivors. Part 1: Use of 
Tumor Registries in Hiroshima and Nagasaki for Incidence Studies. Radiation Research 
1994; 137:S1-16. 

NCRP, 1989. Exposure of the US Population from Diagnostic Medical Radiation. NCRP 
Report No. 100. May 1, 1989. 

NIH, 1980. Known Effects of Low-Level Radiation Exposure: Health Implications of the 
Three Mile Island Accident (Proceedings of a Conference). Edited by: P.K. Shrivastava 
and W.F. Malone. NIH Pub. No. 80-2087, January 1980. 

NRC, 1990. Health Effects of Exposure to Low Levels oflonizing Radiation, Committee 
on the Biological Effects of Ionizing Radiation, BEIR V. National Research Council, 
National Academy of Sciences. National Academy Press. Washington, DC. 

NIH, 1979, Known Effects of Low-Level Radiation Exposure: Health Implications of the 
Three Mile Island Accident p. 1 

Oak Ridge Associated Universities (ORAU) Symposium, 1992. Epidemiologic Studies of 
DoE Workers. Oak Ridge, TN. April29-30, 1992. 

Pearce N. Methodological Problems of Time-Related Variables in Occupational Cohort 
Studies. Rev Epidem et Sante Publ1992; 40:S43-54. 

178 



Pearce N, Checkoway H, and Shy C. Time-related Factors as Potential Confounders and 
Effect Modifiers in Studies Based on Occupational Cohorts. Scan J Work Environ Health 
1986; 12:97-107. 

Preston DL, Kato H, Kopecky KJ, Fujita S. Studies of the Mortality of A-Bomb Survivors 
8. Cancer Mortality, 1950-1982. Radiation Research 1987; 111:151-87. 

Prichard HM. Correspondence, Editorial Comment Health Physics 1992; 62(3):260. 

Salvan A, Stayner L, Steenland K, and Smith R. Selecting an Exposure Lag Period. 
EpidemiOlogy 1995 (in presS). 

Sancar A Perspectives: Mechanisms of DNA Excision Repair. Science 1994; 266:1954-
1956. 

Schull WJ, Shimizu Y, and Kato H. Hiroshima and Nagasaki: New Doses, Risks, and their 
Implications. Health Physics 1990; 59(1):69-75. p. 72. 

Selvin S. Statistical Analysis of Epidemiologic Data. Oxford University Press. Oxford, 
England. 1991. 

Shapiro J. Radiation Protection: A Guide ofr Scientist$ and Physician, third .. edition. 
Harvard University Press. Cambridge, MA 1990. p. 10 

Shapiro a~ Physics Without Math. Prentice-Hall, Inc. Englewood Cliffs, NJ. 1979. 

Shimizu Y, Kato H, and Schull WJ. Studies of Mortality of A-Bomb Survivors 9. 
Mortality, 1950-1985: Part 2. Cancer Mortality Based on Recently Revised Doses 
(DS86). Radiation Research 1990; 121:120-141. 

Smith PG and Douglas AJ. Mortality of Workers at the Sellafield Plant of British Nuclear 
Fuels. British Medical Journal1986; 293:845-54.(1986) 

Spector, Phil. An Introduction to S and S-Plus. Duxbury Press. Belmont, CA.. 1994. 

Steenland K and Stayner L. The Importance of Employment Status in Occupational. 
Cohort Mortality Studies. Epidemiology 1991; 2:418-423. · 

Streenland K, Deddens J, Salvan L, and Stayner L. Letter to Editor: Healthy Worker 
Effect and Cumulative Exposure. Epidemiology 1995; 6(3):339-40. 

Strom, DJ. A Critique of "Mortality among Workers at Oak Ridge National Laboratory". 
Nuclear News 1991; July 1991,67-74. 

179 



Tankersley, WG, West CM, Watson JE, and JL Reagan. Retrospective Assessment of 
Radiation Exposure at or Below the Minimum Detectable Level at a Federal Nuclear 
Reactor Facility. J. Appl. Occup. Hy2iene. in press. 

Thomas DC. Statistical Methods for Analyzing Effects of Temporal Patterns of Exposure 
on Cancer Risk. Scand J Worlc Enyiron Health 1983; 9:353-66. 

Thompson DE, Kiyohiko M, Ron E, Soda M, Tokunaga M, Ochikubo S, Sugimoto S, 
Ikeda T, Terasaki M, Izumi S, and Preston DL. Cancer Incidence in Atomic Bomb 
Survivors, Part IT: Solid Tumors, 1958-1987. Radiation Research 1994; 137:S17- 67. 

Tievsky G., Ionizing radiation: An old hazard in a new era. Charles C. Thomas Publisher, 
Springfield, Dlinois, us~ 1962, p. 11. · 

Trosko JE. Biomarlrers for Low-Level Exposure Causing Epigenetic Responses in Stem 
Cells. Stem Cell1995; 13(suppl1):231-239. 

von Sonntag C. The Chemical Basis of Radiation Biology. Taylor and Francis. London, 
England. 1987. p. 37. 

Walter, J. Cancer and Radiotherapy: A Short Guide for Nurses and Medical Students. 
Churchill Livingstone. Edinburgh, Scotland. 1977. 

Wing S, Shy CM, Wood JL, WolfS, Cragle DL, and Frome EL. Mortality among 
W ork:ers at Oak Ridge National Laboratory: Evidence of Radiation Effects in Follow-up 
through 1984. JAMA 1991;. 265(11):1397-1402. 

Wing S, Shy CM, Wood JL, WolfS, Cragle DL, Frome EL. Mortality among Workers at 
Oak Ridge National Laboratory: Evidence of Radiation Effects in Follow-up through 
1984, Supplementary Document National Auxilliary Publication Service, document 
#04849, 19 pages. Micofiche Publications, New York. 1991(b) 

Wing S. Shy CM, Wood JL, WolfS, Cragle DL, Tankersley W, and Frome EL. Job 
Factors, Radiation and Cancer Mortality at Oak Ridge National Laboratory: Follow-up 
through 1984. Am J Indus Med 1993; 23:265-279. 

180 



Glossary 

alpha particles - an energetic helium nucleus, consisting of two neutrons and two protons. It is heavier 
than an electron by a factor of over 7300 and bas double the charge (Shapiro. 1990, p. 33). It is commonly 
emitted in the active decay of wanium, thorium, radium, and polonium. Plutonium is a man-made 
compound that emits alpha particles. The alpha particles emitted by these compounds possess kinetic 
energies IaDging between 4 MeV and 9 MeV. Their velocities are between 1.4 and 2.1 x 109 an per 
second They have a slowt"L speed than lighter particles and impart ent>Lgy at a much greater rate than 
lighter particles (high LET). 

beta particles - high speed electrons which are emitted by nuclei of atoms as a result of energy released in 
a radioactive decay process involving the ttansformatioo of a neutron into a proton. Beta particles 
comprise one of the most important classes of directly ionizing particles. The following radionuclides emit 
beta particles: carbon-14, tritium, sulfur-35, calcium-45, phosphorous-32, strontium-90. Energy IaDge is 
from 0.006 MeV to 1.13 MeV. 

charged particles - particles that have a positive or negative charge 

chromosome aber-rations- a change in the shape or numbt"L of chromosome 

DNA deoxyribonucleic acid is a polymer made of nucleotide units. It is what constibltes genes, and is 
responsible for heredity, and for carrying tile information necessary for protein synthesis. 

directly ionizing particles - electrons (most common in terms of exposure), alpha and beta particles, 
protons, and neutrons 

double strand breaks - are comprised of essentially two single strand breaks, either exactly opposite t 
one another or in close proximity (probably not more than four base& apart): They are thought to be 
linearly induced with dose and are considered the most important lesion indUced in irradiated cells 
(Bryant, 1989, p. 22). 

electrons -directly ionizing radiation with a mass of 9.1 x 10-28 grams. The resting mass of an electron 
calculated in terms of energy content is 051 MeV. (E = m * ~). (Shapiro, 1990, p. 33). 

exdslon repair - the removal of a damaged base pair by an enzyme, whereby tile damaged base is cut 
out by an enzyme (an endonuclease), damage is broken down by exonuclease activity and DNA 
polymerase fills tile gap with new base. Process is most well-known in non-mammalian cells and most 
commonly induced by lN light · 

exposure - in the general sense, refers to the potential for , or actual delivery of, absorbed dose or dose 
equivalent; synonymous with imldiation. the oondition of coming in contact with a toxicologic agent; 
differs from dose. ( Kathren and Petersen, 1989). 

f"ISSion - the chemical process of splitting the nucleus of an atom into more stable nuclei. For example, 
uranium bas a very heavy nucleus that can be split to release energy, while the nuclei created are more 
stable than the original atom. 

free radical - an unstable molecular fragment caused by breakage of a chemical bond in a molecule 
(Franks LM and Teich NM. Introduction to Molecular Biology of Cancer, second edition. Oxford Medical 
Publications. Oxford, England, 1991. Glossary.) 

in vivo- referring to a process occuring in a living body (Stedman's Medical Dictionary) 
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isotope - a compound that bas the same number of electrons and protons, but a different number of 
neutrons. An isotope is chemically equivalent to the stable form of the compound. 

indirectly ionizing particles - x-rays, gamma rays, energies of the electromagnetic spectrum 

ICRP - International Cominission on Radiation Protection, established in 1928, sets radiation protection 
standards for occupational and general population exposures. 

ionization - ejection of electrons from the atoms with which radiation interacts. 

Joule - A Joule is the amount of energy required to set a 2-kilogram mass, at rest, into motion at the speed 
of 1 meter per second. 

mutation - a heritable change in the genetic material. Mutations in the broadest sense include any change, 
from a single base pair change in the DNA to substantial deletions or rearrangements of the DNA even 
involving major parts or whole of chromosomes, and including chromosome translocations (Franks LM 
and Teich NM. Introduction to Molecular Biology of Cancec, second edition. Oxford Medical 
PublicationS. Oxford, England, 1991. Glossary). 
fixation of potentially lethal lesions. 

neutrons - a neutron is a common particle since it is a basic constituent of the nucleus along with the 
proton. Usually, a nucleus has the same number of protons and neutrons in the atom's nucleus. Unlike a 
proton, neutrons have no charge. There are no significant naturally occurring sources that emit neutrons. 
A naturally occurriDg nucleus that is unstable because of an excess of neutrons relative to protons will 
change t}le ratio by transformation of the neutron into a proton within the nucleus and the emission of a 
beta particle rather than through the emission of a neutron (Shapiro, 1990, p. 36). The most powerful 
sources of neutrons are nuclear -fission reactors. Approximately 2.5 neutrons are emitted per fission of 
uranium-235 and cause further fissions. The protection of personnel' from these neutrons represents one of 
the more difficult problems in radiation protection. 

oxidation- loss of hydrogen or loss of a electron to create a positive charge 

photon - uncharged discrete packets of energy that travel through air as electromagnetic waves measured 
as wavelengths 

protons - a naturally occuring particle that is the sole constituent of the nucleus of the hydrogen atom. 
The atomic number of a compound is defined by the number of protons in the nucleus. Protons has a 
positive charge. A proton has a mass of 1835 times the mass of an electron. Like alpha particles, they 
impart energy at a high rate when passing through matter (high LEI). The proton is not emitted as 
radioactive decay like other directly ionizing particles. When the body is irradiated by neutrons, the 
incident energy is imparted to the protons contained in hydrogen a~ms in the body, and the energetic 
protons become the major mechanism for transferring neutron energy to the body tissue. 

photoelectric effect • experiment conducted by Einstein showing that electrons are knocked out of atoms 
by light beams (Gilbert, 1979, p. 249) 

speed of light - the speed of light is 300,000 kilometers per second (100 kilometer= 62.1 miles) 

reduction - gain of hydrogen or an electron to make the atom electronegative 

radioactivity- the condition of a nucleus when it can release energy by rearranging its neutrons and 
protons, but it does not do it immediately. Radioactive nuclei release their energy after an almost random 
interval, whose time scale is set by the half-life of the particular nucleus. A nucleus that has too many 

182 



neutrons or too few for the number of protons can be unstable or radioactive. A radioactive nucleus is one 
that can release energy by changing itself into a different nucleus (Shapiro. 1979. p. 301). 
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·U (agotora >•l!i end &!litem c 1~.99) • (agotm >• 1S and agetm c 19.99) 

tben a got • 01 
U (agetora ••20 and ageterm c 39.99) • (agetm >•20 and airatll c 39.99) 

then a gat • 11 
U (egetera >•40 and ageterm c St.99) • (agetm >• «O and agatm c 59.991 

then agot • 21 
if (agetem ••SO and ageterm 'c 80,01 ' (agatm >•SO end agatlll c 80.0) 

then oget • l1 

tole • yrout ;. yout1 /'tllfte Iince leot OIIIPloyment 3.30.95 •1 
U tale c 0 tbm too • 01 
U t'lo ,.. 0 and tole c 10 then toa • 11 
if tole h10 and tala c 20 then til • 21 
if tole ••20 and tala c 30 then too • 31 
U tole. >a30 and tala •• U then too • 41 
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/•freyra• (1, lyrout • lyrln + yr ·1)) 1 •I 
doe•yout .. yint 
start•43 1 

I' define lagyoar1 and latancy 'I 

\LAOLATr 
monlag•Or 

/•generate person years•/ 

type•Or 
foll.,..lfloorlyrout•yrln + 0.5)) 1 

2 

if follow < 1 then follow •11 /'PRKVIIITI llOUIIDtNO Pl!RSON•YIWIS '1'0 0'1 
t•nw added 4.11.ts •1 

if follow c latency + 1 then c!elete1 /•removes pyra•/ 

array CW!Ldoaa lyr_lndx) eumU·eumUr 
array doae_a (yr_lnda) doaaU·do .. ur 

do yr• latency+ 1 to followr /'riii!IOYel pya then laga•addad a.15.95'/ 
d.oae•Or 

yr_lndx • floorlyr + yrin + 0.5 • ltart)•lagyaarar 
if lyr_indxl > 0 than dor 

if CW!Ldo .. > o and cwo...do1e <1000 then do .. • 11 
aloe if Clll!l..doae >• 1000 and Clll!l..dOaa <5000 than doae • 2 1 
aloe if Clll!l..dooe >• 5000 and Clll!l..dooe <10000 then dose • 3 1 
elae if Clllll.doae >• 10000 and Clll!l..dOII <15000 then doae • 41 
aloe if Clll!l..doae >- 15000 and Clll!l..dOII < 20000 then dose • 51 
elae if Clll!l..doae >• 20000 an4 Clll!l..dO .. < 25000 then dOle • Sr 
oleo if Clll!l..doae >• 25000 and cw...doioe < 30000 then dOll • 71 
11 .. if Clll!l..dOII >• 30000 end CWI...dO .. < 35000 then dOll • II 
al .. if cw...do .. >•35000 an4 """-dolo < 40000 then dolo • ', 
olea if cw...do .. >•40000 and cw...do .. < 45000 than doao • 10, 
aloe if Clll!l..doae >-45000 and cum...doao < 50000 then dose • 11r 
eloe if Clll!l..doaa >•50000 then doae • 121 
endr 

/'For r11111oving two death• in hl.gheat dose catetory 8/8/95 
alae if C'WI\...d.oae >•50000 then deleter 

'I 
endr 

yr_1nda•yr_1ndx + lagyearor 
if doae_e > , than work • 11 aloe work • 01 
do 1 • 1 to 21 

if work • 0 then do 1 
yr_inda • yr_inda • 11 
if yr_inda > 0 than if doae..e > • then work • lr 

andr 
andr 

yearoyrin + yrr I' changed fl'OII yrin + yr •0.5 5.10.95'/ 
t•year • yobr 
l.f lt<O) than t•t + 1001 
agerlak • 5 • floorlt/5) 1 

if lyob <SOl then yob • yob + 100r 1• revioed cohort 4.2.95 'I 
if yob <• 90.9U then cohort • Or· 
if 91 <• yob <• 100.999 than cohort • 1r 
if 101 <• yob <• 110. U9 then cohort • 21 
if 111 <• yob <• 120.999 then cohort • 3r 
if 121 <• yob <• 130.999 then cohort • 4r 

