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Abstract

ABSTRACT

This research estimates the risk of lung cancer mortality associated with radon progeny
exposure amongst a cohort of former workers at the Radium Hill uranium mine, and examines
the nature of the exposure-response relationship in conjunction with relevant cofactors,
covariates, temporal effects effect modifiers of effect. The Radium Hill study was conceived
and initiated in the early 1980's by staff in the South Australian Health Commission. Work on
this thesis began in 1988 and included extensions to study trace activities, design of data bases,

compilation and validation of data, and all aspects of statistical analyses.

The Radium Hill uranium mine operated in a remote region of South Australia from 1948 to
1962. Uranium was produced under a seven-year contract between the Australian government
and the governments of the United States and the United Kingdom, from 1955 to 1961; at the
end of this contract it was found that mining at Radium Hill was no longer feasible. The mine

stopped ore production in 1961 and was closed in 1962.

The Radium Hill study was designed as an historical cohort study. The study cohort -
identified as all those on the nominal roll compiled from archived Radium Hill pay-roll records
- included 2,574 workers (2,521 males and 53 females). Primary trace activities which
commenced prior to my participation in the Radium Hill study yielded a trace rate of 66% over

the follow-up period from 1948 through to the end of 1987.

During the course of my research, I initiated secondary trace activities which improved the
study trace rate to 74% and also enabled more complete data to be obtained on those
previously traced. Secondary trace activities mainly included matching of the Radium Hill
study cohort with the Wittenoom Gorge asbestos study cohort in Western Australia, searches
-at the Perth Chest Clinic, personal contact with former Radium Hill workers, and contributing
towards organizing a reunion of former Radium Hill residents. Where first-hand data were not

available on individuals, proxy data were obtained through these secondary sources.
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Abstract

Individual exposures to radon progeny at Radium Hill were computed using individual work
histories obtained from pay-roll records and radon progeny concentrations estimated from
contemporary monitoring results by a team of health physicists for the purpose of this study.
Only underground workers at Radium Hill were considered exposed to radon progeny. The
1,459 workers who were ever employed underground were all males. Cumulative exposures
to radon progeny ranged from 0.07-112 Working Level Months (WLM) (mean = 7.7 WLM;
median = 3 WLM); the average concentration of radon progeny was 0.88 Working Levels; the

mean duration of employment underground was 12 months.

Risk estimation was based on 2,516 male cohort members for whom data on complete
personal identification were available. Of this group, 1,849 were traced to 1987, including
606 deaths. Lung cancer was the underlying cause of death of 54 males. This comprised 9%

of all deaths and 43% of the deaths from malignant neoplasms.

The average male cohort member entered the study cohort at the age of 31 when he
commenced work at Radium Hill, worked for a total of 17 months, held 2.4 different jobs at
Radium Hill and was aged 32 years at termination of employment at Radium Hill; he was

followed up for 19.5 years and was aged 50 years at the end of follow-up.

The risk of radon progeny-related lung cancer was estimated using traditional epidemiological
methods based on standardization and more recent methodology using statistical modelling
techniques - Poisson regression methods based on the time-dependent allocation of person-

years data, and nested case-control analyses using Cox proportional hazards models.

The potential confounding effects of age and calendar time at risk - used as a surrogate for
other hidden confounders - were examined using stratification and standardization techniques.
These factors were identified as confounders of the relation of radon progeny and lung cancer

mortality and therefore controlled for in all further analyses.
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Abstract

Standardized mortality ratios showed a significantly elevated risk of lung cancer mortality
amongst surface workers at Radium Hill compared to the Australian national population. The
Australian national population was therefore not regarded as a suitable reference population
capable of representing the lung cancer mortality experience of unexposed workers at Radium
Hill. Hence, risk estimation was mainly based on internal comparisons between surface
workers and categories of underground workers at Radium Hill. A comparative appraisal of
risk evaluation based on internal and external references - including indirect and direct
standardized methods - was made. These analyses were based on cumulative exposures
lagged by five years. Results showed a significantly higher risk of lung cancer mortality
amongst those exposed to over 40 WLM of radon progeny exposure at Radium Hill. Poisson
regression analyses based on internal references and a linear additive excess relative risk model
estimated an excess relative risk of 4.3% per WLM for all workers and 5.4% per WLM
amongst underground workers at Radium Hill. These are the highest estimates of risk for

radon-exposed miners reported to date.

The risk of lung cancer mortality declined significantly with time since last exposure, for a
given level of cumulative exposure. This finding supports the view that radon progeny act as
late-stage carcinogens under the multistage theory of carcinogenesis. Analysis based on time
since exposure windows showed that recent radon progeny exposures (5-13 years prior to time

of observation) were more hazardous than more distant exposures (15 years or more before).

The risk of radon progeny-related lung cancer mortality declined significantly with increasing
radon concentration (intensity of exposure), or alternatively, increased with increasing
duration of exposure for a given level of cumulative radon progeny exposure. These findings
imply that the risk of lung cancer mortality per unit of exposure increases with protracted
exposure, which has particular relevance to the setting of exposure limits. This significant
protracted exposure effect is here identified in a cohort predominantly exposed to under 100

WLM. No other study has yet reported such an effect in this exposure range.
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Abstract

Age at first exposure was not a significant modifier of the exposure-response relationship in
this cohort. Ages at first exposure varied little amongst the Radium Hill cohort; therefore, in

its current state, this data set lacks the power to detect such a modifying effect.

The possible influence of error in measurements of radon progeny exposure was examined
using a simple form of sensitivity analysis and analyses based on surrogate measures of
exposure in nested case-control analyses. Sensitivity analyses were used to examine the
assumptions on which exposures were extrapolated over the very early periods (1948-1952)
and the last year of employment (1962) at Radium Hill, periods during which measurements of
radon gas concentrations in the mine were not available. The results showed that
extrapolation assumptions used in this study - direct extrapolation from exposure estimates
closest in time - were reasonably appropriate for the present analyses. Analysis based on
surrogate measures of exposure showed that duration of exposure was a slightly better
predictor of radon progeny-related lung cancer mortality than cumulative exposure. This may
imply greater measurement error in estimates of radon progeny concentrations and thereby, in
cumulative exposures, compared to the duration of exposure. A review of the job exposure

matrix is therefore suggested for future analyses.

Despite the limited data available, nested case-control analyses enabled examination of the
roles of other relevant occupational exposures and smoking. Occupational exposures to
radioactive material other than at Radium Hill and to asbestos, and smoking were found to be

significant confounders of the risk of radon progeny-related lung cancer mortality.

Study participants who reported occupational exposure to asbestos were at over 4 times
greater risk of lung cancer death than those who reported not having been exposed to
asbestos. The interaction between asbestos and radon progeny exposure was found to be
more additive than multiplicative. Due to the unavailability of quantitative estimates of
asbestos exposure all analyses were based on a simple dichotomous classification, depending

only on whether or not the individual was occupationally exposed to asbestos.
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Abstract

These findings on the role of asbestos exposure are of importance not only in studies of radon
progeny-related lung cancer but also in the study of asbestos-related lung cancer. Further
study of the 99 workers from the Radium Hill study cohort who are included also in the
Wittenoom Gorge asbestos mine cohort is recommended. Long term follow-up and joint
analyses between these studies should provide better quantitative data enabling the elucidation
of the joint effects of radiation and asbestos exposures in the aetiology of lung cancer. It is
noted that to date no other studies on occupational radon epidemiology have reported the

effects of asbestos exposure.

After controlling for a potentially confounding effect of smoking, for a given level of
cumulative radon progeny exposure, the excess relative risk per WLM was estimated to
increase exponentially by 6% with each additional pack-year of smoking; this modifying effect
was of marginal statistical significance. The interaction between smoking and radon progeny
exposure was supra-additive, but sub-multiplicative. These findings are considered an

indication of the importance of continued research based on improved smoking data.

In the final chapter of this thesis, findings from the Radium Hill study are examined in a global
perspective. The Radium Hill study reports the highest risk estimates per unit exposure and
the lowest cumulative radon progeny exposures of any underground miner study published to
date. A statistically significant excess of lung cancer mortality has been found at relatively low
levels of cumulative radon progeny exposure (<100 WLM). Furthermore, the protracted
exposure effect that has been observed suggests another perspective on exposure limits. With
further improvement in the follow-up and refinement in analyses, the Radium Hill study can
continue to make an important contribution to the study of lung cancer mortality related to
radon progeny exposure; these contributions could extend beyond the occupational arena, into

the environmental setting.
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1. Radiation and Health

1.1 Background and Importance of Study Topic

Though the association between illness and mineral ore mining was recognized in the 16th
century (Agricola 1597), it was not until late in the 19th century that lung cancer was
identified as a principal cause of death amongst some mining groups (Harting and Hesse
1879). In the early nineteen hundreds, radon exposure was identified as the causative agent
for lung cancer amongst mine workers (Ludewig and Lorenser 1924). In recent decades,
radon progeny have been identified as the largest single component of radiation exposure in
the natural environment. Concern has spread from the occupational setting to the general
environment. This change in emphasis highlighted the need for a more detailed understanding
of radon exposure in generalized and specific settings. Environmental monitoring indicated
that the levels of radon progeny concentrations in some indoor settings substantially exceeded
outdoor levels and occasionally approached the levels experienced in underground mines.
This has focused attention on the domestic environment as a major non-occupational source

of exposure to radon progeny.