I· 
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if 131 <• yob <• 140,999 than cohort • 5r 
if 141 <• yob <• 150. 999 then cohort • S 1 
if 151 co yob <• 1SO. 999 then cohort • 1 1 

do .. 5 • lllnlfloorllyaar•yinl/51, floorllyout-yinl/511 1 
1of• 5 • floorllyear-yrinl /511 

if year< 45 then year •U1 l'origl.nelll oodo •• added 3.22.95'/" 
yoarrlak•l5 • floor( (year-51/511+51 
t•treyro• 11. C yrout • Cyrin + yr •11 1 1 
weight freyr11 •1 
output te1t1 

endr 

/'generate deathir • repeat algorithm for multiple outc0111ao•J 

if (dead • 11 than dor 
type-11 
doa••Or 

if dead • 1 • follow < latency + 1 then deletar /•remove deatba S .11. 95'/ 
yr_indxofloorlyrout+1•1tart 1 •1agyearor 

if (yr_indx > 01 then dor 
if CW~...dOII > 0 and Clllll.dooe <1000 than dooe • 11 
ella lf Cllllll..doae >• 1000 and cwo...dooe <5000 then dole • 21 
11 .. lf Cllllll..dooe >• 5000 and cum...doae <10000 then dooe • 31 
1111 if CUII...dO .. >• 10000 and Cllllll..dOII <15000 then dOll • 4 I 
ella if Cllllll..do .. >- 15000 and Cllllll..doll < 20000 then doae • 51 
ella U Cllllll..doae >• 20000 and cum...doea < 25000 then doaa • Sr 
1111 if Cllllll..dooe >- 25000 and cum...doee < 30000 than do .. • 71 
ella if Cllllll..doae >• 3000:0 and Clll!l..dooe < 35000 then do .. • 11 
alae U cw...do .. >•35000 and CMP...dooe < 40000 then dooe • 91 
el .. if -.doae ••40000 an<!\cw...do .. < 45000 then doll • 101 
aloe lf cw...doae >-«5000 and -.dooe < 50000 then doae • 111 

1111 if cum...dooa >•50000 then doll • 121 
andr 

1• Por removing two deathl from hl.gheot do .. category 1/1/95 
e11e if CW!Ldoea >•50000 tbon doloter 

., 
andr 

yrJndaoyrJndx + 1ogyearor 
if dooe..a > • then work • 11 •1•• work • o, 
do l • 1 to 21 
if work • 0 then do 1 

yr.).ftda • yrJnda • 1 1 
U yrJnda > 0 then if doaa_a > , then work•lr , 

end1 
end I 

yearoyrln + yr 1 I' changed fr0111 yrl.n + yr - 0,5 •• don't need rounding •1 
t • yrout • yob, 
u Ct<OI then t•t + too, 
agerlak • 5 • floorlt/51 1 

if (yob dO) then yob • yob + 100r 1• reviled cohort 4.2.95 'I 
if yob <• 90.999 thon cohort • o, 
if t1 <• yob <• lOO.tU thon cohort • 11 
if 101 c• yob <• 110. tU then cohort • 2 1 
lf 111 <• yob <• 120.999 thon cohort • 3r 
if 121 <• yob <• 130. 99t then fohort • 41 
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if 131 <• yob <• U0.9U then cohort • !1 
if 1U <• yob <o 150.9U than cohort • &1 
if 151 <• yob <• UO. U9 then cohort • 71 

doa•S • floor( (yout•yin)/5) 1 

3 

if yrout < yrin then yrout • yrl.n1 t• added 5.10.95 •• negative yrout•t 
t•yrout il mid-year, an4 yrl.n il mid-month•• oometlmee neqatlva•t 

lof•S • floor( (yrout·yrin) /5) 1 
H yrout < 45 then yrout •C!1 t• original M co4e ad4ed 3.22.95 •1 

yearrilk•(5 • floor((yrout•5)15 ))+51 
output teatt 

and1 

I' output count by variables lilted'/ 

\SETBL1 

,. 
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Appendix 2 

File generated from running SAS program is composed of tWo parts. 
When type=O, column headings are: 

type, agerisk, yearrisk, work, lof, doe, dose, person-years 
0 15 45 0 0 0 0 0 
0 15 45 0 0 0 1 0 
0 15 45 0 0 0 2 0 
0 15 45 0 0 0 3 0 
0 15 45 0 0 0 4 0 
0 15 45 0 0 0 5 0 
0 15 45 0 0 0 6 0 
0 15 45 0 0 0 7 0 
0 15 45 0 0 0 8 0 
0 15 45 0 0 0 9 0 

When type=1, column headings are: 

type, agerisk, yearrisk, work, lof, doe, dose, deaths 
1 15 45 0 0 0 0 0 
1 15 45 0 0 0.1 0 
1 15 45 0 0 0 2 0 
1 15 45 0 0 0 3 0 
1 15 45 0 0 0 4 0 
1 15 45 0 0 0 5 0 
1 15 45 0 0 0 6 0 
1 15 45 0 0 0 7 0 
1 15 45 0 0 0 8 0 
1 1.5 45 0 0 0 .. 9 0 

The file has been cut in half. Person-years and deaths 
are in the last two columns. 

The column heading are: 
type, agerisk, yearrisk, work, 1of, doe, dose, person-years, ·deaths 
0 1? 45 1 0 0 0 60,0 
o 1~ 45 1 o 0'1 74lo 
o 15 45 1 o o '2 s o; 
0 15 so 1 0 0 0 5 0 
0 15 so 1 0 0 1 5 0 
0 15 55 1 0 0 0 22 0 
0 15 55 1 0 0 1 19 0 
0 15 55 1 0 0 2 1 0 
0 15 60 1 0 0 0 3 0 
0 15 60 1 0 0 1 11 0 
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I THIS FILE IS TO FIT THE FOLLOWING VAIIlALBESo 
I USING 8 OUTCOMES AND 4 LAG/LATENCY COMBINATIONS 

l•a•••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••11••••r:ae 
Cheeko on the dataframe 

I ••••••••n••••••••••••••••••••••••••••••••••••••••w•••••••••D•aaaaa:~anllaaaaa:s 

Cheek on datafremeo ohould ba repeated for 26 unique data frames. 
Sao /axport/homa/ul/eodrok/auoanne/reoulto/ForSplua/Hl/naming. fila a. for. SAU 

dat. fil <· matrix (oean ( 'fo5ml5e•), neolot, byrow•T) 
dat.Ul <· ao.data.fremo(dat.fil) 
nama a {dat. fil1_c ( •type•, •agariak.•, •yearriak•, •work.•, •lot·•·,· •do a•, •dose•, 
•per•, •dead.• 1 - ····# 

eat( '\n') 
eat ('Column heading a for ALL .LEUKEMIA , HODEL l 
ara1 \n•, 

names (dot. fill, '\n' ) 
cat(•Total number of peraon•yeara are•, eum(dat.t:11$per),•\n•) 

eat 1 'Total nlllllber of death• are•, awo(dat. Ul$daadl. '\n' 
eati'Lataney•O and Lag•O') 1 eat( '\n') 
attaeh(dat. fil) 

I Data Input and Variable Reviaion 
I ••••••••••••••••••••••••••••••••••••••••••••••••••••••••••a••••••••••a•••••a 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 

• I 

Variable tlniqua valuee. ............ --------------
type (0, 1) 

agoriak (0, 1, 2, 3, ..... 16) 
yoarriak (0, 1, 2, 3, ..... 7 ) 
work (0, 1) 
lof (Q, 1, 2, 3, • o o o 1 9 ) 
doe (0, 1, 2, 3, .... , ' ) 
doe a (0, 1, 2, 3, •••• , 13) 
per 
dead 

Variable revision. ....................................... 
cat('ln order to got poaitivo vo1uaa for (offaat(log(pya))) 0.001 
waa added to tho variable for peracn-yeara.• ) 1 eat( '\n'l 
1. Person year unit at 100000 peraon-yeara -> 1. 

pya _ par + 0. 001 I 100000 
cat('1'he awn of pya ia•, aum(pya), •\n• ) 

2. Reaaaign Doaer .(0, 1, 2, l, •••• , 12 ) ..... ,. (0, 0.5, 2.5, ?.5, 12.5, 
17.5, u.s. 27.5, 32.5, 37.S, u.s, n.s. 82.5) 
mdoae_c(O, 0.5, 2.5, 7.S, 12.S, 17,5, 22.5, 27.5, 32.5, 37.5, 

u.s, n.s, 82.5) I doao + 1 l 
••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••a••••••••• 

Model fitting 
••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••a•••••••••11• 
Function to dioplay model U t. 

diaplay. fit _ functlon( Ut,out, per, dead, mdooe , T ) 1 
oat.doad _ Ut.out$Uttad.va1uoe 
X _ cbind (par, dead, eat. dead) 
mat _ apply( X, HAIIGIN•2, Filii• function til (tapply(i,mdooe, oum) 1 
rate_ mat(,2)/matLll •100000 
eat.rate _ mat(,31/mat(,1) • 100000 
mat _ rouftd( cbind(mat, rate, eat.rate ) , 3) 
Tpor _ oumlpor) 1 Tel... aum(dead) 1 Toatd,...round(aumtoat.doadl,3l 

~~{ . ·. 

~:: 

~: ., 

Totah_ eblnd(Tpar, Td, Tostd I 
cat( paata( c('\n",repc•-·,30},•\n') ) ) 
print(my.aummary( Ht.out, eorrolation•F ) I 1 cat( '\n' 1 
print( mat ) 1 cat( '\n' l 
catPTotal number of person-years, deaths, and eatirnatad deaths are \r\•, 
Totall ) 1 eat( '\n' ) 
inviaible(mat) l 

I Batlmato foetor effoeta relative to let laval. 
I •ccntraau• aean that all tho linear combination• are contraata of levels. 
I 'contr.treatment' rneana that coding in model aaaumea that the Urat level 
I la the reference group. Thia aloo meano that the eoeffieiont for th!a 
I level i1 aero, 'contraet.poly' aaawnea that factora are equally 
t epaeed and ordered (p, 34·36, Chembera and Haatle, 1993). 
I •opticna• ehangea tho default contrast. 
I •• •• ····••• •······. • • •• • • ... - • .. • ....... - .. • .. • •• •. • •• ... . 

opt lone C contraete•c ( •eontr o treatment•, •eontr 0 poly•) 

I Model 1t Untoreept only) 
I ••••••••••••••••••••••········ ·····•••··· ······•·••·•••·•······ ...... - ...... . 

fit.out.1 _ glm( dead • offoot(log(pya) l, famUyopoiaaon, 
control•srlm,control (maxlt•20l l 
diaplay,fit( fit.ou.t.1, per, dead, mdoae ) 

t •o.ffltt' aeana that deatha are weighted by poraon-yoera. The log 1o usod 
I to keep offoot veluoo pooitive. 

t Model 2·, &goriak . 
I •.••.• ., •••.••......•••••...........•••..............••..•........... - •- .. - .. 

fit.out.2 _ glm( dead • offaat(log(pya) l + agarhk, familyopo!aoon, 
control•glm. ccntrot'tmaxit•20 l l 

diaplay.fit( fit.out,2, per, dead, mdoae l 
diff.dev.1_ devl.anee(Ut,out.l) • devianeeUit.out.2) I devianeo 
diff.df.1 _ fl.t,out.Udf.rooidual • Ut.out,2$df.reeidual I dfa for deviance 
eign,ago_l•pohiaq(diff.dev.1,diff.df,1 ) I p·velue for·chi-aq diatrlbution 

I P•veluo for reduction in dovianee with addition of verlable 
cat('\nP•velue for reduetion in devianeo with addition of variable Is', 

aign,age, aep•• • , Ull•T ) 

I Teat for Heterogeneity bot we on SMRI for k mdoao groupa. 
I HOt 8IIR for mdo .. groupo k•2,3 • .,12 oqualo 1. There ara 12 dfa olneo thoro 
I aro 13•1 mdoao groupe. 
I QUBSTIONo ahould wa be uoino equation 3.12 in II,D, Vol. II, whieh tests for 
I trend (p. 9S), 

I oat,dead... fit,out.2$Uttod.valuea 
l8eUUIIl( (dead-eat .dead) "2/eot. dead) 
taavound(aed, 31 

tcat(•\nPearaon ch1-equare ia• , sed, aep•• •, fill•'f') 
I diff.aed.2_ round(1•pchiaq(aod, 12 ) , 3) 
t cat('\nP•velllo for toot of heterogeneity that a 8IIR for at lout one mdoso 
t group 1a eignificant1y dlfferant from 1 ia•, diff.aed.2 , aop•' • ) 

188 

Modal Jt agorlak + yoarriok ...................................................................................................................................................... 
fit.out.3 _ gla( daad • offoet(log(pya)) + aoarhk + yearriak, 

family.s>ol••on, ecntrcl•glm.o contrcl (m.axit•20)) 
dleplay,Ut( fit.out.3, per, dead, mdoae ) 
diff,dev.2_ devleneo(fit.out.2) • devianee(Ut.out.3) 
dlff.df.2 _ fit.out.2$df.roaidua1 • Ut.out.3$df.reaidual 

X ·.~. 
:7,.: 
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sign, yr_ round( 1-pchloq(dlfl.dov. 2, dlff .df. 21 ,ll 

P-value for reduction in devianee with addition of variable 
cat( '\nP-value for reduction In deviance with addition of variable is•, 

sign.yr, aep•• " , Ull•T ) 

Teat for Heterogeneity between Relative Risko for 
eac:h mdose oroup. HOr SMR for dose groups k•2,3 .. ,12 equals 1. 
QUESTION: should "'• be using equation 3.12 in B,D, Vol. It, which tests for 
trend (p. 961. There are 12 dfo olnce there are 8·1 mdoae groups. 

oot.dead,.. Ut.out.3$Utted.valuaa 
sed_ sum( (dead-eat.daad) H2Jest.dead.l 

I aed_round ( aed., 3) 
lcatC •\nPearaon chi-aquare ia• , aed, aep•• • Ull•TI 
t dlff.sed.l_ round( 1-pchlaq(aed, 121, 31 
teat ( "\nP-value for teat of heterogeneity that a SMR. for at least one mdose 
lgroup differs from 1 ia•, cUff.aed.l, eep•• • ) 

t Modal 4: agarlak + yearrlak + work 
I. ············•·•·••••••••••••••••••••••••••••••••••••·················· ••••• 

flt.out.4 _ glm( dead • offoet(log(pyall + agerlak + yearrlak • work, 
famlly.poiaaon, control•glm.control (maxit•2011 

dlaplay, Uti Ut.out.4, per, dead, mdoael 
dlff.dev.l_ dovlanca(flt.out.31 • devlance(flt.out.41 
dlff.df.l _ flt.out.3$df.raaldual • flt.out.4$df.realdual 
algn,work... round(l·pchloq(dlff.dev.l,dlff.df.ll, 31 

P·iralue for reduction in devlanca with addition of variable 
cat('\nP-value for reduction In deviance with addition of variable Ia•, 

aign.work, sap•• • , fill•T ) 

I Modal 5: aoerlok + yaarrlok + work·+ lof 
I. ·····························•••••••••••······················••• ··" ••. - ••• 

flt.out.S _ glml dead • offset(log(pya)l + aoariak + yaarrhk + 
work + lof , famlly.poiuon, control•glm. control Cmaxlt•2011 

dloplay.fltl flt.out.5, par, dead, mdooa I 
dlff.dov,4_ deviance(Ut.out.U • deviance(Ut.out.SI 
dlff.df.4 _ Ut.out.4$df.resldual • flt.out.5$clf.resldual 

olgn.lof_ round( l•pchloq(dlff. dev,4, dlff.df. 41, 31 

P-value for reduction In deviance with addition of variable 
cat(•\nP·value for reduction in deviance with addition of variable Ia•, 

aion.lof, aep•• • , fill•T ) 

I Modal $: agerlak + yearrlok + work + lof + doe 
·-·······························································-··--·-···--

Ht.out.a _ glm( dead • offoet( log(pyal I + agerlak + yearrlak + 
work + lof + doe, family.poiaaon, control•glm.control (maxit•20) 

cliaplay.fltl f1t,out.5, par, dead, mdooa 1 
diff.dav.s_ devlancelflt.out.51 • devlance(flt,out,$1 
cllff.df.S _ fit.out.5$df.realdual • flt.out.5$df.reslduol 

slgn.doa_ round(l·pchloq(dlff.dev.5,dlff.df.51, ll 

P•value for reduction in deviance with addition of variable 
cat('\nP·value for reduction in deviance with addition of variable io•, 

aiqn.doe, aep•• • , fill•T ) 

t Modal 7t agarlok + yaarriak + work + lof + doe + mdoaa 

i".:·.' •.. ,l( .. iY'$J:;i,:)p.;:::::.:::::;,:~fi.il,~E::k.'~-:~::~: :.·· .. .:::·· 

;,-.·. 
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•····················· ···-········ ....... ·-·-... -· ····-··-······ ··-· .. ------. 
Ut.out.7_gl"( dead • offaet( log(pyel I + aoarlak + yearrhk + work + 
lof + doe + mdoae, family•poisson, eontrol•glm. control (maxit•20)) 

dloplay,flt( flt.out.7, per, dead, mdooa 1 
dlff.dev.a_devll.l'ce(fit.out,$1 - daviance(Ht.out. 71 
diff.df.a _ Ut.out.6$df.reoldual • Ht.out.7$df.reolclual 
slgn.mdooe_ round(l•pchloq(dlf! .dav. 6,dlff .elf. 61, 31 

P•value for reduction In deviance with addition of variable 
cat('\nP•value for reduction In deviance with addition o! variable Is•, 

aign.tftd.oae, eep•• • , f111•1' ) 

I Model 81 ageri•k + yearriak + work + lof + doe + mdoaa + mdose•aoerisk 
ljfit.out.a_glm( dead • offaet( log(pyol I • agarhk + yearriok • worl< • 
ljh lof + do• + l!'ld.oae + mdoaetaoerlak, famlly•polason, 
lj control•olm.control tmaxlt•2011 
ldiaplay,flt( Ut.out.B, per, dead, mdooe 1 
leliff.dov,7_devlance(fit.out, 71 • dovlanca(Ut.out,BI 
ldiU.df.7 _ Ut.out.7$df.resldual • flt.out.8$df.reddua1 
lalgn.doag_ roundU•pchieq(dlff. dav. 7, dlff .df. 71, 31 

P·value for reduction in deviance with addition of variable 
cat('\nP•value for reduction ·In deviance with addition of variable lA', 

aign.doag, aep•• • , fill•T ) 

I Modal It aoeriok + yaarrlol< • work + lof + doe + mdoae + mdoeetagarlak 
I + doeowork 

•·········································-··--··················--··-···-··· 
lfit.out,9_olm( dead • offlet( log(pya) I + agarlak + yearrlak + work • 
lj lof + doa + mdooe + mdoaetagerlakl+ doa:work, famlly.poiuon, 
I control•!llm, control (maxlt-2011 · 
ldloplay,Ut( flt.out.t, per, dead, mcloae I 
ldlff.dev,8_devlonca(fit,out.81 • devianca(flt.out.91 
ldlff.df.a _ Ut.out.8$df.reoldual • fit.out.9$df.reslduol 
lalgn.dowk_ round(l•pchloq(cllff.'elev.8,cllff.clf.81, 31 

I P•valua tor reduction in deviance w~th addition of variable 
I cat('\nP·valua for reduction In deviance with addition of variable Ia•, 
t aign.d.owk, aep•• • , flll•T ) 

I Mod.et·101 aa•rlak + yearriak. • work + lof • d.oa + md.oae + mdoaetaoerlak. 
t + doeavork + mc.toae1dOe . 
1···················-· .... --·· ·-··---~----·----· ·····-··········--·· .... --... 
1Ut.out.10..olm( dead • ofhatl log(pyat I + aoarlak + yearrlak + work • 
I lof + doe + mdoae + md.oaetagariak + doer work. •. m.doae•doa, famUyapoiason, 
I control•!llm.con(rol (maxit•2011 
ldloplay,Ut( flt.out.lO, per, daad, mdooa 1 
ldiff,dev, t_devianca ( flt .out. 91 • deviance 1 Ut, out .101 
ldiff.df,t _ flt.out.tSdf.reolelual • flt.out.10$df.raoldual 
lslgn,dado_ round(1•pchlaq(dlff .dev.t,dlff .df. t1, 31 

P•value for reduction In d•vlance with adell tlon of variable 
eat('\nP•value for reduction in dovlanca with addition of variabh Is', 

alqn.d.sdo, aap•• • , fill•T ) 

I Hodel 111 ageritk + yearrisk +work + lot + doe + md:oae + tndOaetaoarlsk 

~' :t 
'I.· 
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I + doa:work + mdoaeu1oe + mdosa:lof 
I· ...•••.••.•••. ··• ·······• ••••• - ·····•••··· •• • •• • ••••... -. ··"·· .••.•.......• 

lfit.out.ll_qlrn( dead • ofhot( log(pya) l + agerlak + yearrisk +work + 
I lof + doe + mdoaa + mdoaeragariak + doenr~ork + mdose:doA + mdoge: lof, 
I farnily•poisaon, control•qlrn. control (rna.xit•20ll 
ljdiaplay.Ht( Ht.out.U, per, dead, rndoae l 
ldiff.dev.lO_devianco(fit.out.lOl • daviance(Ht.out.lll 
ldiff.d!.lO _ fit.out.10$df.raeidual • Ht.out.11$df.residual 
loiqn.dslf_ round(l·pehiaq(dlff.dev.lO,dlff.df.lO), ll 

P·valuo !or reduction in deviance with addition of variable 
eatl'\nP·value for reduction in deviance with addition of variable le', 

aign.dslf, aap•• • , fill•T' ) 

Model 12: ageriak + yearrlak + work + lof + doe • mdoae + mdoae: agerisk 
+ doa:work + mdoaau1oe + mdoaerlof + lofrdoe 

I ..... • .•.. ·•·•••••••• •··· ·•••••••••••••• ••••• •••• ••••• .•. • • .. •. • • • ......... . 

lfit.out.12_glrn( dead· offtet( log(pyal l + agerlak + yearrhk +work + 
t lof + doe + mdoaa + mdoafuageriak + doer work + mdoeerdoe + mdoaa: lof + 
I lof u!oe , farnllyopolaaon, control•glrn.control (maxi t•20)) 
ldlaplay.fit( fit.out.l2, par, dead, rndoae l 
ldiff.dev.ll_davianco(fit.out,11l - davlanco(Ht.out.l2l 
ldiff.df.11 _ Ht.out.U$df.realdual • Ht.out.l2$df.rooldual 
ljaiqn.dolf_ roundll-pchlaq(diff.dav.11,diff.df.11l, 3) 

P·value for reduction in deviance with addition of variable 
cat(•\nP·value for reduction in deviance wlth addition of variable la', 

aion.dolf, aep•• • , flll•T ) 

cat( '\n') 
1 Analysis of Variance Table Teatino SlgnlUcanee of: Terms Added Sequentially 
eat( '\n') · 
cc_anova ( f:it.out.?, taat••Chiaq•) 
roundfcc,l) 

.... ., 

'1· 
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Outeoma 1 from Table 3. 5 

SUMMAI\Y OF LOO·LINEAI\ HODEL FITTINQ FOR ALL CANCERS, 
UNDEI\LYINQ AND CONTRIBUTORY CAUSES OF DEATN, 
BY LATENCY AND LJ\Q COMBINATIONS 

OUt coma 1, All Cencaro ln•379J ................................................................... 
Total number of pereon•yeara ara 213950 
1'otal number of deaths are 379 
Latancy•O and L&g•O 

Analysis of Deviance Tabla 

Poiaaon model 

Response: dead 

Torma added eequontially I Urot to lut) 
Df Deviance Roald, Df Resid. Dev Pr1Ch1) Coo f. StdErr, P-val 

NULL 6359 2367.949 
egeriek 1 693.035 5358 157t. 913 0.000 0.102 0.004 0 

yearriak. 1 0.170 5357 167t,743 0. 580 -0.003 0.005 0.578 
work 1 0.319 6355 167t.424 0,572 0.072 0.127 0.568 
lof 1 0.595 5355 1673.829 0.441 0.008 0.010 0.440 
do a 1 2. 501 6354 1671.328 0.114 0.011 0.007 0.110 

mdoaa 1 4.093 5353 1567.235 o.oo 0. 015 0.006 0.021 

Outcome 11 All Cancara (n•359) .................................................................... 
Total nwnbar of peraon-yaare ere 173398 
Total number of deatha are 359 
Latencye5 and. L&9•5 

Allalyoia ;;t Deviance Table 

Poiason model 

Reaponae: dead 

Torma added aequontlelly lflrat to leoti 
Df Deviance Reald. Df Reald. Dev PriChl) Coef. St4Err. P·val 

NULL 5103 2159.804 
ageriak 1 521.105 . 5102 1548.598 0.000 0.105 0.004 0 

yearriak 1 0.001 5101 1548.697 0.959 0.000 0.007 o. 959 
work 1 0.104 5100 1548.593 0.747 0.043 0.134 0.145 
lof 1 1.050 5099 1541.544 0.305 0.010 0.010 0.307 
doe 1 3.978 5098 15U.5U o.ou 0.014 0.007 o.ou 

mdoaa 1 5.359 509~ 1537.206 0.012 0.020 0.007 0.003 

OUtcome 11 All Cancara ln•379) ................................................................. 
Total number of peroon•yeara are 213950 
Total number of daatha are 379 
LatancyoO and Lag•10 

Analyel.a of Deviance Tabla 

Poisson moc!e1 

191 

1\eaponae 1 dead 

Terma added aoquontially lflrst to laotJ 
Df Deviance 1\eaid. Df 1\eol.d. Dev PriChl) 

NULL 5254 2299.864 
agedak 1 693.036 5253 1605.828 0.000 

yearriak 1 0.170 5252 1605.558 0. 680 
work 1 0.319 5251 1605.339 0. 572 
lof 1 0.595 5250 1605.744 0.441 
doe 1 2.501 5249 1603.243 0.114 

mdoae 1 5.593 5248 1596.550 0.010 

OUtcome. 11 All Cancers ln•359J ...................................... -- .... -.............. -
Total number of poraon-yeara are 173398 
Total number of deaths are 359 
Latencyo5 and Lag•15 

Allalyaie of Deviance TablA 

Poiuon modal 

1\eeponeet doe!! 

Tema adde4 aequentlaUy lfirat to 1aat) 
Df Deviance Reaid. Df Reaid. Dev PriChl) 

NULL 3588 2249,808 
agerl.lk 1 621.104 3587 1528.704 0.000 

yoarrl.ak 1 0.001 3585 1628.703 0.971 
work 1 0.102 3585 1628,500 0.7U 
lof 1 1.053 3584 1627.548 0.305 
doe 1 3.978 3583 1623.559 0.045 

mdo•• 1 t.581 3582 1513.982 0. 002 

0Utc0111e 1• All Cancers ln•319J ··-·········-·····--------......... 
'l'otal number of ~:~eraon-yeara are 213950 
'l'otal number of deatha ere 319 
LatencyoO and Lag•20 

Allalyoh of Deviance Table 

Poiaaon modal 

Reeponeet dead 

Tema added aequentia11y lflrat to hat) 
Df oavl.anca Reald. Df Reali!. Dav PriChl) 

NULL 
ag.rl.ok 

yearrhk 
work 
1of 
doe 

mdoao 

;i;:' 
~~: ·w 

1 eu.o35 
1 0.170 
1 0.318 
1 0.594 
1 2.500 
1 10.505 

3838 237t.711 
3837 1585.675 0.000 
3835 1685.505 o.uo 
3835 1685.187 0.573 
3834 ues.5u 0.441 
3833 1U3.0U 0.114 
3832 1572.581 0.001 

Coaf. StdErr. P-val 

0.102 0.004 0 
-o. oo3 0.006 0.679 
0.072 0.127 o. 570 
0.008 0.010 0.441 
0.011 o. 007 0.111 
0.021 o. 007 o. 002 

coef. StdErr. P·va1 

0.105 0.004 0 
0.000 0.001 0.969 
o.ou 0.134 o. 745 
0.010 0.010 0.308 
o.ou 0.001 o.ou 
0.032 o.ooa o. 000 

Coef, StdErr. P-val 

0.102 0.004 0 
-0.003 0.005 0. 619 

0.072 0.128 0. 571 
o.ooa 0,010 0.442 
0.011 0.007 0.111 
0.033 0.008 0.000 
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Outcome 2 from Table 3. 5 

SUMIIAAY OF LOO·LINEAII MODEL PITTING FOR ALL CANCERS EXCLUDING LF.UKEMIA 
UNDERLYING AND CONTRIBUTORY CAUSBS OF DEATH 
BY LATENCY J>.N.D LAG COMBINATIONS 

Latency • 0 and Lag • 0 

Total nUmber of person-years are 213950 
Total number of deaths are lC9 

Analyaie of Deviance Table 

Poisson model 

Response 1 dead 

Terms added sequentially (first to laat) Laet col, is coef with dose 
Df Deviance Roald. Df Rooid. Dev Pr(Chil Coef. 

NULL 5359 2281.925 
ageriak 1 552.5U 5358 1529.378 0.000 0.103 

yearrlak. 1 0.332 6357 1529.045 0.564 ·0.004 
work 1 0.122 5355 1528.923 0.727 0.047 
lof 1 0.393 5355 1628.530 0.531 0.005 
doe 1 1.990 5354 1525.540 0.158 0.010 

mdoae 1 4.205 5353 1622.335 0.040 0.016 

Latency•S and Lag•5 ................................................................................................................. 
Total number of peraon·yeara are 173398 
Total number of deatha are 331 

Analyaia of Deviance Tabla 

Poisson modal 

Response 1 dead 

Tormo added aequent1a11y (flrat to last) 
Of Davianca Roald, Of Reoid, Dev Pr (Chi) Coo f. 

NULL 5103 2099,829 
ageriok 1 588.110 5102 1511.718 

yoarriok 1 0.012 5101 1511.705 
work 1 0.003 5100 1511.703 

lof 1 o. 588 5099 · 1511.015 
doe 1 3. 555 5098 1507.450 

mdoae 1 6. 243 5097 1501.218 

Latoncy•O and Lag•lO 

Total nUmbar of poraon·yoara are 213950 
Total nUmber of deatha are 349 

Analyaia of Deviance Table 

Poisson modal 

Reaponaet dead 

0.000 0.105 
0.911 -0.001 
0.959 0.007 
0.407 0.009 
0.059 o.ou 
0.012 0.021 

StdErr. P·val Conf 

0.004 0 0.103 
0.007 0. 55 ·0. 008 
0.133 0.723 ·0.114 
0.010 0.530 0.001 
0.007 0.154 0.006 
0.007 0.019 0.016 

StdErr. P·val 

0.004 
0.007 

0.141 
o.ou 
0.007 
0.007 

0 
0,911 

0. 958 
0.407 
0. 056 
o. 003 

Termo added oaquantially ( Urat to laotl Loot col. 1a coef with dooe 
Of Deviance Resid. Of Resid. Dev Pr(Chl) Coef. StdErr. P-val Conf. 