Numerous studies of underground miners exposed to radon progeny in the air of mines have
shown an increased risk of lung cancer in comparison with non-exposed populations. These
studies - some of which were cohort studies extending over several decades - provide the
richest source of epidemiological data on radiation related lung cancer. Now that mines are
designed to avoid workers' exposure to high levels of radiation, concern lies mainly with the
effects of relatively small doses of ionising radiation (Anthony 1988). In the absence of long
term observations of non-occupational cohorts exposed to low-levels of ionising radiation,
miner populations exposed to low-levels of radon provide the most suitable longitudinal data
available to study the long term effects of low levels of exposure. Occupational radon
epidemiology has thus taken on an additional role in providing a basis for extrapolations to

other settings.

11/8/93 2:30 PM 2 Arul

! QO
ealth ™~




Chapter 1: Radiation and Health

1.2 Overview of Radiation

Radioactivity is the transformation process through which unstable nuclides - radionuclides -
reach stability. During the process of radioactive decay, radionuclides tend towards stability
by emitting excess energy, which is known as radiation. The time taken for a radionuclide to
halve its activity through decay is known as its half-life; the half-life of a radionuclide is

unique and unalterable.

Artificial, or man-made radiation is used for medical, military, or industrial purposes. The
majority of human exposure to radiation, however, can be attributed to natural sources.
These can be terrestrial or cosmic. Recent estimates by the United Nations Scientific
Committee on the Effects of Atomic Radiation (UNSCEAR) suggest that half the annual
effective dose equivalents received by individuals from all natural sources and three-quarters
of the dose from terrestrial sources, can be attributed to a specific radionuclide - radon, and to

its progeny (UNEP 1985; UNSCEAR 1988).

Although there are several isotopic forms of radon, only radon-222 and radon-220 (thoron)
are found in significant concentrations in the human environment. Radon-222, the most
common isotope of radon, is a member of the uranium-238 decay chain whilst radon-220 is a
member of the thorium-232 decay chain. Of these two isotopes of radon, radon-220 together
with its decay products makes only a small contribution (less than 20%) to occupational and
environmental exposure (UNSCEAR 1982). This thesis will concentrate on radon-222 and its

progeny; henceforth, radon’ (Rn) will refer to radon-222 and, where relevant, to its progeny.

Radon-222 and its progeny are short-lived decay products of uranium. When uranium decays,
its atoms go through a series of radioactive changes, each resulting in the formation of a
different element, until finally an isotope of lead remains. Each radioactive element in the

series is unstable, with half-lives ranging from a fraction of a second to millions of years.
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The forms of radiation most commonly emitted in the process of uranium decay are, alpha (o)
particles, beta (B) particles and gamma (y) rays (NRPB 1986). Alpha particles comprise two
protons and two neutrons; they are therefore positively charged, massive, have low
penetrating power, and can, for example, be stopped by a piece of paper. Beta particles
comprise single electrons which are created when a neutron in an unstable radionuclide
changes into a proton. The negatively charged B-particles are much less heavy and are more
penetrating than o-particles. Gamma rays consist of a discrete quantity of energy which has
no mass or charge. Propagated as waves, y-rays travel at the speed of light and have

extremely high power. They require a thick slab of lead or concrete to prevent penetration.

The intensity with which energy is dispersed as radiation transverses matter is known as linear
energy transfer (LET). There are two types of LET; low-LET radiation which loses energy
slowly and is thus able to penetrate deeply (e.g., X-rays and y-rays), and high-LET radiation

which deposits large amounts of energy over a relatively short distance (e.g., o-particles).

Evidence from epidemiological studies suggests that the major component of health risk due
to Rn exposure amongst uranium miners, stems from the inhalation of short-lived o-emitting
Rn progeny. Inhalation of Rn progeny results in the emission of o-particles in the lung which
can cause cell damage and can ultimately lead to lung cancer (BEIR IV 1988). This work will
therefore concentrate on the risk of exposure to low levels of internally deposited o emitting

Rn progeny, with specific emphasis on the outcome of lung cancer.

Prerequisites essential to the task of evaluating the risk of exposure to radiation include an
understanding of radiation dose quantification, the biological effects of ionising radiation, the
temporal stages of radiation carcinogenesis and methods for studying radiation related health

effects. These topics will now be addressed in turn.
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1.3 Measurement of Radiation Dose

The number of transformations that take place each second in an amount of radioactive
material is called its activity. The basic unit for measuring radio-activity in the international
system of units - Systeme International d'Unites (S units), is Becquerels (Bq); a becquerel

equals one transformation or disintegration per second.

The amount of radiation energy that is absorbed per gram of any medium of absorption (e.g.,
tissue) is called absorbed dose and is measured in units called Grays (Gy), where 1 Gy equals
1 J/kg medium of absorption. The biological effect of radiation however, also varies with the
type of radiation (o, B, 7y, and type of LET). Therefore, the measure for absorbed dose needs
to be weighted for its potential to produce damage. The weighted dose is known as
equivalent dose (ICRP 60 1991) and is measured in Sieverts (Sv), which are a function of

dose in Gy.

The amount of radiation absorbed depends on the medium of absorption. The biological
effects of radiation depend on the part of the body that is exposed, some parts being more
vulnerable than others e.g., a given dose equivalent of radiation is more likely to cause fatal
cancer in the lung than in the thyroid. Therefore, dose equivalents that are appropriately
weighted for the different parts of the body are termed effective dose (ICRP 60 1991), also
expressed in Sieverts. In referring to the radiation exposure of a group of people, the
cumulative effective dose equivalent received by the whole group is called the collective
effective dose (ICRP 60 1991) and is expressed in man-sieverts (man-Sv). Since many
radioactive nuclides decay slowly, their radioactive effect extends far into the future and to
future generations. The collective effective dose delivered to generations of people over time

is called the collective effective dose commitment (ICRP 60 1991).
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1.4 Biological Effects of Ionising Radiation

The effects of radiation on living things vary with the penetrating power of the radiation and
the amount of energy it loses as it traverses matter. The biological effects of radiation which
include cellular and tissue effects, depend on the nature of the target of exposure oOr the

absorbing medium and the dose, form and LET of the radiation emitted.

Alpha emitters are scarcely able to penetrate the dead outer layer of the skin and are not
hazardous unless they are absorbed into the body through inhalation, ingestion, or
contaminated open wounds. Beta particles may penetrate about a centimeter of tissue,
proving hazardous to superficial tissues; beta emitters can only harm internal organs if they are
incorporated in them. The greater penetrating power of y-rays allows them to pass through
the body; y-rays are therefore hazardous to the body, regardless of whether they are deposited

internally or externally.

Once radionuclides enter the body through inhalation, ingestion, contaminated open wounds
or injection (for diagnostic or therapeutic use), they may be absorbed and upon decay will
irradiate adjacent cells. Radioactive emission is a random process and the effects of radiation
are stochastic. Hence, exposure to radiation need not necessarily result in deleterious

chemical changes.

Radiation related chemical changes are thought to occur in various ways, including effect on
DNA molecules. Radiation energy, if absorbed by DNA molecules, results in a series of
excitations and ionisations. Jonisation of DNA molecules may result directly through
interactions with charged radioactive particles or indirectly through free radicals which are
generated in the cytoplasm (water) of the cell, diffuse to the DNA and produce biological

lesions.
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Exposure to charged o and [ particles results in direct ionisation through electrical
interactions. In the case of sparsely ionising radiations such as y and X-rays, about two-thirds
of the biological lesions result from indirect ionisation. Ionising action is therefore determined
by the quality of radiation, with the process shifting from indirect to direct as the type of
radiation changes from low to high LET (BEIR V 1990). Both direct and indirect ionisation
may tesult in highly localised damage or gross chromosomal damage, and are implicated in

inherited genetic defects and the development of cancer.

Due to their densely ionising properties, particulate radiations from kigh LET o and 3 emitters
are substantially more effective with regards to cell killing, mutagenicity, cell transformation
and carcinogenic potential, than the weakly ionising Jow LET radiations such as X and v rays.
The quality factor (Q) is a measure that takes this increased potential for biological damage by
certain types of radiation into consideration and provides a means of relative assessment. The
quality factor Q is defined as the ratio of occupational exposure dose limits (BEIR V 1990).
It is therefore, arbitrarily defined as a constant for a particular radiation (Cameron and

Skofronick 1978).

Since the biological effectiveness of radiation also depends on the target irradiated, a
comparative measure of biological effectiveness also becomes necessary. The relative ability
of a radiation as compared with a standard (usually X or y-rays), to create a specific disorder
is given by the relative biological effectiveness (RBE). The RBE therefore varies with the
LET of the radiation, the dose, the dose rate, the type of cell or tissue under consideration and
the endpoint studied (Broerse and Barendson 1973; Barendson 1968; Coggle 1983; Mettler
and Moseley 1985; BEIR V 1990).
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The RBE of one radiation relative to that of another is given by the inverse ratio of the doses
of each radiation that will be required to produce the same biological effect (BEIR V 1990).
Consequently, unlike @, RBE is not constant for a specific type of radiation. Furthermore,
though conceptually, O has a similar meaning to RBE, by virtue of their definitions, they are
not necessarily identical. Estimates of RBE are determined experimentally from radio-
biological data and play an important role in modelling radiation exposure-response

relationships.