192 
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I 
NULL 5254 2221.753 

ageriak 1 652,5U 5253 1569.205 o. 000 0.103 0.004 0 0.103 yearrhk 1 0.332 5252 1568.873 0.~64 -0.004 0.007 0.562 •0.008 work 1 0.122 5251 1568.751 0. 727 
lot 1 0.393 5250 1568,357 0.531 
doe 1 1. 990 5249 1566.367 0.158 

md.oae 1 5. 525 5248 1559.742 0. 010 

Lotanoy.5 and Log•~5 
... ----................... ---...... -.......... -................................................ -.. ... 
Total nUmber of peroon-yaaro are 173398 
Total nUmber of deaths are 331 

.1\nalyall of Deviance Table 

Polloon model 

1\eaponoe, dead 

Terme eddod aequentlally (flrot 'to laotl 
Df Deviance Reoid. Of Real d. Dev Pr (Chl) 

NULL 3587 21291749 
egarhk 1 588,108 3686 1541jUI 

yearrlok 1 0.012 3685 1541.529 
work 1 o.oos 3684 1541.524 
1of 1 0,688 3683 1540.936 
doe 1 3.555 3582 1537,380 

mdoae 1 8.655 3681 1528.725 

Letonoy.O and Leg•20 

0.000 
o. 913 
0.941 
0. 407 
0.059 
0.003 

........................................................................................... -............. 
Total n\111\ber of peroon-yearo are 213950 
Total n\111\ber Of deatho are 349 

Analyall of Devienee Table 

Poiaaon model 

1\eoponae, dead 

0.047 0.133 0.725 -0.089 
0.005 0.010 0.531 0.000 
0.010 0,007 0.1S4 0.0·)5 
0.021 0.007 0.002 0.021 

Coat, StdErr. P-val 

0.106 o.oo4 0 
-0.001 0.007 0. 911 
0.007 0.141 0. 959 
0.009 0.011 0. 408 
0.014 0.007 0. 056 
0.032 0.009 o. 000 

Terme added oequ..,tla11y (flrot to laot) Last eol. h coef with doao 
Df Deviance Reold, Df Roald, Dev Pr(Chi) 

NULL 
agedolt 

yearrialt 
work 
lot 
do a 

11\dooe 

·:~\ 
~£ y 

3837 
1 552.548 3836 
1 0.332 3835 
1 0.122 3834 
1 0.393 3833 
1 1.993 3832 
1 9.578 3831 

Coef. StdErr. P-val Conf 
2251.515 
1598.969 0.000 0.103 0.004 0 0.103 
1598.537 0.565 -0.004 0.00? 0.563 -0.008 
1598,515 o. 727 0.047 0.134 0.726 •0.0?8 
1598.123 0, 531 0.005 0.010 0.531 •0.001 
1596.130 0.158 0.010 0.007 0.155 0.005 
1586.552 0.002 0.033 o. 008 o.ooo 0.0)) 
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Outcome 3 from Tabla 3. 5 

SUMIW\Y 01' LOO•LliiiW\ MODEL PtTTlNO POl\ WNO CANCERS, 
UNDERLYINO AND CONTRIBUTOI\Y CAUSES OF DEATH, 
BY LATENCY AND LAG COMBINATIONS 

Latency•O and Lag•O 

Total number of peraon-yeara are 2ll950 
1'otal number of deaths are 104 

Analyais of Deviance Table 

Poiaaon model 

Responae t dead 

1 

Tonne oc!c!ec! sequentially CUret to last) Laat col. ia coef with doaa 
Df Deviance Reaid. Df Rooid. Dev Pr(Chi) Coef. StdErr. P-val Conf 

NULL 6353 894,159 
agorl.ak 1 187.002 6352 707.156 

yearriak 1 0. 040 6351 707.117 
work 1 0.043 6350 707.073 
lof 1 1.198 6349 705.875 
c!oa 1 7. 331 6348 698. 5U 

mc!oss 1 0.450 6347 698.094 

Latency•5 and Lag•5 

Total number Of paraon•yeara are 173398 
Total number of deaths are 100 

Analysis of Deviance Tabla 

Poisson model 

Response: dead 

Tenno added sequentially C first to laotl 

o.ooo 0.101 
0.842 -0.002 
0.835 0.051 
0.274 0.021 
0.007 0.035 
0.502 0.009 

Df Deviance Rooic!. Df Roaic!. Dav PrCChil 
NULL 5097 820,472 

aoariak 1 155.756 5096 664.707 
yaarrisk 1 0.002 5095 654.704 

work. 1 0.045 5094 654.659 
lof 1 1.351 5093 663.308 
doe 1 7.592 5092 655,717 

mdoaa 1 0.961 5091 654.756 

Latancy-0 and Lag•10 

Total number of peraon·years are 213950 
Total number of deaths are 104 

Analyaia of Deviance Tabla 

Polaaon modal 

Raaponaa 1 dead 

o.ooo 
0.-962 
0.832 
0.245 
0.006 
0.327 

o.oo8 
0.012 
0.2U 
0.019 
0.013 
0.013 

coo f. 

0.099 
·0. 001 
0.053 
0.023 
0.037 
0.015 

0.096 
0.841 ·0.018 
0.835 -0.494 
0.279 0.003 
0. 006 0. 033 
0.453 0.009 

StdErr. P·val 

0.008 0 
0.013 0.962 
o. 247 0.830 
0,020 0.248 
0.013 o.oos 
0.013 0.26.8 

Torma added aaquontially Cfirot to loot) Last col. l.a coaf with dose. 

193 
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Df Deviance Reoid. Df 1\eoid. Dov Pr(Chil Coef. 
NULL 5248 8701672 

agoriok 1 187.002 5247 683.:669 o.ooo 0.101 
yearrlak 1 0.040 5246 683.629 0.842 -0.002 

work 1 o.on 5245 683.586 0. 835 
lof 1 1.198 52U 682.388 0.274 
doo '1 '.331 5243 515.057 0.007 

mdoao 1 1.018 5242 674,039 o. 313 

Latoncy-5 and Lag•15 ............................................................ --.... 
Total number of poraon-yoara aro 173398 
Total number of deaths are 100 

Analyda of Deviance Tabla 

Pohoon modo1 

R.eaponset dead. 

Torma added aaquontiolly Cfirot to laotl 

NULL 
Df Deviance Rosie!. Df Rosid, Dav Pr CChll 

3519 860.102 
agoriok 1 155.7U 3678 704.338 

yoardok 1 0.002 3677 704.336 
work 1 0.045 3676 704,291 

lOf 1 1.352 3675 702.939 
doe 1 7.591 36?4 695.348 

mdooo 1 0.234 3673 695.114 

Latoncy-0 anc! Lag•20 .......................................................................... 
Total number of poroon-yaara are 213950 
Total number of c!oatho are 104 

Analyoio of Deviance Tabla 

Pohoon modal 

1\aaponooo doac! 

0.000 
0.961 
0.832 
0.245 
0.006 
o. 629 

0.051 
0.021 
0.035 
0.015 

• 

StdErr. P•val Conf 

0.008 0 0. 097 
0.012 0.841 ·0.018 
0.242 o. 833 •0. 478 
0.019 o. 276 0.002 
0.013 0. 006 0. 032 
0.013 0. 253 o. 015 

Coot. Std.Err. P-va 1; 

0.099 0.008 0 
-0.001 0.013 0. 962 
0.053 0,249 o. 831 
0.023 0.020 0. 250 
0.037 0.013 0.005 
0.012 0.022 0. 593 

Torma ac!c!od ooquontlally (first to 1aotl Last col. io coaf with dooo. 
Df Dovlanco Rosie!. Df Reale!. Dav Pr!Chll 

NULL 
agariok 

yoarrhk 
work 
lof 
doe 

mdooa 

:*;:: 
:~: 
~~~: 

1 
1 
1 
1 
1 
1 

3829 910.301 
187.001 3828 72). 300 

o.o4o 3827 723.261 
o.ou 3826 723.217 
1.198 3825 722.019 
7.331 3824 ?14.688 
0.285 3823 114.403 

Coot. StdErr. P-val Conf 

o. 000 0.101 0.008 0 0. 096 
0.842 -0.002 0.012 0.841 -0.019 
0. 835 o. 051 0. 243 0.834 ·0.481 
0.274 0.021 0.019 0.279 0.002 
0.007 0.035 0,013 o. 006 O.OJ4 
o. 593 0.013 0.021 0. 553 0. 013 
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Outcome 4 from Table l. 5 

SUMMAI\'l OF LOO·LINEAJ\ HODEL PITTING FOR 

SOLID CANCERS HINIIS LUNG, UNDERLYING AND CONTRIBUTORY CAUSES OF DEATH, 

B'l LATENCY AND LAG COMBINATIONS (other omoldng related included) 

La tency•O and. Lag•O 
.,a.,.,.,..,..,...,.,.,. ............ .,.., 

Total nul!lber of poraon-yearo are 213950 
Total number of deaths ara 245 

Analysia of Deviance Tabla 

Poiaaon modal· 

Responee: dead 

Terms added sequentially (first to laotl 
Df Deviance Rosid. Df Roald, Dov Pr (Chi) Coef, Std.Err. P-val 

NULL 6357 1748.455 
aoarhk 1 465.655 6356 1282.799 0,000 

yearrhk 1 0.311 6355 1282.498 0.571 
work 1 0.079 6354 1282.409 0,778 
lof 1 0.002 6353 1282.407 0.918 
doe 1 0.017 6352· 1282,390 0.896 

mdose 1 4.145 6351 1278.245 o.on 

Latency•5 and Lao•lO .......................................... 
Total number of peraon .. yaare are 113398 
Total number of d.eatha are 231 

Analysis of Deviance table 

Poisson model 

Response: dead 

Torma added sequentially (first to laat) 
Df Deviance Resid. Df Rosid, Dov Pr(Chil 

NIILL 5101 1112.104 
ageriak 1 433.409 5100 1178.698 

yearriak 1 0.010 5099 1178.188 
work. 1 0.006 5098 1178.682 

1of 1 0.056 5097 1178.428 
doe 1 0.178 sou 1178.448 

mdoae 1 5. 616 5095 1172.832 

Latency•O and Lao•10 

Total nlllllber of person-year• are 213950 
Total nul!lbor of c!oatho are 245 

Analyslo of Deviance Table 

Poisson modal 

0.000 
0.920 
0.937 
0.814 
0.673 
0.018 

0.104 0.005 0 
-o. oo4 0.009 0.575 
0.0(5 0.160 o. 777 
0.000 0.012 0.968 

-o. oo1 0.009 0.896 
o._~\9 .. -· o.oo8 0.018 

Co of. Std!rr. P-val 

0.109· 0.005 0 
-0.001 0.009 0.92 
-0,014 0.172 0.937 
0.003 0.013 0.814 
0.004 0.009 0.672 
0.024 0.008 0.004 

1 
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Reoponoat c!oac! 

Torma ac!c!oc! oaquontially Cflrat to last) 
Df Deviance Rosie!. Df Resid. Dev Pr(Chll 

llt1LL 5252 1703,451 
agorblt 1 us.us . 5251 1237.795 0.000 

yearrialt 1 0.311' 5250 1237.494 0.577 
worlt 1 0.079 5249 1237.405 0. 778 
lof 1 0.002 5248 1237.403 0. 968 
doe 1 0.01? 5247 1237.386 0. 896 

mdooe 1 5. 964 5246 1231.422 o. 015 

Latoncyo5 ,and Lag•20 ............................................. 
Total n\111\ber ot parlon-yearo are 173398 
Total nul!lbor of c!eatha are 231 

Ana1yob of Deviance Table 

Poiuon modal 

Reaponaet c!oac! 

Torma added aaquontla11y CHrst to laot) 
Df Deviance Roald. Of Reale!, Dov Pr (Chi) 

llt1LL 3683 1608,98t 
agari1k 1 433,40t 3SB2 1175.580 o.ooo 

yoarrlok 1 0.010 3681 1175.570 o. 920 
worlt 1 o.oos 3680 1175.5U 0.937 

1of 1 0.058 3679 1175,508 o. 813 
doe 1 0.1?8 3678 1175.330 0.673 

mc!oae 1 10.043 3677 1165.288 0.002 

Latoncyoo and Lag•20 --------------------
Total number of peraon ... yeara are 213950 
Total nul!lbor of c!eatha are 245 

Analyalo of Deviance Table 

Poloaon model 

A.esponatu d:ead 

Torma added aequentla1ly C fir at to laot) 
Df Deviance Rosie!. Df Redd, Dev Pr (Chi 1 

llt1LL 
aoorbk 

yearrlalt 
·worlt 

1of 
c!oe 

mdo .. 

.:~: 
:Z.:' 
•Z· :t 

1 
1 
1 
1 
1 
1 

3833 1700.174 
465.858 3832 1234.520 0.000 

0.311 3831 1234.209 0.577 
0.07t 3830 1234.130 o. 778 
0.002 3829 1234.128 0.968 
0.017 3828 1234.111 0.896 

10.961 3827 1223.145 0.001 

Coot. StdErr, P·val 

0.104 0.005 0 
-0.004 o. 008 o. 573 
0.045 0.159 0.775 
o.ooo 0.012 0. 969 

-o. 001 0.009 0. 896 
o. 024 0.008 0.003 

Coef, Stc!Err, P·val 

0.109 o.oos 0 
•0.001 0.009 0.92 
-o.ou 0.171 o. 937 
0.003 0.013 0. 913 
0.004 0.009 0.671 
0.039 0.009 0 .ooo 

Coef. StdErr. P-val 

0.104 0.005 . 0 
-o. 004 o.oo8 o. 575 
o.on o.uo 0.777 
o.ooo 0.012 o. 968 

-o. oo1 0.009 0.896 
0.040 0.009 0.000 

• 
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Outcome S from Table 3. 5 

SUMMARY OF LOG-LINEAl\ MODEL FIT1'ING FOR 

SOLID CANCER, MINUS SMOKING RBLATED•, UNDERLYING AND CONTRIBUTORY CAUUSES 

BY LATENCY AND LAG COMBINATIONS 

Latency•O and Lag•O 

Total number of peraon ... yeara are 213950 
Total number of deaths are 205 

Analysis ot: Deviance tab1a 

Poisson model 

Response 1 dead 

Terms added aequentially (firat to laatl Laat col. il coef with dooa. 
Df Deviance Reaid. Df Roald. Dev Pr(Chl) Coo f. StdErr. P-val Conf 

NULL 6358 1417.833 
agarislt 1 360.712 6355 1117,121 

yearriak 1 0.404 8354 1118,717 
work 1 0. 220 6353 uu.o8 
lof 1 0.097 6352 11U.401 
doe 1 1.144 6351 1115.258 

rndoaa 1 0.137 6350 1115.120 

Latency•$ and t.a;•S 

Total number of peraon-yeau ara 173398 
Total number of deatho are U1 

Analysis of Deviance Tabla 

Poisson model 

R.aaponae 1 dead 

Terms addad sequentially (tiret to laat) 

0.000 0.100 0.005 
o. 525 -o. oo6 0.009 
0.639 0.081 0.172 
o. 758 -o. oo4 0.013 
0,285 -0.011 0.010 
0.711 0.005 0.012 

Df Deviance Reaid. Df Roald. Dev Pr(Chil Coef. 
NULL 5100 1357.851 

ageri.ek 1 340.941 5099 10U.709 
yearrisk 1 0.000 5098 10U.109 

work 1 0.001 5097 1018.108 
lof 1 0.004 5098 10U.104 
do a 1 O.U7 5095 1018.501 

mdoae 1 0.192 5094 1018.315 

Latency•O and t.a;•lO 

Total number of peraon•yoara are 213950 
Total number of deetha are 205 

· Analyoia of Deviance Table 

Poisson model 

Response: dead 

0.000 0.108 
O.t81 0.000 
0.970 0.007 
0.90 -0.001 
0.857 -0.005 
0.861 0.001 

0 0.103 
0.52 -o. oo1 
0.638 0.246 
o. 755 0.000 
o. 289 -o. 012 
0.694 o. 005 

Std£rr. P~val 

0.006 0 
0.010 0. 988 
0.186 0.971 
0.014 0.90 
0.010 0.859 
o.ou 0. 642 

.~ 

'.Y,I· .. . ·. 

~j: 

~: 
rf. 

~ 

. ... ; 

Terma ad<1ad uquentially lfirot to laat) Last col. ia coaf with dose. 
Df Deviance Resid. Df Real<!. Dev Pr I Chi) Coaf. StdErr. P-val Conf NULL 5251 1437.968 

ageriak 1 380.714 5250 1017.255 o.ooo 0.100 0,005 0 0.103 yearriak 1 0,404 5249 1076.851 0.525 -o.oo8 0.009 0.523 -0.001 work 1 0.220 5248 1076.631 
lof 1 0.097 5247 1078.534 
doe 1 1.1U 5246 1075.391 

m<1o .. 1 0.288 5245 1075.104 

La tency.5 an<1 Lag•15 

Total number of peroon-yaaro ere 173398 
Total number of doathl aro 191 

Analysis of Deviance '!'able 

Poieaon model 

Reeponee 1 dead 

'l'arma ad<1e4 aequantially Hirst to laat) 

0. 639 o. 081 0.172 
0.756 •0.004 0.013 
0.285 •0.011 0.010 
0. 593 0.008 0.014 

Df Deviance Rosld, Df Resi<1, Dev Pr (Chi) 
NULL 3S81 1327.317 

Coof, 

agerilk 1 340.942 3880 986.315 
yoarrllk 1 o.ooo 3679 986.375 

work 1 0,001 3678 986.374 
lof 1 o.oo' 3877 986.389 
doe 1 0,198 3876 988.113 

m<1oae 1 1.258 3675 984.915 

Latency.O an<1 Lag•20 

Total IN!IIber of peroon-yoara are 213950 
1'ota1 number of deaths oro 205 

Analyah of Deviance Tabla 

Poilaon mo<1el 

R.eeponsea daa4 

o.ooo 
0. 988 
0.971 
0.949 
o. 658 
0. 262 

0.106 
o.ooo 
0.007 

•0, 001 
·0. 005 
o. 022 

o. 638 0. 255 
0.155 0.000 
0.289 -0.013 
0. 566 0. 008 

StdErr. P-val 

0.006 0 
0.010 0. 988 
0.184 0.970 
o.ou 0.948 
o. 010 o. 658 
0.016 0.170 

Terma added aequent1a1ly lflrat to hat) Last col. ia coaf with dose 
Df Deviance Resid. Of l\eoid. Dav PriChi) Coaf. 

NULL 3831 1407.471 
StdBrr. P-val Con! 

agorhk 1 U0.7U 3830 1048.163 0. 000 0.100 0.005 0 0.103 yearrhk 1 0.404 3829 1048.360 o.525 -o.oo8 0.009 0.522 -0.001 work 1 0,220 3828 104S,UO 0.639 0.081 0,171 0.836 0. 270 lof 1 0.097 3821 1048.043 0.756 •0,004 0.013 0,75& ·0. 001 <1oe 1 1.u4 3828 104&.8, 0.28S -0.011 0.010 0.287 -o. o1s m<1oae 1 1.147 3825 1043.153 0.186 0,025 0.015 0,102 0. 025 

• Sllloking-re1ate4 cancora axluda<1 ara lung 1162-163) n•104r larynx 1161) n•4
1 

naaophamyx 11411 n•1r bla<1<1or 11881 n•3r pancreaa 1157) n•26r 
esopha!lllo 1150) n•8. 
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Outcome 6 from Table l. 5 

St/MMMY OF LOa-LINEAR HODEL PITTING 

SOLID CANCERS AND LimO CANCER, EXCLUDING OTHER SMOKING-RELATED' 

tmDERLYING AND CONTRIBUTORY CAUSES OF DEATH, 

BY LATENCY AND LAG COMBINATIONa 

Latency..O and Lao•O ............................................... 
Total number of peraon-yearo are 213950 
Total number of deaths are 309 

Malyaia of Deviance Table 

Poisson model 

Responser dead 

Tama added saquantially (flrat to laatl 
Of Deviance Reale!. Df Reold, Dav Pr!Chil 

NULL 6358 2024.076 
aoer1ak 1 5t7. 101 6357 1476.375 0.000 

yaorriak 1 0.402 6356 1475.973 0,526 
work 1 0. 253 6355 1475.720 0.615 
lot 1 0.141 6354 1475.519 0,707 
doe 1 0.609 6353 1474.970 0,435 

mdoao 1 0.525 6352 1474.445 0.469 

Latency.5 and Lag•5 ................................................. 
Total numbor of poraon-yaors oro 173398 
Total number of deaths are 291 

Analyoia of Deviance Tabla 

Poisson model 

Response: dead 

Tarm• oddad sequentially !first to loatl 
Df Daviance Rosie!. Df Roald. Oev Pr !Chi) 

NULL 5102 1858.790 
aoeriak 1 496.186 5101 1362.604 

yearriak 1 0.002 5100 1352.603 
work 1 0.024 5099 1362.579 
lof 1 0.389 5098 1362.190 
do a 1 1.699 5097 1360.491 

m.doaa 1 o:998 5096 1359.493 

Latenc:y•O and La.g•10 

Total number of pereon-yeare are 213950 
Total numbar of dootha ore 309 

Analyoia of Deviance Tabla 

Poisson model 

o.ooo 
0.967 
0.877 
o. 533 
0.192 
0.318 

coaf. 

o·:t6'0' 
-0.004 
0.071 
o. 004 
0,006 
0.007 

c<S&f.. 

0.104 
0.000 
o. 023 
0.007 
0.011 
0.011 

StdErr. P-val 

0.004 0 
0.007 0. 524 
0.141 0.614 
0.011 o. 708 
0.008 O.U2 
0.009 0. 412 

StdErr. P-vol 

0.005 0 
0.008 0.967 
0.148 0.875 
0.011 o. 532 
o. 008 0.187 
0.010 0.266 

~~A:r-. ·. 

~ ·@; 

Reaponaet dead. 

Tome added aequantlally lflrat to laatl 
Df Devionco Reald. Df neaid. Dov Pr IChll Coot. StdErr. P-val NULL 5253 1969,041 

agarhk I 5t7.701 5252 1421.340 0. 000 0.100 0.004 0 yearrhk 1 0.402 5251 1420.939 0. 526 -0.004 0.007 0. 523 work. 1 0.253 5250 1420.686 0. 615 o. 071 0.140 0. 611 lot 1 0.141 5249 1420.545 o. 707 0.004 0.011 0. 707 doe 1 0.609 52t8 1419.936 0. 435 0.006 0.008 0. 432 md.ose 1 1.187 5247 1418.748 0. 276 0.012 0.010 0. 222 

Latencyo5. and Lao•15 .......................................... 
Total number of poraon-yeara are 173398 
Total number of deaths are 291 

Ana.ly•i• of Davianee Table 

Pohaon modal 

Reaponeet dead 

Torma addod aequentl.ally lflrot to laatl 
Df Deviance Real d. Df Reale!. Dev Pr (Chll coat. Stc!Err. P-val NULL 3685 1868 .OBS 

agerbk 1 491.186 3684 1371.900 o.ooo 0.104 0.005 0 yearrhk 1 0.002 3683 1371.899 0.967 o.ooo 0.008 0.967 work 1 0.024 3U2 1371.875 0.877 0.023 0.149 0.876 lof 1 0.3U U81 1371.486 0. 533 0.007 0.011 o. 533 dOl 1 l.ltt 3180 1369.787 0.192 0.011 0.008 0.188 m.doee 1 1.376 ·, 3679 1368.411 0.241 0.018 0.013 0.171 

·Latancyoo and Lao•20 --------------------
Total number of person-years ara 213950 
Total number of daoths are 309 

Analyolo of Daviance Tabla 

Poiuon modal 

Reeponaet d.Aad 

Terms added oaquanUally (first to lost I 
Df Devianca Roald. Df Resid, Dev Pr IChll C!oof. Std!rr. p .. va 1 NULL 3835 1978,180 

ogeriak 1 547.499 3834 1430.481 0. 000 0.100 0.004 0 yeorrisk 1 0,401 3833 1430.080 o. 527 •0. 004 0.007 0.524 work 1 0.256 3832 1429.824 0.613 0.071 0.140 o. 613 lof 1 0.141 3831 1429.&83 o. 707 0.00( o.ou o. 707 dOl 1 0.609 3830 1429.074 0.435 0.001 0.008 0. 432 m.doe• 1 1.883 3829 1427.191 0.170 0.020 0.013 0.109 

• Smoking related cancora exluded are: larynx 161 n•4r naaophamyx 147 n•1r 
aaophaoue 150 n•lr bladder 188 n•J 1 and poncreoa 157 n•26, 
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OUtcomQ 1 from Tabla 3. 5 
Reaponeet dead. 

Tema added .. quentlally (first to last) SUMMARY OF LOO·LINEAA HODEL FITTING FOR. SOLID CANCER. EXCLUDING 
Df Deviance R.esld. Df R.eeld, Dav Pr(Chll C:oef. StdErr. P•val SHOKINO•RELATED OROUP 1, R.ESPIR..\TORY AND UPPER DIGESTIVE, NULL 5252 1618.612 UNDERLYING AND CONTRIBUTORY CAUSES OP DB.I\TH, 