The health effects of exposure to radiation are governed not only by the biological effects of
radiation exposure; they are heavily dependent on the physiology and biochemistry of the
individuals exposed. Individuals vary in their susceptibility to the damaging effects of
radiation (Lewis 1987). Radiation related health effects can be somatic or genetic with
perhaps the most feared somatic effect being carcinogenesis, the induction or cancer. Radio
biological aspects of carcinogenesis are comprehensively described in an article by Adams et
al., (Adams et al. 1987), who also provide some interpretations of dose and dose-rate

relationships in the context of the biological effects of ionising radiation.
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1.5 Temporal Stages of Radiation Carcinogenesis and the
Multistage Theory of Carcinogenesis

1.5.1 Temporal Stages of Radiation Carcinogenesis

Radiation carcinogenesis is a complex process that extends from the very early physical,
chemical and cellular changes initiated by the absorption of radiation, to delayed effects that
only appear many years later. The primary action of irradiation is ionisation. The temporal
stages of radiation action that follow ionisation may be described as the physical, chemical
and biological processes. The physical stage of irradiation includes ionisation, electronic
excitation, molecular vibrations and dissociation, and rotational relaxation, all of which take

16 12 seconds. This is

a very small fraction of a second, ranging from 10 "~ seconds to 10
followed by the physico-chemical and chemical stage which include free radical reactions
that take less than a second and biochemical changes such as enzyme reactions that could
take seconds, minutes or hours. The ensuing cellular and tissue stage comprises of cell
division and reproductive death which may occur within hours, gastrointestinal tract damage
and central nervous system damage at high doses that may take days, haemopoietic death,
acute damage to skin and other organs and late normal tissue morbidity which may take
months and lastly, carcinogenesis and the expression of genetic damage to offspring which

may take years to manifest themselves (Franks and Teich 1986).

The process of radiation carcinogenesis is now widely accepted as a multistage process and,
its essential features have been summarized by the multistage theory of carcinogenesis. The
multistage theory of carcinogenesis provides a unified framework in which to view
experimental and epidemiological findings on carcinogenesis (Kaldor and Day 1989). An
outline of the multistage theory of carcinogenesis follows next, and this section is concluded
with a presentation of aspects of interpreting the temporal factors in radiation carcinogenesis

related to this thesis, in the context of the multistage theory.
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1.5.2 The Multistage Theory of Carcinogenesis

Multistage models of carcinogenesis which predict an increase in cancer incidence as a
function of time since exposure to some carcinogen, provide some of the most popular
theories used in explaining temporal patterns in studies of cancer mortality. Several
multistage models of carcinogenesis have been proposed since the introduction of the
multistage theory in mathematical terms. All these models share a few common principles:
first, they assume that a normal cell passes through two or more stages before becoming fully
malignant; second, that the transitions between tl‘lese stages are a random process and the rate
of transitions may depend on the level of carcinogens to which the cell is exposed; and finally,

that all cells are at risk of transitions independently.

Based on these principles, the multistage theory proposes that cancer arises from a single cell
(originally, normal) which has undergone a series of heritable changes after the last of which it
is capable of uncontrolled malignant replication; each of these changes may be considered a
distinct stage of the process of carcinogenesis; in the absence of carcinogenic exposure, each
of these changes has a low probability of occurrence and a slow progression time to the next
stage. Carcinogens may act at any of these stages. Carcinogens that act at the first stage are
referred to as initiators and those that act at later stages are generally referred to as
promoters. The multistage nature of the process of carcinogenesis may therefore, primarily be
divided into two phases - the initiation phase followed by the promotion phase; an alternate
formulation proposes that the carcinogenic process is one of at least three successive stages -
initiation, promotion and progression (Upton 1987). By the nature of their definition,
initiators characteristically have a longer latent period to death than promoters which have
fewer stages of the carcinogenesis process to transgress. Specific definitions of initiators and
promoters are avoided in this work due to recent experimental evidence that has thrown the
functional definitions heretofore accepted into question (Hennings et al. 1983; Kaldor and

Day 1989).
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The simple but broad framework of the multistage theory, being based on multiple and

variable numbers of stages, lends itself to several multistage theories of carcinogenesis.

Multistage theories of carcinogenesis have their foundations in both experimental and
epidemiological investigation. In many organ systems, the multistage nature of carcinogenesis
can be demonstrated experimentally; epidemiologically, multistage models are capable of
drawing a wide array of observations into a single coherent framework (Day 1984; Kaldor and

Day 1989).

Although it is impossible to prove whether or not the mathematical form of the multistage
model actually holds in a given situation, a number of its predictions have been verified
experimentally (Borzsonyi et al. 1984; Peto er al. 1975). Experimentally, the multistage
nature of carcinogenesis can be demonstrated as follows: Of two events A and B, event A
followed by event B induces tumours while A or B alone does not induce tumours. In the
laboratory setting A and B may comprise sequences of events with events broadly described
as initiation or promotion phases. Epidemiologically however, such clarity of distinction is
rarely possible due to the difficulty in identifying the sequence of causative actions; therefore,
it is not always possible to establish a direct one-to-one link between stages of carcinogenesis
that are epidemiologically inferred with those experimentally demonstrated (Day 1984).
Because of this lack of correspondence between the experimental and epidemiological stages
of carcinogenisis, the terms initiators and promoters are avoided in favour of the less specific

terms early-stage and late-stage carcinogens, in epidemiological contexts.

The mathematical formulation of the multistage model thus provides a link between qualitative
description of events at the cellular level and quantitative description of cancer risk in human
populations. One of the simplest multistage models of carcinogenesis proposed is the
Armitage-Doll model (Ammitage and Doll 1961), which may be used as an example in

illustrating the mechanics of the multistage model.
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Under certain assumptions, in the absence of specific carcinogenic exposures, the Armitage-
Doll model proposes that the incidence rate of cancer - I - at a given age - ¢ - is proportional
to a power of the age, the power representing one less than the number of stages - k -
underlying the specific carcinogenic process, which can be represented by the following
expression:
I(t) o< t*!

where, the parameter £ can be estimated from the slope coefficient - as the slope + 1 - in a
linear fit of the logarithm of age against age-specific incidence rates. The assumptions on
which the model are founded are that transitions between stages of the carcinogenic process
are rare, vary little with time and that transition rates are constant (Moolgavkar 1978; Breslow
and Day 1987). Under these assumptions, this model had been found to fit background age-
specific incidence rates for many tumours in a variety of different populations, with &k being
equal to 5 or 6 (Breslow and Day 1987; Cook et al. 1969); thus, implying that these tumours

may have risen from an underlying five or six stage carcinogenic process.

In extending the simple multistage model to situations concerning carcinogenic exposures
over and above those in the background, the effect of changing exposures changes the
transition rates on which the model is based. The transition rates being modified, can no
longer be assumed as constant and the multistage model results in a polynomial expression of
degree k-1 (Breslow and Day 1987). These polynomial expressions on transition stages to
have been fitted to experimental data and epidemiological data on exposures to known
carcinogens (Whittemore and Keller 1978; Thomas 1982, 1983 and 1990). In radiation
carcinogenesis, Thomas (Thomas 1990) has also fitted an alternative form of the multistage
model - the two-stage model suggested by Moolgavkar and Knudson (Moolgavkar and
Knudson 1981; Moolgavkar and Venzon 1979) - which proposes two transition stages
between cell normalcy and malignancy whilst explicitly allowing for cell division and cell
killing in the process of transition, and has also proposed and demonstrated another form of

the multistage model - the three-stage model (Thomas 1990).
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As discussed by Breslow and Day (Breslow and Day 1987), epidemiologically, data are
seldom extensive or detailed enough to fit precise multistage models that enable estimation of
specific transition rates and their interpretation. In epidemiology therefore, such models are
generally used in a heuristic way to examine the phenomena predicted by the Armitage-Doll
model and to draw biologically plausible interpretations from the epidemiological data (Day
and Brown 1980). They also help provide further insight into which variables to use in

modelling temporal effects on cancer risk.
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1.5.3 Temporal Factors in Radiation Carcinogenesis in the Context of the

Multistage Theory of Carcinogenesis

The relationship between cancer risk and different temporal variables corresponds closely with
the behaviours predicted by theories of the multistage process; the multistage theory provides
a conceptual framework within which the behaviour of various temporal variables and their
relationship with cancer risk can be explained; thus, enabling classification of the specific
actions of carcinogenic agents, as early or late stage carcinogens (Peto 1984; Day 1984,

Breslow and Day 1987).

If one subscribes to the multistage model, it is possible to predict whether exposure acts at an
early or late stage in the carcinogenic process by examining the temporal patterns in the data

(Hornung and Meinhardt 1987; Breslow and Day 1987).

Two of the most important temporal effects associated with exposure-response relationships
in radiation carcinogenesis are age at first exposure and time since last exposure. The role of
these factors have been interpreted in the context of the multistage theory in several recent
epidemiological studies (Whittemore 1977; Day and Brown 1980; Brown and Chu 1983;
Hornung and Meinhardt 1987). The relevance of these temporal variables to the multistage
theory may be explained through the following rationale: if a carcinogen acts at a late stage,
the multistage theory predicts a rising relative risk with increasing age at first exposure and a
falling relative risk with increasing time since last exposure, with the opposite being true for
early stage carcinogens (Homung and Meinhardt 1987; Breslow and Day 1987). Such
interpretations may also be extended to address the modifying effect of attained age. If such

relationships do hold, there may be important consequences for occupational and public

health.

11/8/93 2:30 PM 14 Arul



Chapter 1: Radiation and Health

Further uses of multistage models of carcinogenesis in the interpretation of epidemiological
data include implications of the forms of dose-response relationships, the role of latency,
effects of measurement error and joint effects of several exposures. These issues have been

discussed in detail by Breslow and Day (Breslow and Day 1987; Day 1984).

The Radium Hill study dataset lacks the sufficient follow-up and detail necessary to fit
multistage models of carcinogenesis. Therefore, the analyses undertaken in this thesis will not
include any attempts at fitting multistage models. However, attempts will be made to explain

the implications of the study findings in the general context of the multistage theory.
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1.6 Radiation Related Lung Cancer Risk

1.6.1 Methods of Study

Methods for characterizing the lung cancer risks associated with Rn progeny exposure in
humans consist of dosimetry and epidemiology; both approaches being important and neither

sufficient.

The dosimetric approach provides an estimate of lung cancer risk related to Rn progeny
exposure that is based specifically on modelling the dose to target cells. Dosimetric models
are all based on assumptions on radionuclide dose modifying factors, some of which are not
subject to direct verification e.g., assumptions as to breathing rates, the disposition of Rn
progeny in the respiratory tract, the type, nature and location of the target cells for cancer
induction and the RBE. Controlled animal experiments have been the main source of

knowledge on radiation dosimetry with extensions being made to human populations.

Although animal studies have provided much information on the biology of radiation
carcinogenesis, estimates of radiation risk in humans still rest heavily on the data from
epidemiological studies. Studies on humans however, are often fraught with problems relating
to the lack of accurate data on radiation dosage and on other response modifying factors.
Furthermore, since cancers associated induced by ionising radiation are generally
indistinguishable from cancers induced by other causes, their occurrence can only be identified
by a statistical analysis of excess incidence over the 'natural' incidence. Much of our
information on human carcinogenesis is derived therefore from epidemiological sources that

focus on population perspectives rather than individual outcomes (Franks and Teich 1988).

Epidemiological studies consist mainly of longitudinal cohort studies and case-control studies
of exposed populations. Cohort studies include historic or retrospective cohort studies,

prospective cohort studies and more recently, nested case-control studies (within the cohort).
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Historic cohort studies and case-control studies have yielded most of the evidence currently
available and also helped generate new hypotheses which may be tested through prospective
studies. Basic epidemiological methods applied to cohort studies enable the evaluation of
excess risk due to exposures of interest. More detailed study of exposure-response
relationships is aided by the use of statistical and mathematical modelling, discussed in the

sub-sections 1.6.2 and 1.6.3.

Though the term '‘dose-response relationship’ has been commonly used in most
epidemiological studies, it is not appropriate in some cases where specific dose is not
measured. In epidemiological studies of uranium miner cohorts, exposure is measured in terms
of Rn progeny concentration levels in the workplace and there is, currently, no information
available on tissue or body dose of radiation. In such situations the use of the term dose is
inappropriate, and it is recommended that "exposure-response relationships" be used instead

(Thomas 1987).
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1.6.2 The Role of Modelling

Statistical models for studying radiation related carcinogenesis can be considered to have a
deterministic component that accounts for identifiable systematic effects or response-
modifying effects, and a stochastic component which would encompass the random nature of
radiation absorption and any unidentified systematic effects that are not explained by the
deterministic component in the model. Factors that may influence the biological response to
radiation identified to date include dose, dose rate, non-uniformity of dose distribution and
other temporal factors related to dose, age, species, health status and exposure to other

carcinogenic agents in combination with radiation.

Statistical modelling enables the separation of the effects due to radiation exposure and
exposure-telated variables from those due to the other identifiable effect modifiers. Factors
other than radiation exposure may explain a sizable component of the disease patterns
observed. Yet, radiation exposure remains the exposure of greatest interest in evaluating the
excess health risk associated with underground mining. Studies of the effect of radiation must
control for confounders of the radiation exposure-response relationship and elucidate the role
of interactions and effect modifiers. Statistical modelling techniques enable the simultaneous
adjustment for multiple confounders, and demonstration of the role of effect modifiers.
Statistical modelling is based on postulating the functional form of the exposure-response and
exposure-modifier relationships, and the stochastic variation. Due to the time-dependent
nature of most exposures and effect modifiers in epidemiological studies, the more
comprehensive terminology of exposure-time-response relationships and exposure-time-
modifier-response relationships which provide fuller descriptions of temporal associations,

has been widely advocated in recent years (Thomas ez al. 1987).
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Early difficulties that arose in handling time-dependent exposures and covariates included
differences of opinion on the meaning and definition of such terms as latency (Peto 198S5),
dose and exposure (Thomas 1987), and difficulties in analysis including, incorrect handling of
time-dependent exposures (Enterline and Henderson 1973), failure to account for multiple
time dimensions (Chu 1987), latency analyses without denominators (Guess and Hoel 1977;
Breslow and Langholz 1987), the failure to account for latency in constructing exposure
variables, the fallacy of analyzing cumulative exposure (Peto 1985; Doll and Peto 1978),
failure to consider the sequence of exposure in studies of interactions (Thomas 1982), fallacies
arising from the use of incidence rates versus cumulative incidence (Peto 1985) and the lack
of available software for analysing data with time-dependent exposures and covariates
(Thomas 1987). These issues were reviewed at a Symposium on Time Related Factors in
Cancer Epidemiology, held at the National Cancer Institute in 1985. This symposium aimed
at bringing together a group of quantitatively oriented cancer epidemiologists and
epidemiologically oriented statisticians in an attempt to develop clarify issues that lacked clear
definition and to address difficulties in analytical issues. The proceedings of this symposium -
published in a special issue of the journal of chronic diseases (Thomas et al. 1987) - provided
a rich basis for understanding issues on time-related factors and future work. Models for
exposure-time-response relationships have been extensively reviewed by Thomas (Thomas

1988), and Thomas and Whittemore (Thomas and Whittemore 1988).

11/8/93 2:30 PM 19 Arul



Chapter 1: Radiation and Health

1.6.3 Models of Exposure-Time-Response Relationships

The nature of the exposure-response relationships can be complex. Overall response curves
are known to be influenced by two factors viz., the cell multiplying effect and the cell killing
effect. As radiation dose increases it raises the probability of malignant transformation at the
cellular level - the cell multiplying effect. However, when dose levels are sufficiently high to
sterilize some cells - the cell killing effect - the number of cells that survive and therefore, are
capable of transformation, falls with increasing dose. Gray suggested in 1965 that the overall
dose response relationship for cancer resulted from the balance of these two effects (Gray

1965).

The functional form of the exposure-response relationship in radiation carcinogenesis is
postulated to vary with the type of radiation, amount of exposure and temporal factors such as
age at first exposure, attained age, time since last exposure and duration of exposure. The
general belief was once that the excess rate of cancer was a nearly linear or linear-quadratic
function of dose at low doses - nearly linear for high-LET radiation and linear-quadratic for
low-LET radiation - and increased with age at exposure and time since last exposure; for low-
LET radiation, longer exposures at low dose rates were thought to produce a lower risk than
shorter, more intense exposure of the same total dose, whereas the reverse may be the case

for high-LET radiation (Thomas 1990).

The linear-quadratic formulation of the dose-response relationship was widely interpreted in
terms of the Kellerer-Rossi theory of dual radiation action (Kellerer and Rossi 1972). The
Kellerer-Rossi theory of dual radiation action postulates that exposure to radiation can cause
lesions either in a single strand (SS), or simultaneously in both strands (DS) of the DNA. The
linear component of the dose-response relationship may be attributed to a single quantum of
radiation inducing a DS lesion or simultaneous homologous SS lesions. The quadratic
component may result from two separate quanta of radiation acting simultaneously on a pair

of homologous SS lesions.
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Microdosimetry theory suggested that simultaneous DS lesions were rare in low-LET
radiation and common in high-LET radiation. The reduced effect resulting from prolonged
low-LET radiation was therefore, interpreted under the Kellerer-Rossi theory of dual radiation
action, as resulting from a repair of SS lesions; i.e., the longer the duration of exposure, the
greater the probability that the first lesion has been repaired before the next mutation occurs at
the same locus. Though there is a growing body of evidence that suggests protracted
exposures to high-LET radiation are more, not less, hazardous than short exposures (Thomas
1987), dual theory of radiation does not attempt to explain this phenomenon (Thomas 1990).
If this phenomenon is confirmed, then risk estimates derived from occupational studies of
mining populations exposed to Rn progeny for only a portion of their lives may underestimate
the risk from lifetime exposure in domestic environments (Thomas 1987). The three-stage
model of carcinogenesis proposed by Thomas appears capable of explaining both the
decreasing effects of protracted low-LET radiation and the increasing effect for high-LET
radiation; this model also appears consistent with the observed exposure-response
relationships and the temporal modifying effects of age at exposure and time since last
exposure (Thomas 1990). In proposing the three-stage model, Thomas also showed some
limitations of the Moolgavkar-Knudson two-stage model, that rendered it unsuitable in

radiation carcinogenesis (Thomas 1990).