a~arlek .. 1 Ul.U! !251 1187.U? 0.000 0.103 o.oos 0 BY LATENCY AND LAO COMBINATIONS yoarriek. 1 0.117 !250 1187.030 0. 732 ·0. 003 0. 008 0.?31 work 1 0.335 5249 1186.694 0. 563 0.095 0.163 0. 561 lof ·1 0.033 5248 1186.661 o. 855 0.095 0.163 0. 561 doe 1 0.888 524? 1185.??3 0.346 ·0. 009 0.009 o. 346 Latency•O and Lag•O rndoae 1 0.3U 5246 1185.432 0. 559 0.008 0.013 0. 533 .................................................. 
Total numbor of person-years are l13950 
Total number of deaths are 232 

Latency.! and Lao•15 Analyaia of Oevia.nee Table ..................................... 
Poisson model TOtal number of peroon-years are 173398 

Total number of deaths are 218 

Response 1 dead Analyois of Deviance Tabla 

Terrns added sequentially (first to last) Poiuon lftodal 
Df oavlanee Resld. Df Roald. Dev Pr(Chi) Coef. StdBrr. P·val 

NULL 6357 1563.232 R.espon101 dead 
ageriok 1 431.464 6356 1231.718 0.000 

-~:m· 0.005 0 
yaarriak 1 0.117 6355 1231.651 o. 732 0.008 0.731 Tams added sequentially (Urst to last) work 1 0.335 6354 1131.315 0.563 0.095 0.163 o. 560 Df Deviance Reoid, Df R.eald. Dev Pr(C:hil C:oaf. Stc!Brr. P•val lof 1 0.033 6353 1231.282 o. 8!5 ·0.002 0.012 o. 855 NULL 3183 1528.687 doe 1 0.889 63!2 1230.39( 0.346 ·0. 009 0.010 0.350 aoarbk 1 403.351 3182 1125.328 o.ooo 0.108 0.005 0 mdoae 1 0.143 6351 1230.251 0. 705 0.005 0.012 0.690 yoarrilk 1 0.038 3681 1125.290 0.8U 0.002 0.009 0.845 work 1 o.oco 3680 1125.250 0.842 0.035 0.114 0.840 lof 1 o.ooo 3619 1125.250 0.985 o.ooo 0.013 0.985 Lateney•5 and LaQ'•$ doe 1 0.141 3678 1125.109 0. 708 •0.004 0.010 0.?08 ............................................... 

lftdose 1 1. 831 3677 1123.278 0.1?6 0.023 0.014 0.104 Total number of peraon·yaare are 173398 
Total number of deaths are 218 

Analyaie of Devionca Tsbla LotancyaO and Logo20 --------------------Poiaaon tnodel Total number of peraon-yaars ara 213950 
Total number of deaths are 232 fleaponaa: dead 

Terms added sequentially (Urot to loot) 
Analysla of Deviance Tabla 

Poiaaon lftodal Df Oavianca Roald. Df Reale!. Dev Pr(CIIil coal. Std. Err P·val 
NULL 5101 1530.938 

aoeriok I 403.359 5100 112?. 519 o.ooo 0.108 0. 005 0 Raaponae, dead 
yearriek 1 0.038 5099 112?.5U 0.8t6 0.002 0.009 0.846 

work 1 o. 040 5098 112?. 502 0.842 o. 035 0.115 0. 842 Tamo added uquantially lflret to last) lof 1 o.ooo 5097 1127.501 0.985 0.000 0.013 0.985 Df Deviance Relid. Df Reold. Dav Pr(Chll C~ol. StdErr. P·val doe. 1 0.141 5096 112?.351 0.708 ·0.004 0.010 0.?09 NULL 3833 1616.203 mdose 1 0.249 !095 1127.112 0.618 0.001 0.013 0. 598 aoerlsk 1 431.465 3832 1184.738 0.000 0.103 o. 005 0 ysarrlsk 1 0.117 3831 1184,621 0.?32 ·0.003 0.008 0.731 work 1 0.335 3830 1184.286 o. 563. 0.095 0.162 0. 559 lof 1 0.033 3829 1184.253 0.855 •0.002 0.012 0.854 Latency•O and Lag•10 doe 1 0.888 3828 1183.364 0.346 •0.009 0.010 0.348 ............................................... 
mdoae 1 2.339 382? 1181.025 0.126 0\026 o.ou 0.062 total number of peraon-yaara are 213950 

Total number of daatha ara 232 

Analyels of Deviance Table 

Poiaaon modal 
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Outcome 8 from Tabla 3. 5 

SUMMARY OF LOO•LlNBAR HODEL Fl'l''l'lNG FOR 1\SSPlRA'I'ORY 1\SL.>.'I'ED CANCERS, 
UNDERLYING AND CON'I'RlBU'I'ORY CAUSES OP DEATH, NO ESOPHAGUS 
BY LATENCY AND LAG COMBINATIONS 

Lateney•O and Lao•O ......................................................................................... 
Total number of puoon-yearo are 213950 
Total number of deaths ara 138 

Analysis of Osvlance Tabla 

Poiaaon model 

Responea1 dead 

Torma addod oequentlally ( Urat to laot) 
Df Deviance Reoid. Df Reoid. Dev Pr(Chil 

NULL 6354 1159.802 
ageriok 1 274.730 6353 885.072 0.000 

yearriak 1 0.011 6352 885.061 0.916 
work 1 0.046 6351 885.014 0.830 

lof 1 1. 665 6350 883.349 0.197 
doe 1 6. 938 6349 876.411 0.008 

mdosa 1 2.362 6348 81t. 049 0.124 

Lateney•S and Lao•S --- ... --- .. -......... -....................... -................................ 
Total number of peraon·yo&rs ora 173398 
Total number of deaths ara 134 

Analysis of Deviance Table 

Poisson model 

Raspon.se 1 dead 

Torms addod oaquontially (firat to laot) 
Df Deviance Roald. Df Raold. Dev Pr (ChlJ 

NULL 5098 1067.785 
aoerisk 1 231.382 5097 83S.t04 

yearriak. 1 0.012 SOts 838.392 
work 1 0.072 5095 836.320 

lof 1 1. 656 sou 834.664 
do a I 6.913 5093 821.151 

mdosa 1 3.776 5092 823.915 

LatoncyoO and Lag•10 

Total numbor of peraon-yaara ara 213950 
Total number of daatha are 138 

Analysis of Doviance Table 

Poisson model 

Response 1 dead 

Terme added sequentially (first to last) 

0.000 
0.914 
0.788 
0.198 
0.009 
0.052 

Coaf. StdErr. P-val 

0.106 0,007 0 
•0.001 0.011 0.915 

O.OC7 0.214 o. 828 
0.021 0.017 o. 200 
0.030 0.011 0.007 
0.017 0.009 0.078 

Coaf. StdErr. P·val 

0.105 0.001 0 
·0.001 0.012 0.914 
0.059 0.218 o. 786 
0.022 0.017 0.203 
0.030 0.011 0. 001 
0.022 0.010 0. 021 

1 
~ 
~~: 
~-
·W.· 

·•.· 

Df Deviance 1\esld. Df Resld. Dev Pr (Chi) 1 eoef. StdErr. P·val NULL 5249 1129.342 
agerlok 1 274.?30 5248 esc. u2 o.ooo 0.106 o. 007 0 yaarrlok 1 0.011 5247 as c. 601 0.916 ·0.001 0.011 0. 915 work 1 0.046 5246 854.555 o.uo 0.047 0.215 0.829 lof 1 1.615 5245 852.889 0.197 0.021 0.017 0.201 doe 1 6. 938 5244 845.952 o.ooa 0.030 0.011 0.007 mdooe 1 3.8U 5243 842.107 0. 050 0.023 o. 010 0. 020 

Latency.! and Lag•lS ............................................................. 
Total n\111\ber of poroon-yearo are 173398 
Total number of deaths ara 134 

Analyah of Deviance Tabla 

Poheon mod.el 

1\oeponao• dead · 

Torma added sequentially (Hret to loot) 
Df Deviance Reoid. Df Reoid, Dov Pr!Chll Coef. StdErr. -P·val NULL 3681 1129.057 

egerlek 1 231.381 3680 897,676 o.ooo 0.105 0.007 0 yearrlok 1 0.012 3679 897.664 0.914 •0.001 0.012 0.914 work 1 0.072 3678 897.592 o. 788 0.059 0.219 0.181 lof 1 1.656 367? 895.936 o.u8 0.022 0.017 o. 204 doe 1 6.913 3676 889.024 0.009 0.030 0.011 0. 007 mdooe 1 4.507 3675 884.516 0.034 0.032 0.012 0.001 

Lateney-0 and Lag•20 ···-···-------------·--------· ... ·------
Total number of peroon-yoaro ara 213950 
Total number of deaths are 138 

Analyala of Deviance Table 

Polaaon model 

fleapon1ea deac! 

Tarma adde4 ooquentlally 1 Urot to laot) 
Df Deviance Roo ill. Df Raaid, Dev Pr !ChiJ Coef. SrdErr. P-val NULL 3831 1190.SU 

agerhk_ 1 274.730 3830 915.884 o.ooo 0.106 o. 00? 0 yearrlok 1 o.ou 3829 915.873 0.916 -0.001 o.ou o. 916 work 1 0.048 3828 915.821 0. 830 0.041 o·.2u 0. 829 lof 1 1.665 3827 914.1U 0.197 0.021 0.017 0. 202 doe 1 6.938 3826 907.224 .0.008 0.030 0.011 0. 001 mdoae 1 4.583 3825 902.641 o. 032 0.033 0. 012 0. 007 
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Outcome 9 from Tabla 3. 5 

SUMMAIIY OF LOO·LINEAl\ HODEL FITTING FOR SMOKING RELATED CANCERS, 
WITH ESOPHAGEAL UNDERLYING AND CONTRIBUTORY CAUSES OF DEATH, 

BY LATENCY AND LAO COMBINATIONS (outcome 4a) 

Latency•O and t.ag•O 

Total number of paraon•yeara are 2139SO 
Total number of deaths are 1•4 

Analysis of Deviance Table 

Poisson model 

Response 1 dead 

Terms added sequentially (first to laat) Laat col. ia coef with dose. 
Df Devianca Ras!d. Df Roald. Dov PrCCh!l Coef. StdErr, P·val 

NULL 5354 1214.782 
aqer!ok 1 292.717 5353 922.055 o.ooo o .101 o·; 005 0 

1 

Conf 

0.103 
.yearrlak 1 0.017 6352 9U.048 0.896 -0.001 0.011 o. 895 -o. 018 

work 1 0.000 6351 922.048 
1of 1 1.871 6350 920.177 
do a 1 10.841 53U 909.335 

mdoae 1 5. 508 5348 903.728 

Lateney•S and La;•5 

Total nWIIbar of poraon-yaara ora 173398 
Total number of deaths are 140 

Analyo!a of Deviance Tabla 

Poisson model 

Response 1 dead 

Term• added sequentially (first to last) 

o. 983 -o. oo4 o. 212 
0.171 0.022 0.015 
0.001 0.035 0.011 
o. 018 0.022 0.008 

Df Deviance Roald. Df Raaid., Dov Pr(Chl.) coaf. 
NULL 5098 1122.424 

ager!ak 1 247.173 5097 875.251 
yearrlak 1 0.023 5095 875.228 

work 1 0.001 5095 875.225 
lof 1 1.854 5094 873.373 
doe 1 10.894 5093 882.479 

rn.doae 1 7. 966 5092 854.513 

tatenc:y•O and Lao•10 

Total number of paraon-yaarl are 213950 
Total number of deaths ora 144 

Analysis of Deviance Table 

Po!aaon modal 

Reaponaa1 deac1 

0.000 0.105 
0.878 -o. oo2 
0.971 0.008 
0.173 0.023 
0.001 0. 035 
0.005 0.028 

0.983 -0.562 
0.174 0.003 
0.001 0.029 
0.005 o. 022 

StdErr P·val 

0.007 0 
0.011 0.878 
0.217 0.971 
0.017 0.178 
0.011 0.001 
0.008 0.000 

Terms added. aequontl.ally C first to last) Laot col. Ia coaf with dooe. 
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Df Doviance Res! d. Df Res! d., Dov Pr (Chi 1 coaf. StdErr. P•val Conf Nllt.L 5249 1185.157 
agoriok 1 292.717 5248 893.440 

yearriak 1 0.017 5247 893.423 
work 1 0.000 524S 893.423 

lof 1 1.8?1 5245 891.551 
doo 1 10.841 5244 880.710 

111doae 1 8.073 5243 872.638 

Latency.5 and Lag•15 

Total nWIIbor of poroon-yaars are 173398 
Total number of deaths are 140 

Analyoia of Devl~nco Tab'le 

Polason mo.c!el 

Reeponae1 dead 

Torma addod aoquentially (f!rot to 1aetl 

0.000 0.107 0.006 
0.895 •0.001 0.011 
0.983 -0.004 0.213 
0.171 0.022 0.01& 
0. 001 0.035 0.011 
0.004 0.028 0.008 

NULL 
Df Deviance Roald, Df Res!d, Dov Pr CChl 1 Coo f. 

3681 . 1182.578 
agar ilk 1 247.1?3 3680 935.505 

yearriok 1 0.023 3679 935.482 
work 1 0.001 3578 935.'480 
lof 1 1.854 3677 933.627 
doe 1• 10.894 3675 922.733 

mdoae 1 8.138 3675 914.595 

Latoncy.O and La!1•20 

Total number of poraon-yoaro are 213950 
Total number of deaths are 144 

Analyalo of Deviance Table 

Poiaaon model 

Roaponaot dead 

0.000 0.105 
o. 878 -0.002 
0.971 0.008 
0.173 0.023 
0. 001 o.ou 
0.004 0.038 

0 0.103 
0.896 -0.018 
0.983 -0.526 
0.176 0.002 
0.001 o. 028 
0.000 0. 028 

StdErr. P-val 

0,007 0 
0.011 0. 878 
0.217 0.971 
0.017 0.179 
o.on 0.001 
0.010 0.000 

Tanna added oaquontlally (first to 1aotl La at col. io coot with do so. 
Df Deviance Roald. Df Roald. Dov Pr(Ch!l Coof. 

NULL 
agoriak 

yoarrlolt 
work 

1of 
doe 

mdoae 

:~., 
.:;r,,: 
:w 
·~~: 
::::,: 

3831 
1 292.?1? 3830 
1 0.017 3829 
1 0.000 3828 
1 1.871 3827 
1 10.841 3825 
1 8.252 3825 

1246.411 
StdErr. P-va1 Conf 

953.,94 o.ooo 0,10? 0.006 0 0.103 
953.671 0.896 •0.001 0.011 0.895 -0.019 
953.577 o.983 -o.oot o.2u 0.983 -o. s19 
951.805 0.171 o. 022 o.ou 0.171 0.001 
940.954 0.001 0.036 0.011 0.001 0.029 
932.712 0.004 0.038 0.010 0.000 0.038 



sum,M1.0utTob Mon Dao 11 21154110 1995 1 
Outcoma 10 from Tabla 3. 5 

SUMMARY OF LOG· LINIWl HODEL FITTINO FOR 

SHOKINO·RELATED CANCERS (Oroup 11) ', MINUS LIJNQ CANCER; 

IJNDERLYINQ AND CONTRIBUTORY CAUSES OF DEATH 

Latency•O and Lao•O 

Total numbar of peraon·yaara are 213950 
Total number of deaths are 40 

Analysis of Davianca Tabla 

Poisson modal 

Responsat dead 

Terms added aequentially (firat to hat) 
Of Daviance Rod d. Df Resid. Dev Pr (Chil Coef. StdErr. P•val Conf 

NULL ~352 U9 .285 
agariak 1 108,653 6351 3~0.632 

yaarriak 1 0.012 USO UO.UO 
work 1 O.UC 6H9 360.C5~ 

lor 1 o. 761 uu 359. ~95 
doe 1 3.U~ un 35~.009 

mdosa 1 8.~12 ~34~ H7.398 

Latency•S and Lag•5 

Total numbar of peraon·yaare are 173398 
Total number of deaths are '0 

Malyaio of Devianca Tabla 

Poisson model 

Response: dead 

Terms added aoquentlally (fir at to l&at) 

0.000 0.12~ 
0,912 0.002 
o.u~ -0.181 
0. 383 0. 027 
0. 055 0. 038 
0.003 0.039 

Of Deviance Resid. Of Roald. Dev Pr(Chil 
NULL 509~ U?.9U 

ageriak 1 93.785 5095 354.180 
yearriok 1 o.ou 5094 354. uo 

work 1 0.0?7 5093 354. 0~2 
lof 1 0.572 5092 353.490 
doe 1 3.388 5091 350.1Al1 

mdoae 1 10.448 5090 339. sse 

Latancy•O and Lao•lO 

Total number of paraon•yeara are 213 950 
Total number of death• ara .f.O 

Malyala of Deviance Table 

Poieson model 

Response1 dead 

0.000 
o.eco 
0.781 
O.U9 
0.06~ 
0.001 

0.013 
0.021 
0.452 
0.032 
0.019 
0. 010 

Co•.~· 

0.123 
·0. 004 
·0 .123 
0.024 
0 .• 037 
0.045 

0 0.121 
0.912 •0.018 
0.689 •0.786 
0,391 0.005 
0.050 0.023 
0.000 0.039 

StdErr. P·val, 

0.013 0 
0.022 0. 838 
0.440 o. ?80 
o. 032 0.452 
0.019 0.059 
0.010 0.000 
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Terms added aequontially (first to laatl Last col. ia coaf with dooa. 
Of Deviance Reuid. Of Raaid. Dev Pr(Chil Coef. StdErr. P•val Conf NULL 5247 464. U7 

agerhk 1 108.653 5246 355.494 
.yearriak 1 P.012 5245 355.481 

work 1 0.164 5244 355.318 
I of 1 0.761 5243 354.557 