The linear linear-quadratic formulations were based on the biophysical model that
predominantly characterized single-track (i.e., resulting from entry of one quantum of
radiation) events with a linear dose-response function for low doses at low dose rates, and
dual-track events resulting in a quadratic dose-response relationship for high doses received at
high-dose rates. This model has been challenged in recent years by the view that only single-
track events contribute to biological damage, thus, advocating the linear dose-response
function in preference to the previously postulated linear-quadratic function (BEIR V 1990;
Thomas 1990). However, as stated in the BEIR V (BEIR V 1990) report, "an unequivocal

choice is yet to be made", and research into the functional form of the exposure-response

relationship, continues.
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Other important questions which still remain unanswered regarding exposure-response
relationships in radiation carcinogenesis include issues of threshold doses and the specific
action of repair mechanisms (IAEA 1986). Though some tolerance level is considered likely,
it is yet not known what threshold exists below which radiation effects could be discounted
(Anthony 1988; Southwood 1987). It is also considered most unlikely that there is no repair
mechanism at work. These issues were summarized in the opening address of the British
Nuclear Energy Society conference on health effects of low dose ionising radiation by
Anthony in 1988 (Anthony 1988), who further suggested that: answers on threshold and non-
linearity of the cause effect relationship are most likely to emerge from micro or cellular radio-
biology of individuals in conjunction with well designed epidemiological studies; individual
risk estimates could then be extended to provide societal estimates. Risk estimates and
relationships thus obtained would have to be validated by epidemiological studies. Estimates
of radiation related risk can then be refined through iterative application of the process of

obtaining estimates for individuals, extending them to populations and validating the findings.

Since Rn progeny emit high-LET alpha radiation, the exposure-response relationship may be
expected to be linear. In this thesis, linear dose-response models will be fitted to the data
from the Radium Hill uranium miner study and departures from linearity will be examined in
turn by fitting an additional quadratic term to the linear model and also by fitting separate

exponential and power models.
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1.6.4 Risk Assessment

Risk assessment involves risk estimation and risk evaluation. Risk estimation is the process
whereby risk is expressed in numerical terms, and is the focus of this work. Risk evaluation
deals with broader issues such as the acceptability of risks and appraisal of risks in terms of
their social costs. The stages of quantitative risk assessment may be described as modelling
the nature of the exposure, the metabolism of absorption, dose to sensitive tissue, the
exposure-time-response and dose-response relationships and finally, performing sensitivity
analyses to investigate the significance of uncertainties in the models used and the
parameters estimated. These aspects are described in the Fifth report of the Committee on
the Biological Effects of Ionizing Radiation (BEIR V 1990). Similar issues with particular
reference to social and scientific problems of radiation risk assessment in the context of

predictive modelling are summarized by Crouch (Crouch 1987).

Cancer risk may be estimated in various ways. Additive risk expresses the number of excess
cases per unit of time per unit of measured exposure, in a given number of exposed
individuals. The multiplicative or relative risk model expresses the ratio of the risk in the
irradiated population to that in a non-irradiated control group. Under the additive risk model,
it is postulated that the risk due to exposure adds to the background risk, whereas, the relative

risk model postulates that the risk due to exposure is a multiple of the background risk.

Recent findings (BEIR IV 1988; ICRP 60 1991; Xuan et al. 1993; Hornung and Meinhardt
1987; Lundin er al. 1979; Whittemore and McMillan 1983), indicate that relative risk models
are more suitable for evaluating the excess risk of lung cancer mortality in relation to Rn
exposure; in the words of the BEIR V committee "dose-dependent excess of cancers is now
more compatible with relative risk estimates than with previous absolute risk estimates; the
Committee believes that the constant absolute or additive risk model is no longer tenable"
(BEIR V 1990); at present therefore, preference is given to relative or multiplicative risk

models rather to purely additive models.
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It is however, emphasized that the constant relative risk model should only be considered as
an approximation, because recent epidemiological studies (summarized in chapter 2) show
that the relative risk is likely to be time-dependent and varies with time since exposure and
attained age. Alternatives to the constant relative risk model - modified relative risk models -
which allow for the variation of relative risk with time since exposure and other temporal
factors, have therefore been proposed; these include the BEIR IV model which allows for the
variations in time since exposure and age at risk (BEIR IV 1988), the three component model
proposed by Hornung and Meinhardt (Hornung and Meinhardt 1987), and the model recently
proposed by Jacobi et al. (Jacobi et al. 1992) - the GSF model - which considers the age-

specific excess rate of lung cancer as a function of age at exposure and time since exposure.

Samet and Hornung (Samet and Hornung 1990) provide a comparative appraisal of five
models of risk assessment viz., the NCRP model absolute risk model (NCRP 78 1984), the
ICRP constant relative risk model (ICRP 50 1987), the BEIR IV time-dependent relative risk
model (BEIR IV 1988), the EPA constant relative risk model (US EPA 1987), and the
NIOSH time-dependent relative risk model (NIOSH 1987). Samet and Hornung conclude
that constant relative risk models may not be biologically appropriate in view of the declining
risk with time since exposure (BEIR IV 1988; Homung and Meinhardt 1987) and that the
epidemiological data from studies of miners are not consistent with an additive model

(Hornung and Meinhardt 1987).

These findings steered the course in the choice of risk assessment models used in this thesis.
The evaluation of radon progeny related lung cancer mortality risk undertaken in this work
will therefore be based only on relative risk models including both, constant and time-
dependent relative risk models. The specific forms of models used in this thesis will be

discussed in conjunction with their application in the analytical chapters of this work.
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1.7 Importance and Scope of This Work

1.7.1 The Importance of This Work

The Radium Hill uranium mine operated in South Australia from 1948-1962 and levels of
cumulative individual exposures to Rn progeny were relatively low, compared with other
underground uranium mines of that period. It is therefore a particularly important setting for

an epidemiological study of the health effects of exposure to Rn progeny.

The value of the Radium Hill cohort is enhanced by the data that are available, including
reconstructed estimates of Rn progeny levels, comprehensive work histories and estimates of
individual exposure to Rn progeny, and some additional data on smoking histories and other

occupational exposures in radiation and asbestos related underground mining.

The comprehensiveness of the data available and the many years of follow-up makes the
Radium Hill cohort a rich independent source of epidemiological data. However, it is
recognized that the analytical strength of this study, may be better realized in joint analysis
with the many overseas studies conducted. As noted by the BEIR IV committee, the quality
of data on exposure, possible confounders, and disease outcome from each individual study,
are variable and fraught with uncertainties; therefore it is important that no study, however
comprehensive, should be regarded in isolation; findings from individual studies should be
compared and combined to enable cross-validation and support cross-references (BEIR 1V
1988). Efforts are being made to perform such comparative and combined analyses of the
Radium Hill cohort through collaborative work in conjunction with the National Cancer

Institute of the United States.

The opening of the Roxby Downs Uranium Mine in Olympic Dam, South Australia which
commenced ore production in 1988, makes the analyses and findings from the Radium Hill

cohort study particularly topical and of interest in the Australian context.

11/8/93 2:30 PM 25 Arul



Chapter 1: Radiation and Health

1.7.2 The Scope of This Work

The aim of this work is to provide a substantive analysis of the Radium Hill cohort study with
a view to addressing several of the questions that are topical in occupational radon

epidemiology.

This is essentially an epidemiological investigation. The nature of this investigation is
fundamentally analytical involving the selection of analytical and inferential methods in

epidemiology and statistics and the extensive application of quantitative techniques.

The derivation of analytical methodology is not the aim of this thesis; the primary aim is to
identify and apply appropriate analytical techniques of study design and analyses. The choice
of analytical techniques used in this work will be based on the application of available methods
of study design and analyses which, when necessary, will be adapted for the particular use in

this study.

The suitability of each analytical technique will be assessed through comparative appraisal of
analytical methods. Many of the research questions will therefore be examined through
alternate analytical methods; analyses will also be repeated through various alternative
methods of investigations. However, this work is not intended at finding the besr analytical
methodology, but at examining the research questions without being constrained by the
shortfalls of any particular analytical method. Each method will be examined with reference to

this particular investigation.

The ultimate aim of this work is to estimate the magnitude of the risk of lung cancer mortality
associated with radon progeny exposure amongst Radium Hill uranium mine workers, and to
examine the nature of the exposure-response relationship in conjunction with relevant

cofactors, covariates, temporal effects and modifiers of effect.
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This thesis is structured as follows. Chapters 1 and 2 summarize the relevant background on

radiation and health and radon epidemiology.

Chapter 3 identifies the specific aims of the Radium Hill study, provides a comprehensive
description of the Radium Hill study design and describes the trace status of the study cohort.
Appendices A and B provide supplementary information on the Radium Hill study cohort and
data collection procedures. Chapter 4 - the descriptive epidemiology chapter - also

summarizes the demographic characteristics of the study cohort.

Chapters 5-7 - the analytical epidemiology chapters - provide comprehensive analyses of the
Radium Hill cohort study with a view to evaluating the risk of lung cancer mortality
associated with Rn progeny exposure. Analyses presented in chapters S and 6 use analytical
methods for cohort studies based on person-years-at-risk; chapter 5 addresses the issue of
confounding whilst chapter 6 focuses mainly on temporal issues related to effect modifiers and
surrogate measures of exposure. The final analytical chapter of this work - chapter 7 - is
based on analytical methods for nested case control study designs which are used to study
exposure-time-modifier-response relationships and the effect of cigarette smoking and other
occupational exposures to radioactive materials and asbestos. Each analytical chapter is self
contained in its description of analytical methodology. The basic epidemiological background
on the processes of epidemiological enquiry and inference are presented in appendix C. A
brief overview of the main analytical tool used for mathematical and statistical modelling in

chapters 5-7 of this work - EPICURE (EPICURE 1992) - is provided in appendix D.

Chapter 8 - the final chapter of this thesis - provides an overall summary of the findings from
this study of the cohort of former workers at the Radium Hill uranium mine, interprets these
findings, and discusses the implications of the conclusions drawn from this study in a global

perspective with suggestions for future directions in the Radium Hill study.
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2. Radon Epidemiology
2.1 Properties of Radon

Radon is a very dense, chemically inert gas that is tasteless and odourless. Radon is denser
than air and highly soluble in water (Weast 1985); it is also known to be a highly mobile
radionuclide. Since the source of radon - radium-226 - is found in the earth's crust, radon

(Rn) is ubiquitous throughout the geosphere, biosphere and atmosphere (IARC 1988).

When the gaseous Rn is released into the air, (e.g., as happens in uranium mining), it decays
into non-gaseous products that can attach themselves to particles in the air; the probability of
attachment is high and increases with the concentration of particles in the air. Radioactive
equilibrium is said to occur when the activity concentration of every short-lived Rn progeny
present in air is at the same level as that of Rn. Individual activities of Rn progeny cannot

exceed Rn activity.

The concentration of Rn progeny levels in air varies with ventilation rates. If the air is not
circulated, the Rn progeny concentrations increase and build up to equilibrium level. The
circulation of air reduces plateout - Rn progeny particles anchoring to walls and surfaces - by
flushing out decay products before they can increase their concentration in air. Therefore, if
air is circulated the Rn progeny are given less chance to increase in concentration to
equilibrium levels; they taper off at lower concentration levels. A major contribution of human
exposure results from the inhalation of the short-lived decay products which attach themselves
to dust particles in the air. Radon gas which is released into dustier or less ventilated

surroundings therefore poses a greater health hazard.
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2.2 Measurement of Radon Progeny Concentrations
2.2.1 Measurement Criteria

Measurement of Rn progeny concentration is based on the total potential o energy
concentration of the Rn decay product mixture present in air. The potential o energy of a
decay product atom is defined as the total o energy emitted during the decay of the atom to
the long level decay product, lead-210. Radon decay product concentration in air is therefore

the sum of the o energies of all short-lived Rn progeny present per unit volume of air.

The individual activity levels of Rn progeny cannot exceed levels of Rn activity. Radon
progeny concentrations are often expressed in terms of equilibrium equivalent concentration
(EECR;). Non-equilibrium mixtures of Rn and Rn progeny can be defined in terms of an
equilibrium factor (F), which is defined as the ratio of potential o energy concentration of
the decay product mixture to the corresponding concentration if they were in radioactive
equilibrium with Rn. EECRn is therefore equal to the product of F and the acrivity
concentration (0R;) of Rn. With the activity concentration (0R,) of Rn generally being

expressed in terms of Bq/m3 of air, EECR,, is also measured in Bq/m3.

The cumulative potential energy exposure (E) to short-lived Rn progeny is defined as the
product of a conversion factor between potential o energy and the equilibrium equivalent

activity in air (k), the time spent in the area (T), the equilibrium factor for the decay product

mixture (F) and the activity concentration of Rn in air (aR,,);

ie., E =k*T*0oR, = k*T*EEC,,
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Cumulative exposure to inhaled Rn progeny is measured by the potential o concentration of
the short-lived Rn decay product mixture in inhaled air, integrated over the exposure time in
that air space; expressed in terms of an additional time component of hours, units of

measurement for cumulative exposure may be expressed as J h/m3in ST units.

In occupational radon epidemiology amongst uranium miners where the o emitting progeny of
Rn pose the major component of health risk, potential exposure to Rn progeny concentrations
in air is conventionally measured in working-levels (WL). Consequently, cumulative

exposures over time are measured in working-level months (WLM).

A WL is defined as any combination of short-lived Rn progeny in one liter of air, that will

ultimately result in the emission of l.3x105

5 3

MeV of potential o particle energy. A WL is

equivalent to 2.08x10 ~ J/m~ of air in SI units and in terms of pCi, the original unit of

measurement for activity, a WL equals 100pCi/l (activity concentration of Rn at equilibrium).

A WL corresponds approximately to the potential o energy concentration of short-lived Rn

3

progeny that are in radioactive equilibrium with a concentration of 3.7x10~ Bq radon/m3 of

3

air; ie., IWL = 3.7 x 10°Bg/m> (EECRy,).

A WLM is defined as the exposure accumulated by a miner exposed to 1WL over one

working month of 170 hours. Cumulative exposure in WLM is therefore the sum of the

products of Rn progeny concentrations (in WL) and duration of exposure (in months).
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2.2.2 Evaluation of Concentrations in Underground Mines

Individual exposure estimates used in most retrospective cohort studies of underground miners
have been based on reconstructed estimates of Rn progeny concentrations.  The
reconstruction of early exposures was generally based on measurements of Rn that were made
on air samples taken periodically during the operation of the mine for purposes such as
ventilation control and routine monitoring. In the absence of Rn progeny concentration
measurements, the radioactive equilibrium factor is used as a conversion factor in deriving

estimates of Rn progeny concentrations from measurements of Rn concentrations.

Projections of individual exposures were then made on the basis of mine or workplace
averaged measurements and the duration of exposure. Estimation techniques and averaging
techniques varied considerably between mines. The obvious impact of this variation on
estimates of individual exposure, emphasizes the need for careful assessment of measurement
and estimation techniques in any comparative appraisal between studies. Therefore, for each
of the studies reviewed in this chapter, a brief outline and reference are also provided as to the
basis of exposure evaluation and the techniques that governed the estimation of individual

€Xposurces.
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2.3 Occupational Radon Epidemiology: Overview

Since the identification of elevated incidence of lung cancer amongst underground miners,
epidemiological studies have shown that the cause of the increase was occupational exposure
to Rn progeny (IARC 1988). The high exposure levels experienced by miners before the
seriousness of the hazard was fully recognized provided sufficient numbers of cancer cases for
research into quantitative relationships between Rn progeny exposure and lung cancer
incidence. These early studies were however, hampered by the lack of data on individual
exposure levels and employment records. It was therefore difficult to obtain accurate risk
estimates from these studies. Furthermore, since these findings resulted in greater controls
being placed on the recommended standards of individual exposure limits it was now
necessary that risk estimates be available for these lower levels of exposure. Though the
extrapolation of findings from high-dose epidemiology did provide some estimates of low-
dose risk, these estimates had to be refined through epidemiological studies on populations
exposed to lower levels of exposure. Consequently, several epidemiological studies were
initiated amongst underground mining populations which have resulted in a steadily improving
basis for calculating risk. These improved data coupled with the more sophisticated analyses
techniques ought to provide more accurate measures of risk at lower levels of exposure than

those obtained through extrapolations from high-dose studies.

The principal sources of epidemiological data on miners exposed to Rn progeny have been the
Canadian, Colorado Plateau, Czechoslovakian and Swedish mining populations. More
recently, studies have also been reported from China, France and the United Kingdom. In
addition to providing a basis for obtaining estimates of radon-induced lung cancer risk,
findings from these studies have also helped identify potential risk and response modifiers;
most importantly, the role of ventilation in mines as a risk modifier and the age of individuals
exposed, other temporal factors regarding exposure and the smoking habits of individuals as

possible response modifiers.
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Epidemiological studies on the risk of lung cancer associated with Rn progeny have been
extensively reviewed by several task forces and individuals with the aim of elucidating the role
of smoking and temporal characteristics of exposure (IARC 1988). These efforts include
work by the United Nations Scientific Committee on the Effects of Atomic Radiation,
(UNSCEAR 1977); the Committee on the Biological Effects of Ionizing Radiations (BEIR III
1980; BEIR IV 1988; BEIR V 1990); the International Commission on Radiological
Protection, (ICRP 32 1981; ICRP 50 1987); the National Council of Radiation Protection and
Measurements, (NCRP 78 1984); Thomas et al., (Thomas et al. 1985); the United States
Department of Energy (US DOE 1988 and 1992), SENES Consultants (SENES 1984;
SENES 1990), Lundin et al. (Lundin et al. 1971) and most recently, the National Cancer
Institute of the United States National Institutes of Health (NCI 1992).