doe 1 3.~86 5242 350.871 

mdose 1 10.389 5241 . 340.482 

Latency•5 and Lag•15 

Total number of peraon•yeara are 173398 
Total number of deaths are 40 

Malysh of Deviance Table 

Poisson model 

1\asponeea dead. 

Tame added ooquontially (first to laot) 

0. 000 0.12~ o. 013 
0. 911 0.002 0.021 
0.68~ •0.180 o. 444 
0. 383 0.02? 0.032 
0. 055 0.038 0.019 
0.001 0.045 0.010 

of Deviance Reaid. Df Reaid. Dav PriChil 
NULL 3677 475.182 

Coef, 

agorbk 1 93.?85 3676 381.39~ 
yoarrhk 1 o.ou 3675 381.356 

work 1 0.076 3614 381.280 
lof 1 0.5?3 3673 380.?07 
doe 1 3.389 3612 37?.318 

mdoao 1 12.?97 3671 364.521 

Letoncy.O and Lag•20 

Total number of peraon•years are 213950 
Total number of doatha are 40 

Analyaia of Deviance Table 

Polaoon model 

Roaponaat dead 

0, 000 
o. 840 
o. 783 
0.449 
0.0~6 
0.000 

0.123 
•O.OOt 
•0.123 

0.024 
0.03? 
o.o~o 

0 0.121 
0.911 ·0.019 
0.~85 ·0.708 
0.386 0.004 
0.050 0.020 
0.000 0.045 

StdErr. P·val 

0.013 0 
0.022 0. 839 
o.cu 0. 782 
0.032 0. 455 
0.019 0.060 
0.011 0.000 

Terms added aequentlally ( firat to laot) Last col. ia coef wlth do a e. 
Of Devlanea Reaid. Df Relid. Dov Pr (Chll Coof. StdErr. P·val Conf NULL 3827 491.363 

ogarhk 1 108.653 382~ 382.110 o.ooo 0.125 0.013 yearrhk 1 0.011 3825 382.699 o. 918 0.002 0.021 
work 1 0,1U 3824 382.535 o.~u -o.1u o.cso 
lof 1 0.761 3823 381.774 0.383 0.027 0,032 
doo 1 3.18~ 3822 378.088 o. 055 0.031 o.ou md.oee 1 12.585 3821 365.503 0.000 0.059 0.011 

• amoltlng·rolated eoncoro (n•40) includet larynx 151 (n•U 1 
naeophamyx U? (n•ll 1 eaophogua 150 (n•6l 1 bladder 188 (n•3l 1 
pancroaao 157 (n•2U, 

:~:· 
·:$,:• 
·:~: 
:~.; 

( 

0 0.122 
0.911 ·0.020 
0.688 ·0.720 
0.390 0.000 
0.050 0.022 
0.000 0.059 
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swn.Ml.OutS Mon Dec 11 21t54t23 

Outcome 11 from Table 3. S 

SUHMAIIY OF LOO·LINEAR HODEL FITTING FOR ALL LEUKEMIAS, 
UNDERLYING AND CONTRIBUTORY CAUSES OF DEATH, 
BY LATENCY AND LAO COMBINATIONS 

Latency•O and Lag•O ..................................................................... 
Total number of parson-years are 213950 
Total number of deaths are 30 

Analysis of Deviance Table 

Poiason model 

Responsez dead 

Terms added sequentially (first to last) 
Df Deviance Res1cl. Df Raslcl. Dev Pr(Chi) 

NULL 6351 269.258 
aoeriak 1 41.539 6350 227.719 0.000 

yearriak 1 0.253 6349 227.U7 0.615 
work 1 0.621 6348 225.U5 0.431 
lof 1 0.420 6347 226.425 0.517 
doo 1 0.627 uu 225.799 0.429 

mdoaa 1 0,045 .6345 225.754 0.831 

LatancyoO and Lag•2 ................................................................... 
Total number of peraon ... years are 213950 
Total number ol deaths are 30 

Analysia of Deviance Tabla 

Poiaoon modal 

Reaponae s dead 

Terma aclclod sequentially (Urat to laot) 
Of Deviance Resid. Df Roald. Dav Pr(Chil 

NULL 6257 267.890 
agariak 1 41.539 5256 228,352 

yaarriak. 1 0.253 4255 226.099 
work. 1 0.621 6254 225.478 
lof 1 0.420 6253 225.058 
doe 1 o. 627 6252 224.432 

mdosa 1 0.048 6251 224.383 

Latency•5 and Lao•2 

Total number of paraon-yaaro ara 173398 
Total number of daatho are 28 

Anolyaia of Davionea Tabla 

Poisson model 

Raaponaa: dead 

Termo oddad ooquantially (flrat to laet) 

o.ooo 
0.415 
0.431 
0.517 
0.429 
0.826 

Df Deviance Roald. Df Roald. Dev Pr(Chil 
NULL 5540 245,840 

·.}:~:·:. . ~.'~.: :.·.~ /;,:·.:: .. :-:- ... ''.'/.'.'.'.'~, .. 

1995 1 

coef. StdErr. It-val 

0.088 0.014 0 
0.012 0.023 0.619 
o,.»1 o. 422 o:uc \ 
·o.o22 0.035 0. 522 
0.020 0.025 0.424 
0.006 0.025 o. 823 

<:oaf. StdErr. P-val 

0.088 o.ou 0 
0.012 0.023 0.419 
0.337 0.422 o. 425 
0.022 0.035 o. 522 
0.020 0.025 0.424 
0.006 0.026 0. 818 

Co of. StdErr. P·val 

:~ ., 0] 

~· . 
i~· 
:~ 

agorlak 1 3C .335 5539 211.504 0.000 
yearriek 1 0.275 5538 211.230 0. 600 

wurk 1 0. 850 5537 210.319 0.356 
lof 1 0.7«8 5536 209.431 o. 387 
doe ·1 0.402 5535 209.229 o. 525 

mdooo 1 0.072 5534 209.157 0. 788 

Latancy.5 and Lag•S ...................................... 
Total number of paraon-yeara are 173398 
Total number of doatha are 28 

Analyah of Deviance Tabla 

POiiiOn model 

Reaponaat dead 

Torma added ooquontially (first to last) 
Df Deviance Roald. Df Roald. Dav PrCCh11 

NULL 4846 243.890 
agoriok 1 34.335 4845 209.554 0.000 

yoarriok 1 0.275 uu 209.280 0. 500 
work 1 0.850 4843 208.430 0.356 
lof 1 0.748 4842 207.681 0.387 
doe 1 0.402 uu 207.279 o. 526 

nu!oao 1 0.292 4840 205.988 0.589 

Latoncy.O and Log•10 ............................................................ 
Total number of poroon•yoara are 213950 
Total number of doatho are 30 

Anolyol.o of Deviance Tabla 

Poiooon model 

Rooponoao dtad 

Torma added ooquontiolly (first to last) 
Df Deviance Raoid. Df Raoid, Do\1 PrCCh1) 

NULL 5246 265.845 
agar1ok 1 41.539 5245 224.306 

yoarrl.ok 1 0.253 52U 22t.053 
work 1 0.421 52U 223.432 
lof 1 o.no 5H2 223i012 
doe 1 0,827 5241 222.386 

IndO Ia 1 0.182 5240 222.204 

Latoncy.5 a'ncl Lago15 .......................................................... 
Total number of paroon-yoaro are 173398 
'l'otol number of doatho are 28 

Anolydo of Deviance .Table 

Poioaon model 

l\oaponuo dead 

'!'erma added ooquentially CUrot to last) 

201 
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o.ooo 
0.515 
0.431 
0.517 
0.429 
0. 610 

Q 

0.088 0.015 0 
0. 013 0.026 0. 605 
0. 406 o. 433 0. 348 
0.031 0.031 0.395 
0.011 0.025 0. 520 
0. 008 0.026 0. 763 

Coof. Stc!Err. P•val 

0.088 o.ou 0 
0.013 0.026 0. 602 
0.408 0.429 o. 344 
0.031 0.037 0.391 
0.017 0.026 o. 520 
0.016 0.025 0.536 

coer. Stc!Err. P·val 

0,088 o.ou 0 
0.012 0.023 0. 616 
0.337 o.ue o. 421 
0.022 0.034 0. 519 
0.020 0.025 o. 423 
0.012 0.025 0. 629 
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Df Deviance Rasid. ·of Reoid, Dav Pr(Chi) Coef. 
NULL 3676 287.401 

agariel< I 34.335 3675 253.066 0.000 0.088 
yearriak I 0.275 3674 252.791 o. 600 0.013 

work 1 0. 850 3673 251.941 0.356 0. 406 
!of 1 0. 748 3672 251.193 0.387 0.031 
do a I 0. 401 3671 250.792 o. 527 0.017 

mdose 1 0. 901 3670 249.891 0.343 0. 030 

a 
StdBrr. P·v.al 

0.015 0 
0.026 o. 604 
o. 431 0.346 
0.037 0.394 
0.026 0. 521 
0.026 0.233 

···:-:-
'· 9,. 
~

·: . ' 
.'. 
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~: 
~: 
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sum.Ml.Out6 Mon Deo 11 21154136 1995 1 
Outcome 12 from Table l. 5 

SUI!HARY OF LOO· LINEAR HODEL FITTING FOR ALL LEUKEMIAS, EXCLUDING CHRONIC 

LYMPHOCY'I'IC LEUKEMIA, UNDERLYINO AND COli'I'RIBU1'0RY CAUSES OF DEATH, 

BY LATENCY Mm LAO COMBINATIONS 

Lateney•O and Lag•O 
....................................................................................................................... -............... -... -- ............... --
Total number of peraon-yeara are 213950 
Total number of deaths are 2l 

Analyais of Deviance Table 

Poisson model 

Response: dead 

Terms added sequentially ( Urat to hat) 
Df Deviance Relid. Df Reaid. Dav Pr(Chil Coef. StdErr. P-val 

NULL 6351 209.831 
aqeriak. 1 2t. 583 6350 185,2U 0.000 0.077 0,016 

yearriak. 1 0.277 63U 1U.971 0.599 o.ou 0.026 
work 1 0.013 63t8 1U,958 0.911 0.054 0.485 
lof 1 0.3U nn 1U,5U 0.5U 0.023 . 0.039 
do a 1 1.211 63U 183.382 0.271 0.032 0.029 

mdoaa 1 0.187 6345 183.196 0.665 0.012 0.025 

Latency.O and Laq•2 ......................................................................................................................................................... -......... 
Total number of peraon-yeara are 2Ut50 
Total number of deaths are 23 

Analysio of Davianca Table 

Poisson model 

Reaponse 1 dead 

Terms added sequentially ( Urat to laot) 

0 
0.603 
0.911 
0.550 
0.2U 
0.634 

Df Deviance Resid. Df Reoid. Dev Pr(Chi) Coef. StdSrr. P·val 
NULL 6257 209.991 

ageriok 1 24.583 6256 us.toa o.ooo o.o11· 0.016 0 
yearriak. 1 0.277 6255 185.131 0.599 0.014 0.026 0. 604 

work 1 0.013 6254 185.119 0,911 0.054 o.us 0.911 
lof 1 0.364 6253 1U.75t 0.5U 0.023 0.039 0.550 
do a 1 1.211 6252 183.5U 0.2?1 0.032 0.029 0.264 

md.oae 1 0.23] 6251 183.310 0.629 0.013 0.025 0. 591 

Latency.5 and Lag•2 

;~~; i -~~;;· ~ ;·;;;;~~:;;;;;-;;; -i; ;;;; ----------------- ~ ~-~·~---------
Total number of deatho are 22 

Analysla of Deviance Table 

Poiaaon model 

Response r dead 

Torma added sequentially ( Urot to laot) 
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Df Deviance Resid. Df Reaid. Dav Pr(Chil Coo f. StdErr. p .. va l NULL 5540 195.271 
agariek 1 18.685 5539 176.586 o.ooo ~.073 0.017 0 yoarrhk 1 0.045 5538 176.~U o. 8~2 0.006 0.028 0.833 work 1 0.233 5537 176.308 o. 629 0.235 0.481 0. 625 lof 1 0.60t 5536 175.703 O.U7 0.032 o.ou o. 444 doe 1 0.625 5535 175.078 0. 429 0.02t 0. 030 0.422 mdose 1 0.23t 55H 174.845 0. 629 o.ou 0. 025 0. 573 

Latency.O and Lag•10 ................................................................................................. -- .......................................... .. 
Total number of peraon-yeara are 213950 
Total number of deaths are 23 

Analyaie of Davianca Table 

Poiaaon model 

Reaponae 1 d.ead. 

Terms added aequantially (first to hat) 

NULL 
Df Daviance Reaid. Df Resid. Dav Pr(Chil 

6257 209.991 
agerlok 1 2t.SU 6256 185.t08 

yearrlok 1 0.277 6255 185.131 
work 1· 0.013 6254 185.119 
lof 1 0.3U 6253 1U.754 
doe 1 1.211 6252 183.5U 

m.doae 1 0,233 6251 183.310 

Latoncy.5 and Lag•U .. .............................................................................. .. 
Total number of peraon-yeara are 113398 
Total number of deaths are 22 

Andyala of Daviance Table 

Poi10on modal 

Roaponae o dead 

Tamo added uquantlally ( Urot to 1aot) 

0.000 
0.599 
0.911 
0.546 
0. 271 
0. 629 

NULL 
Df Davlanca Reold. Df Reoid. Dev Pr(Chll 

agerlak. 1 
yearrlak 

work 
1of 
doe 

m.doea 

X 
·:~: 
::(.: 

1 
1 
1 
1 
1 

3676 237.0U 
18.685 3675 218.360 o.ooo 
o.ou 36H 218.315 0. 832 
0.2JJ ]673 218.082 0. 629 
0.60t 3672 21?.t77 o. 437 
0.625 3671 216.852 0. t29 
1.325 3670 215.527 o. 250 

Coef, StdErr. P•val 

0.077 0.016 0 
o.ou 0.026 o. 604 
0.05t 0.485 0.911 
0.023 0.0)9 o. 550 
0.032 0.029 0.264 
0.013 0.025 o. 591 

Coef. Std.Err. P•val 

0.073 0. 017 0 
0.006 0.028 0. 833 
0.235 o. 478 0. 623 
0.032 o.ou 0.442 
O.OH 0.030 o. 421 
0.037 0.025 0.128 



sum.non-eaneers.out Sun Dee 17 01t22t54 1995: 

NON CANCER OUTCOMES, EXCLUDEO CANCERS AND EXTEIUIAL CAUSES OF DEATH 

LateneyooO and Lag•O 

Total number of peraon-yearl are 213950 
Total number of deaths are 9?2 

Analyola of Deviance Table 

Poisson model 

R.eaponaet dead 

Terms added sequentially (first to leatl 
of Devlanea Resld. Df Roald, Dev Pr(Chl) 

NULL 4363 (102.78( 
agerlsk 1 1947.784 4342 2734.997 

yearriak 1 45.940 4341 2489.057 
work 1 33.813 6360 2455.244 

lof 1 2.198 6359 2653.046 
dot 1 12.350 usa 2440.694 

mdose l 3.007 6357 2637.689 

ALL CAUSES OF DEATH 

Lateney•O and Lao•O 

Total number of pereon·yearl are 213950 
Total number of deaths are 1523 

Analyois of Deviance Table 

Poisson modal 

Responseo dead 

Torma added aoquentlally ( Urat to last) 

o.ooo 
o.ooo 
o.ooo 
0.138 
0.000 
0.083 

Df Deviance Reaic!. Df Roaic!. DoV Pr(Chi.J 
NULL 4349 5945.888 

agarlok 1 2419.893 6368 3525.tU 
yaarriak 1 37.401 6367 3488.593 

work 1 32.321 UU 3456.273 
lof 1 1.153 un 3455.119 
doe 1 7. 494 4364 3447,425 

111dooe 1 5. 7U 6363 3441.883 

0,000 
o.ooo 
o.ooo 
0.283 
0,004 
0.017 

Coef. StdBrr. P-val 
0.107 0.002 0 
-0.024 0.004 0 
-0.506 0.090 0 
0.009 0.006 o.u 
0.016 0.004 0,000 
0,010 0.005 0.060 

coaf, Std.Brr, P-val 

·'6:0'94 0.002 0 
-0.019 0.003 0 
-0.372 0.067 0 
o.oos 0,005 0.283 
0,010 0.004 0.006 
0.011 0,004 0.008 
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Appendix 5: EXCESS RELATIVE RISK* AT 1 SIEVERT EXPOSURE TO GAMMA RADIATION 
BY LEVELS OF STRATIFICATION AND LAG INTERVAL (EIP) 

0 

SOLID CANCERS --LEUKEMIAS EXCLUDED, UNDERLYING & CONTRIBUTORY CAUSES (n=349) 

STRATA EIP ERR(l Sv) 95%CI Std. Err. Null Deviance Null DF Deviance Likelihood# LR P-value 

Agerisk(l) Lag=O 3.01 0.08, 5.9 1.5 1579.3 6352 1573.3 6.1 0.01 
8 levels Lag=10 4.01 0.43, 8.0 1.2 1519.2 5247 1511.1 8 0.01 

Lag=20 7.8 1.7, 13.9 3.1 1530.5 3830 1518.6 11.9 <0.00 