Risk estimates from these studies have been progressively revised with reanalyses over time.
The detailed description of the evolution of analyses and revisions on individual studies have
been extensively reported and summarized elsewhere; therefore, repetition of these details is
minimized in this work. For each of the studies reviewed in this work, study characteristics
are briefly outlined in section 2.4 which concludes with a presentation of analytical findings
that are relevant to this thesis, summarized in tabular form and a discussion of these findings.
This chapter is concluded in section 2.5 with a summary of the current needs in Rn

epidemiology and the relevance of the Radium Hill study in addressing these issues.
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2.4 Occupational Exposure to Radon Progeny:
Review of Individual Studies

2.4.1 Canadian Studies

L Preliminary Investigations

Canadian studies on occupational radon epidemiology have centered around three distinct

populations viz., the Eldorado Nuclear Ltd., Newfoundland flourspar and Ontario miners.

The principal uranium mines under Eldorado Nuclear Ltd., were located at Port Radium in the
Northwest Territories and Beaverlodge in nothern Saskatchewan. The Port Radium mine
operated from 1930 to 1960 which included a brief closure between 1940 and 1942; the
Beaverlodge mine started operations in 1949 and closed down in 1982. The Beaverlodge
mine commenced full production of ore only in 1953, by which time ventilation and other
safety procedures had been substantially increased in uranium mines. Therefore, Beaverlodge
workers experienced lower levels of exposure than those at Port Radium. Since employment
records were not available for workers at Port Radium prior to 1940, estimates of exposure
could not be made for this period. A pilot study of miners at Port Radium reported lung
cancer rate ratios for workers by three exposure groups based on the location and duration of
work, viz., surface, underground for < 5 years and underground for > 5 years (Grace et al.
1980). A study of all male workers (14,022 with complete employment records) employed at
the two uranium mines, and the uranium and radium refinery at Port Hope in Ontario reported
standardized mortality ratios and directly standardized mortality rates for exposure groups
based on location of work with reference to the Canadian population for 64 disease categories

(Nair et al. 1985).

These studies were followed by several detailed studies which are summarized below.
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IL The Beaverlodge Study

The Beaverlodge cohort was further studied using reconstructed estimates of individual
exposures (Howe et al. 1986). In each occupied location of the Beaverlodge mine, routine
measurements of Rn progeny concentrations were made several times a month since 1967.
Individual exposures for this period were estimated from monthly average Rn progeny
concentration measurements and duration worked in each location of the mine. Radon
progeny levels prior to 1967 were estimated from Rn gas measurements from air samples that
were taken for ventilation control purposes and annual equilibrium factors; concentrations
were estimated on a workplace basis from November 1 1966, and on a mine average basis
prior to that. Annual median Rn progeny estimates were then used to evaluate individual
exposures, on an annual basis for those exposed after 1966 and as a single lifetime total for
those exposed before then (Frost 1983). After the exclusion of workers with incomplete
employment histories and those who worked at other uranium mines the analysis included

8,487 workers (77.5% of the total Beaverlodge cohort) and 65 lung cancer deaths.

Lung cancer risk was estimated using person-years-at-risk and a five-year lagged exposures.
Expected deaths were calculated through indirect standardization with reference to age and
calendar-year specific Canadian male mortality rates from 1950 to 1980. Weighted linear
regression techniques were used to estimate relative and attributable risks for various ranges
of exposure, age at first exposure and age at observation. Salient findings included a highly
significant linear dose-response relationship and an increased risk of lung cancer with a relative
risk estimate of 3.28% per WLM and an attributable risk coefficient of 20.8 per WLM per 106
PYR. Age at first exposure was a significant effect modifier and the interaction of exposure
with age at observation was found to fit a relative risk model well. Subsequent reevaluation of
exposure estimates have resulted in individual exposures being revised to considerably higher
levels (SENES 1991; Chambers et al. 1992). Consequently, the revised risk estimates - a
1.3% increase in excess relative risk of lung cancer mortality per WLM (95% CI: 0.59%-

2.98%)- are lower than those previously published.
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JIIR Port Radium Study

The Port Radium cohort studied using similar methods of selection and analysis as the
Beaverlodge study was reported in 1987 (Howe er al. 1987). The study included 2,103

workers (78% of the initial cohort) and 57 lung cancer deaths.

Exposure measurements were reconstructed from 261 Rn gas samples collected between 1945
and 1958. The distribution of annual Rn concentrations was found to vary, from being normal
or log normal in some years and showing no clear distribution in other years. Measures of
annual average concentration were obtained by using estimators appropriate for each type of
distribution; viz., arithmetic means for normal distributions, geometric means for log normal
distributions and medians in instances where no clear distribution could be discerned.
Equilibrium factors were estimated based on ventilation rates and weighted according to the
labor distribution, type of workplace and season (summer and winter). Individual exposures
were then calculated in WLMs based on a 48-hour week and 48 weeks per year. Due to the
unavailability of employment records for workers at Port Radium prior to 1940, estimates of
exposure experienced during this period were not available for those who worked there before
as well as after 1940. Therefore, cumulative exposure values reported for some workers at

least, are deemed to be underestimated.

Findings from this study revealed a highly significant linear relationship between exposure and
increased risk of lung cancer. The weighted linear regression estimates of relative and
absolute risk coefficients of 0.27% per WLM and 3.10 per WLM per 106 PYR obtained in
this study were thought to represent an upper limit that reflected the nature of the overall
biases that could have been present in this study. The Port Radium cohort was exposed to
much higher concentrations of Rn progeny than the Beaverlodge miners, and it was postulated

that the much lower risk estimates obtained in this study could have been due to effect

modification by high exposure rates.
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IV. Ontario Studies

Mortality amongst Ontario gold and uranium miners has been studied from 1955 to 1980.
Uranium mining in Ontario commenced in 1955, peaked in the late 1950's and early 1960's and
declined thereafter. A pilot mortality study of Ontario uranium miners was reported in 1974
(Muller and Wheeler 1974), with several studies being reported subsequently (Ham 1976;
Chovil 1981; Muller et al. 1981, 1983 and 1985; Kusiak er al. 1991).

The 1976 report by Ham (Ham 1976) on behalf of the Canadian Royal Commission on the
Health and Safety of Workers in Mines, studied lung cancer mortality for 15,094 workers who
had experienced at least one month of exposure in a uranium mine. The study reported 81
lung cancer deaths identified from matching against national vital statistics records; this rate of
lung cancer mortality was significantly higher than the rate expected based on national vital

statistics.

Results of a case-control analysis within this cohort revealed that cases had worked for a
significantly longer duration in mining (average duration of employment: 43.2 months for
cases, 25.6 months for controls) and had been exposed to significantly higher levels of
exposure than controls (average exposure: 74.5 WLM for cases, 32.8 WLM for controls).
The effects of smoking amongst subjects was not examined in this study (Hewitt 1976; IARC
1988). By examining records of the Workmen's Compensation Board of Ontario (Chovil
1981), a total of 135 lung cancer cases were identified. This report which included
information on smoking histories on 64 lung cancer cases (all of whom were smokers), was
however, not considered a formally designed study; results of crude analyses confirmed the
excess of lung cancer amongst Ontario uranium miners and its association with estimated

exposure to Rn progeny.
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Subsequent studies reported by Muller et al., (Muller et al. 1981, 1983 and 1985), were based
on a cohort of 15,984 Ontario uranium miners; this cohort excluded those who may have been
exposed to asbestos and those who had mined uranium in another province as an employee of
Eldorado uranium mines. The cohort was selected from miners who attended a miners' chest
clinic between 1955 and 1977, and had been employed for at least one month as an
underground uranium miner. Vital status and cause of death ascertainment were made
through linkage with the National Mortality Database of Statistics Canada for deaths between
1956 and 1986. Individual exposures were estimated using work histories assembled by the
Ontario Workmen's Compensation Board and mine exposure levels estimated using various
approaches for the period prior to 1968, and from personal records of exposure to Rn progeny
which were available after 1967. This cohort included miners who had also worked in gold

mines.

Follow-up till 1981 resulted in an excess of lung cancer mortality being identified amongst
both groups, uranium miners who had and who had not worked in gold mines. After
excluding prior gold mining experience, the excess relative risk per WLM for Ontario uranium
miners was estimated to lie between 0.5% and 1.3%; a range of values was provided for risk
estimates to account for the uncertainty of cumulative exposure estimates which averaged
between 40-90 WLM per person. These findings were based on a total of 232,795 person-
years-at-risk and 82 lung cancer deaths; a total of 56.9 lung cancer deaths were expected

compared to the Canadian population (SMR= 1.44).

Factors modifying lung cancer risk in Ontario uranium miners were further examined by
Muller et al. (Muller et al. 1989). In this report the authors examined the effect of various lag
periods using relative risk models modified by time since exposure and concluded that the
"most effective exposure occurred 10 to 14 years before the time of observation" (Muller et
al. 1989). They also concluded using a relative risk model, that the interaction between the

effects of inhaled cigarette smoke and radon progeny was multiplicative.
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A more recent report on a cohort of 54,128 Ontario miners reported follow-up till the end of
1986 (Kusiak et al. 1991); the cohort mainly comprised gold, nickel and uranium miners. This
report concentrated on lung cancer mortality amongst gold miners and excluded miners who
died after beginning to work in uranium mines; of the 37,493 men who entered the study as
non-uranium miners, 6,260 including 2869 gold miners went on to become uranium miners.