Yearrisk(2) Lag=O 6.1 2.2, 9.9 2.0 2135.3 6352 2120.0 14.4 <0.00 
8levels Lag=10 13.0 6.6,19.3 3.3 2075.1 . 5247 : . 2046.1 28.9 <0.00 

Lag=20 43.2 26.3, 60.2 8.7 2086.5 3830 2031.0 55.5 <o.oo 
LOF(3) Lag=O 1.1 -0.87, 3.11 1.1 1927.3 ; 6352 1925.9 1.4 0.23 
8levels Lag=10 2.0 -0.6, 4.6 1.3 1867.0 5247 1864.0 3.1 0.08 

Lag=20 4.9 0.06, 9.8 2.5 1878.5 3830 1872.0 l 6.3 0.01 
DOE(4) Lag=O 1.7 -0.85, 4.2 1.3 2195.0 6352 2192.9 2.2 0.14 

8levels Lag=10 15.5 5.5, 23.7 4.6 2134.9 5247 2116.5 18.4 <0.0 
Lag=20 207.0 140.5, 273 33.9 2146.2 3830 2041.0 105.2 <0.0 

Work(5) Lag=O 24.6 14.09, 35.06 5.4 2191.3 6358 2139.4 51.9 <0.00 
21evels Lag=10 43.6 28.5, 58.7 7.7 2131.1 5253 2045.0 86.1 <0.00 

Lag=20 111.2 79.5, 143 16.2 2142.0 3836 2005.4 137.1 <0.00 

Agerisk, Lag=O 3.0 0.02, 5.9 1.5 1536.2 6299 1530.4 5.8 0.02 

Yearrisk Lag=10 4.1 0.4, 7.8 1.9 1476.0 5194 1468.0 8.1 <0.00 
Lag=20 8.3 1.7, 14.9 3:4 1487.4 3777 1475.5 11.9 <0.00 

Agerisk, ( 6) Lag=O 2.8 -0~08, 5.7 1.5 1546.0 6301 1540.6 5.3 0.02 

Y earrisk, (7) Lag=10 3.9 0.31, 7.6 1.9 1485.8 5196 . 1478.2 7.6 <0.00 

LOP (8) Lag=20 8.8 1.8, 15.7 3.5 1497.1 3779 1484.9 12.2 <0.00 
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Appendix 5: EXCESS RELATIVE RISK* AT 1 SIDVERT EXPOSURE TO GAMMA R.AJ)IATION 
BY LEVELS OF STRATIFICATION AND LAG INTERVAL (EIP) 

SOLID CANCERS --LEUKEMIAS EXCLUDED (continued) 

STRATA EIP ERR(1 Sv) ERR95%CI Std. Err. Null Deviance Null DF Deviance Likelihood# LR P-value 

Agerisk, Lag=O 2.9 -0.48, 6.4 1.8 1555.2 6302 
Yearrisk, Lag=10 4.2 -0.19, 8.7 2.3 1495.0 5197 
DOE(9) Lag=20 10.6 1.8, 19.5 4.5 1506.3 3780 
Age risk, Lag=O 3.4 0.12, 6.6 1.7 1559.5 6323 
Yearrisk, Lag=10 4.5 '0.51, 8.5 2.0 1499.0 . 5218 

Work Lag=20 9.0 2.0,16.0 1.5 1510.0 3801 

*Excess relative risk of mortality increases (or decreases) with 1 Sv change in exposure. Alternatively, 
the ERR increases (or decreases) by N percent with 10 mSv change in exposure, where N is ERR. 
# Likelihood ratio test (LR) compares the contribution of adding Sv to the stratified null model, 
by comparing the difference between the null deviance and deviance of the current model. 
The degrees of freedom for the test are computed as the difference in the number of free 

1551.0 
1488.3 
1493.8 
1553.0 
1490.0 
1498.0 

parameters in the current model and the number in the null model, i.e. 1 df. LR is same as 'Deviance' in Table 4.12. 
(1) agerisk -- 8levels, (<45, 45-49,50-54,55-59,60-64,65-70, 70-74, 75+) 
(2) yearrisk -- 8 levels, (1945-49, 1950-54, 1955-59, 1960-64, 1965-69,1970-75, 1975-79,.1980-1984) 
(3) length of follow-up (lof) (years)-- 8levels (0-4, 5-9,10::14', 15-19, 20-24,' 25-29, 30-34, 35-41) 

(4) duration of employment (doe) (years)-- 8l~vels (0-4, 5-9, 10-14, 15-19, 20-24, 25-29, 30-34, 35-40) 

(5) worker status-- 2levels (0,1) 
(6) agerisk -- 5 levels, (<45, 45-54, 55-64, 65-74, 75-92) 
(7) yearrisk -- 4levels, (1945-54, 1955-64, 1965-74,1975-1984) 
(8) lof -- 4 levels (<10, 10-19, 20-29, 30-41) 
(9) doe-- 4levels (<10, 10-19, 20-29, 30-41) 
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4.6 0.03 
6.6 0.01 
12.5 <0.00 
6.3 0.01 
8.4 <0.00 
12.6 <0.00 
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Appendix 5: EXCESS RELATIVE RISK* AT 1 SEIVERT EXPOSURE TO GAMMA RADIATION 
BY LEVELS OF STRATIFICATION AND LAG INTERVAL (EIP) 

LEUKEMIAS EXCLUDING CHRONIC LYMPHOCYTIC LEUKEMIA (n=23) 

.. 

STRATA EIP ERR(l Sv) ERR95%CI Std. Err. Null Deviance Null DF Deviance Likelihood# LR P-value 

Agerisk(l) Lag=O 3.1 -7.5, 13.7 5.4 174.4 6344 173.8 0.5 . 0.48 

8 levels Lag=2 3.6 -7.8, 14.9 5.8 174.5 6250 173.9 0.6 0.44 
Lag=10 3.6 -7.8, 14.9 5.8 174.5 6250 173.9 0.6 0.44 

Y earrisk(2) Lag=O 7.0 -8.7, 22.7 8.0 186.4 6344 185.1 1.3 0.25 
8levels Lag=2 8.1 -8.9,25.1 8.7 186.6 . 6250 185.0 1.5 0.20 

Lag=l.O 8.1 -8.9, 25.1 8.7 186.6 6250 185.0 1.5 0.21 
LOF(3) Lag=O 2.4 -7.1, 11.9 4.8 185.8 6344 185.4 0.4 0.55 
8levels Lag=2 2.8 -7.3, 12.9 5.2 185.9 6250 185.5 0.4 0.51 

Lag=10 2.8 -7.3, 12.9 5.2 185.9 6250 185.5 0.4 0.51 
DOE(4) Lag=O 1.3 -7.3, 9.8 4.3 193.8 6344 193.6 0.1 0.73 
81evels Lag=2 1.9 -8.0, 11.9 5.1 193.9 6250 193.6 0.2 0.63 

Lag=10 1.9 -8.0, 11.9 50.0 193.9 6250 193.7 0.2 0.64 
Work(5) Lag=O 26.0 -15.7, 67.7 21.3' 207.9 6350 204.0 3.8 0.05 
21evels Lag=2 31.3 -15.8, 78.3 24.0 208.1 6256 20.35 4.6 0.03 

Lag=10 31.3 -15.8, 78.3 24.0 208.0 6256 20.35 4.5 0.03 
Agerisk, Lag=O 2.1 -6.9, 11.15 4.6 135.5 6291 135.2 0.2 0.6 

Yearrisk Lag=2 2.4 -7.2, 12.0 4.9 135.6 6197 135.3 0.4 0.55 

Lag=10 2.4 -7.2, 11.9 4.9 135.6 6197 135.3 0.4 0.55 

Agerisk, ( 6) Lag=O 3.2 -7.9, 14.4 5.7 154.8 6293 154.3 0.5 0.47 

Y earrisk, (7) Lag=2 3.6 -8.1, 15.3 6.0 154.9 6199 154.4 0.6 0.40 

LOF (8) Lag=10 3.6 -8.1, 15.3 6.0 154.9 6199 154.4 0.6 0.40 
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Appendix 5: EXCESS RELATIVE RISK AT 1 SIEVERT EXPOSURE TO GAMMA RADIATION 
BY LEVELS OF STRATIFICATION AND LAG INTERVAL (EIP) 

LEUKEMIAS EXCLUDING CHRONIC LYMPHOCYTIC LEUKEMIA (n=23) (continued) 

STRATA EIP ERR(1 Sv) 95%CI Std. Err. Null Deviance DF Deviance Likelihood P-VALUE 

Agerisk,, Lag=O 2.4 -8.9, 13.8 5.8 151.4 6294 
Yearrisk, Lag=2 2.9 -9.3, 15.12 6.2 151.5 6200 
DOE (9) Lag=10 2.9 -9.4, 15.12 6.2 151.5 6200 
Agerisk, Lag=O 2.9 -8.3, 14.14 5.7 158.7 6315 
Yearrisk, Lag=2 3.4 ~8.6, 15.3 6.0 158.9 6221 
Work Lag=10 3.4 -8.6, 15.33 6.0 158.9 6221 

* Excess relative risk of mortality increases (or decreases) with 1 Sv change in exposure. Alternatively, 
the ERR increases (or decreases) by N percent with 10 mSv change in exposure, where N is the ERR. 
# Likelihood ratio test (LR) compares the contribution of adding Sv to the stratified null model, by 
comparing the difference between the null deviance and deviance of the current model. 
The degrees of freedom (DF) for the test are computed as the difference in the number of free parameters 

151.1 
151.1 
151.1 
158.3 
158.3 
158.4 

in the current model and the number in the null model, i.e. 1 DF. I;R is the same as 'Deviance' in Table 4.12. 
(1) agerisk •• 8levels, (<45, 45-49, 50-54, 55-59, 60-64, 65-69, 70-74, 75+) 
(2) yearrisk -- 8levels, (1945-49,1950-54,1955-59,1960-64,1965-69,1970-74, 1975-79,1980-84) 
(3) length of follow-up Oof) (years)-- 8levels (0-4, 5-9, 10-14, 15-19,20-24,25-29,30-34, 35-41) 
(4) duration of employment (doe) (years)-· (0-4, 5-9, 10-14, 15-19, 20-24, 25-29, 30-34, 35-41) 
(5) worker status -- 2levels (0,1) 
(6) agerisk -- 5levels (<45, 45-54, 55-64, 65-74, 75-90) 
(7) yearrisk -- 4levels (1945-54, 1955-64, 1965-74, 1975-84) 
(8) lof -- 4levels (<10, 10-19, 20-29, 30-41) 
(9) doe-- 4levels (<10, 10-19, 20-29, 30-41) 

• ( 
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0.3 0.60 
0.4 0.54 
0.4 0.54 
0.4 0.50 
0.5 0.47 
0.5 0.47 
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Appendix 5: EXCESS RELATIVE RISK* AT 1 SIEVERT EXPOSURE TO GAMMA RADIATION 
BY LEVELS ·OF STRATIFICATION AND LAG INTERVAL (EIP) 
SOLID CANCERS EXCLUDING SMOKING-RELATED* (n=205) 

'; 

STRATA EIP ERR(1 Sv) 95%CI Std. Err. Null Deviance Null DF Deviance Likelihood# LR P-value 

· Agerisk( 1) Lag=O 0.3 -2.39, 2.99 1.4 1078.0 6349 1078.0 0.04 0.84 
8levels Lag=10 0.4 -2.80, 3.53 1.6 1038.2 5244 5243.0 0.04 0.83 

Lag=20 3.0 3.15, 9.18 3.2 1003.1 3824 1001.9 1.2 0.28 
Y earrisk(2) Lag=O 1.80 -1.67, 5.21 1.8 1391.8 6349 1390.0 0.9 0.33 
8levels Lag=10 4.6 ~0.78, 10.01 2.8 1351.9 5244 1348.0 3.2 0.08 

Lag=20 22.6 7.72, 37.4 7.6 1316.9 ·3824 1303.6 13.2 <0.00 

LOF(3) Lag=O -0.9 -2.14, 0.34 0.6 1284.2 6349 1283.6 0.7 0.42 

8levels Lag=10 -0.8 -2.48, 0.83 0.9 1244.4 5244 1244.0 0.4 0.53 
Lag=20 0.6 -3.48, 4.75 2.1 1209.3 3824 1209.2 0.8 0.78 

DOE(4) Lag=O -0.2 -2.43,1.94 1.10 1437.00 6349 1437.0 0.03 0.87 
8levels Lag=10 4.8 -1.73, 11.43 3.4 1397.2 5244 1395.1 2.1 0.15 

Lag=20 168.0 93.72, 242.2 37.9 1362.1 3824 1318.5 43.6 <0.00 

Work(5) Lag=O 10.9 2.531, 19.23 4.2 1427.7 6355 1417.8 9.8 0.01 

2levels .Lag=10 21.5 8.89, 34.06 6.4 1387.8 5250 1368.4 19.4 <0.00 

Lag=20 75.6 44.07, 107.20 16.1 1352.7 3830 1305.2 47.5 <0.00 
Agerisk, Lag=O 0.3 2.42, 2.90 1.4 1025.6 6296 1025.6 0.03 0.86 

Yearrisk Lag=10 0.4 -2.81, 3.65 1.7 985.8 5191 985.7 0.06 0.08 

Lag=20 2.9 -3.46, 9.17 3.2 950.7 3771 949.7 1.0 0.32 

Agerisk, ( 6) Lag=O 0.01 2.43, 2.43 1.2 1065.8 6298 1065.8 <0.00 0.99 

Y earrisk, (7) Lag=10 0.02 -2.80, 3.16 1.5 1025.9 5193 1025.9 0.01 0.91 

LOF (8) Lag=20 . 3.1 -3.39, 9.63 3.3 990.8 3773 989.8 1.1 0.29 

209 



Appendix 5: EXCESS RELATIVE RISK AT 1 SEIVERT EXPOSURE TO GAMMA RADIATION 
BY LEVELS OF STRATIFICATION AND LAG INTERVAL (EIP) 

SOLID CANCERS EXCLUDING LEUKEMIAS AND RESPIRATORY (n=232) (continued) 

STRATA EIP ERR(1 SV) ERR 95% CI Std. Err. Null Deviance Null DF Deviance LR (1df)# LR P-value 

Agerisk, Lag=O. 0.53 (-2.4, 3.5) 1.5 1116.6 6247 1116.4 

Yean-isk, Lag=10 0.9 (-2.8, 4.6) 1.9 1072 5142 1071.7 

DOE Lag=20 7.16 (-2.4, 16.7) 4.9 1060.3 3723· 1056.8 

Agerisk, Lag=O 0.13 (-2.3, 2.3) 1.2 1164 6305. 1164 

Yearrisk, Lag=10 0.3 (-2.6, 3.2) 1.5 1119.4 5200 1119.3 

Work Lag=20 3.6 (-2.6, 9.9) 3.2 1107.7 3781 1106 

*Excess relative risk of mortality increases (or decreases) with 1 Sv change in exposure. 
Alternatively, the ERR increases (or decreases) by N percent with 1 mSv change in exposure, where N is ERR.· 
**Respiratory cancers are the following: hypopharynx (1), ill-defined lip (1), trachea, bronchus, lung( 104), 
larynx (4), nasopharynx (1), esophagus (6) .. 
# Likelihood ratio test (LR) compares the contribution of adding Sv to the stratified null model, 
by comparing the difference between the null deviance and deviance of the current model. 
The degrees of freedom for the test are computed as the difference in the number of free 
parameters in the current model and the number in the designated null model, i.e. 1 df. 
(1) agerisk -- 7levels, (<45, 45-49, 50-54,55-59,60-64,65-74, 75+) 

(2) yearrisk -- 4 levels, (1945-54, 1955-64, 1965-74,1975-84) 
(3) length of follow-up (lof) (years)-- 6levels (0-9, 10-19, 20-24, 25-29, 30-34, 35-41) 

(4)duration of employment (doe) (years)-- (0-4, 5-9, 10-19, 20-29, 30-41) 

(5) worker status-- 2levels (0,1) 
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0.2 0.6 

3.5' 0.06 
0.006 0.98 
0.03 0.85 

1.7 0.19 
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Appendix 6: CUMULATIVE DOSE by Person-Years for One Individual Comparing Two Approaches: 

(1) No Induction Assumed and (2) Latency=O, Lag=20 

Lag=O, Latency=O Person-years=23 Lag=20, Latency=O Person-years=23 

PYs ID STATUS AGE CUMDOSE PYs ID STATUS AGE CUMDOSE 
1 41075 alive 44 1 rem 1 '41075 alive 44' o rem 
2 41075 alive 45 1 rem NOTE: 2 41075 alive 45 0 rem NOTE: 
3 41075 alive 46 1 rem A worker's total 3 41075 alive 46 0 rem Cumulative dose Is 
4 41075 alive 47 1 rem exposure profile 4 41075 alive 47 0 rem pushed forward by the 
5 41075 alive 48 1 rem from date of hire 5 41075 alive 48 0 rem number of years 
6 41075 alive 49 1 rem until death. 6 41075 alive 49 o rem represented In the 
7 41075 alive 50 3 rem 7 41075 alive 50 0 rem: Jag Interval. The last 
8 41075 alive 51 5 rem 8 41075 alive 51 o rem: 20 years of real-time 
9 41075 alive 52 11 rem 9 41075 alive 52 0 rem exposures are omitted. 
10 41075 alive 53 19.4 rem 10 41075 alive 53 0 rem Dose equals 1 rem 
11 41075 alive 54 19.4 rem 11 41075 alive 54 0 rem· over a working lifetime. 
12 41075 alive 55 19.4 rem 12 41075 alive 55 o rem The assumption here Is 
13 41075 alive 56 19.4 rem 13 41075 alive 56 o rem that exposures In the 
14. 41075 alive 57 19.4 rem 14 41075 alive 57 0 rem Interval Immediately prior 
15 41075 alive 58 19.4 rem 15 41075 alive 58 o rem to disease are not 
16 41075 alive 59 19.4 rem 16 41075 alive 59 0 rem relevant to an evalua-
17 41075 alive 60 19.4 rem 17 41075 alive 60 o rem tion of dose-response. 

,• 18 41075 alive 61 19.4 rem 18 41075 alive 61 0 rem 
19 41075 alive 62 19.4 rem 19 41075 alive 62 0 rem 
20 41075 alive 63 19.4 rem 20 41075 alive 63 o rem 
21 41075 alive 64 19.4 rem 21 41075 alive 64 1 rem 
22 41075 alive 65 19.4 rem 22 41075 alive 65 1 rem 
23 41075 death 66 19.4 rem 23 41075 death 66 1 rem 
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