Other criteria for inclusion into the study were similar to those reported previously.

Findings from this study showed an overall excess of lung cancer mortality amongst 13,603
Ontario gold miners (SMR=129; 95% CI: 115-145). Closer examination showed that the
excess lung cancer mortality was mainly amongst those who began mining gold before 1946
(SMR=141; 95% CI: 105-184); no increase in lung cancer mortality was detected amongst
those who began mining gold after the end of 1945, those who began mining nickel after 1936
or those who mined ores other than gold, nickel and uranium. The excess risk of lung cancer
mortality amongst gold miners was mainly attributed to exposures to high dust concentrations
and to arsenic prior to 1946 and exposure to Rn progeny. Each year of employment in gold
mines prior to 1946 was associated with a 6.5% increase in lung cancer mortality after a
latency period of 20 years or more from commencement of employment (95% CI: 1.6%-
11.4%). Examination of the joint effect of exposures to arsenic and Rn progeny showed that
they acted independently upon lung cancer risk resulting in an additive effect on the risk of
lung cancer mortality; after a 20 year period from commencement of employment, the risk of
lung cancer mortality associated with arsenic exposure increased by 3.1% (95% CI:
1.1%5.1%) for each year of employment; the risk of lung cancer mortality associated with Rn
progeny exposure increased by 1.2% per WLM (95% CI: 0.02%-2.4%) after a period of five
or more years following first exposure. Examination of smoking data on a random sample of
the miners studies showed that smoking was not a likely explanation for the excess risk of lung
cancer mortality observed among Ontario gold miners. Findings from this study which are
pertinent to this thesis are summarized in section 2.4.8 (table 2.4.8) of this work; since mean
Rn progeny exposure estimates were not reported in the most recent paper (Kusiak er al.

1991), table 2.4.8 presents an estimate previously (Muller ez al. 1985) for this cohort.
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V. Newfoundland Fluospar Miner Study

Fluospar was mined underground in St. Lawrence, Newfoundland from 1936 to 1978. A
growing number of lung cancer deaths was noticed amongst mine workers in the early 1950s,
but exposure monitoring did not commence till 1960. Subsequent investigations revealed high
concentrations of Rn and Rn progeny in the mine air (in excess of 190 WL), arising from the
water that seeped into the mines. Introduction of mechanical ventilation into the mines in

1960 reduced the levels of Rn progeny to well below the permissible standards of the time.

A cohort study of 1,772 underground miners and 352 surface workers from the Newfoundland
fluorspar mines was reported by Morrison et al., (Morrison et al. 1988). Occupational
histories for cohort members were compiled from company records and from personal
interviews. Radon progeny exposure levels were estimated from measurements of Rn and Rn
progeny made since 1960, and daily exposures which were recorded for each worker since
1969. The average exposure for underground workers was 382.8 WLM, over an average of

5.7 years of exposure.

Information on smoking histories was obtained through surveys conducted in 1960, 1966,
1970 and 1980, for 48% of the underground workers. Vital status and cause of death of
cohort members were ascertained through record linkage with the National Mortality

Database. Persons untraced through this search were assumed to be alive for the purposes of

analysis.

Follow-up to the end of 1984 resulted in a total of 113 lung cancers being observed. Since
only 6 lung cancer deaths were observed among surface workers, this group could not
effectively be used as a basis of reference. Attributable and relative risks were computed

based on stratified analyses using indirect standardization methods.
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Results showed that SMRs increased with increasing cumulative dose, the trend being highly
significant. Statistically significant SMRs were reported in all but those unexposed (surface
workers) and those exposed to less than 100 WLMs of Rn progeny. A simple linear model
was found to fit the data adequately and no significant quadratic departures from linearity
could be detected. A decline in SMRs was noted with increasing time since last exposure.
Relative risk estimates declined with increasing age at observation. Though age at first
exposure did not significantly improve the fit of models, the relative risk coefficients were seen

to decline with increasing age at first exposure.

Compilation of smoking data revealed that only 13% of underground workers had never
smoked and 70% were current smokers at the time of interview. Based on available data, the
prevalence of smoking was found to be constant across exposure categories. An element of
bias arising from the increased prevalence of smoking amongst underground miners as
compared with the reference population (71%), was thought to possibly inflate the SMRs for
smoking related cancers. Another source of possible bias was identified as the greater
likelihood of lung cancer being identified as the cause of death, by the medical community of

St. Lawrence who were conscious of the risk of lung cancer among fluorspar miners.
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2.4.2 United States Studies

1 Colorado Plateau Uranium Miners

The uranium mining industry in the Colorado plateau region comprised approximately 2500
mines located in Colorado, Utah, New Mexico and Arizona. Investigation of the miners and
millers employed in this region began in 1950 when a US Public Health Service initiated a
prospective cohort study. Selection criteria for participation in this study included only
workers who had undergone at least one medical examination conduced by the US Public
Health Service between 1950 and 1960, and had completed at least one month of underground
mining by 1 January 1964. Hence, the study cohort did not include any workers who were not
exposed to Rn progeny. Two separate study cohorts - distinguished on the basis of race -
were initially established, comprising approximately 3400 white miners and 740 non-white -

primarily American Indian - miners (IARC 1988).

Estimates of Rn progeny concentrations were made by the US Public Health Service, state
agencies and the mining companies based on nearly 43,000 measurements taken between 1951
and 1968. The sources and number of measurements varied by geographic region and
calendar year. Estimates of Rn progeny concentrations were not measured directly and
annually in all mines; therefore, gaps in data were filled by estimates. For subjects who had
previously worked in hard rock mines, previous exposures were estimated from annual Rn
concentration estimate and work histories obtained from annual census of active miners and
self-completed questionnaires. Exposures experienced after 1960 were estimated from Rn
concentration measurements, made primarily for control purposes which could therefore have
overestimated individual exposures (Lundin ez al. 1971). Measurement errors associated with
these components constituting individual exposure estimates were studied by Hornung and

Meinhardt (Hornung and Meinhardt 1987).
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Cigarette smoking histories were compiled from information collected at the survey
examinations, annual censuses of miners and mailed questionnaires between 1950 and 1969
(Lundin et al. 1971; Whittemore and McMillan 1983). Cohort mortality was determined
periodically and cause of death was ascertained from death certificates. Investigation on

mortality is still in progress.

The Colorado cohort has been analysed periodically at various follow-up intervals since the °
inception of the study, with the size of the analytical cohort varying with specific selection
criteria and follow-up. Each of these analyses showed an excess of lung cancer mortality
amongst white males, with relative risk of lung cancer mortality increasing with cumulative
exposure; this effect was not altered by controlling for the effect of cigarette smoking through
stratification (Wagoner et al. 1965; Lundin et al. 1969; Archer et al. 1973 1976; Hornung
and Samuels 1981; Waxweiler et al. 1981; Whittemore and McMillan 1983; Hormung and
Meinhardt 1987).

'The most recent of these analyses reported in 1987 (Hornung and Meinhardt 1987) was based
on a study cohort of 3346 white miners including 256 lung cancer deaths. Results showed
that the dose-response relationship was best described by a power function in preference to the
linear or log-linear functions. Several lag periods were examined and the optimal fit was
obtained using a four year lag period followed by linear partial weighting of lag periods
between four and ten years. Background levels of exposure from Rn progeny and passive
smoking - obtained from estimates of background exposure in the United States of 0.2 WLM
per year since birth for Rn progeny exposure and 0.005 pack of cigarettes per day for passive

smoking - were introduced for each individual.

The combined effect of smoking and Rn progeny exposure provided the best fitting model for
this data, with the combined effect being less than multiplication and greater than additive.

Increasing the background Rn progeny estimate to 0.4 WLM was found to provide a better

fiting model.
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Examination of time-related factors and other modifiers of effect showed that all else being
equal, for a given level of cumulative exposure, lower rates of exposure (i.e., exposures
sustained over longer periods) had a larger effect than higher rates of exposure; a birth cohort
effect was detected with later births having a higher risk than earlier births for a given set of
other risk factors; examination of the effect of age at first exposure showed that those first
exposed at older ages were at significantly higher risk than those commencing their exposures
at younger ages and the risk of lung cancer mortality was found to decline dramatically with

increasing time since last exposure, the decline being statistically significant.

The authors discussed the relevance of their findings in the context of the multistage theory of
carcinogenesis. They concluded that their findings on temporal effects supported the theory
that exposure to Rn progeny apparently acted as a late stage carcinogen primarily contributing

as a promoter under the multistage theory of carcinogenesis.

Quantitative findings relevant to this thesis are summarized in section 2.4.8 (table 2.4.8).
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1. New Mexico Uranium Miner Studies

A case-control study of Navajo men (a predominantly non-smoking population) conducted to
examine the association between uranium mining and lung cancer studied 32 cases ascertained
from the New Mexico Tumor Registry between 1969 and 1981, each being matched with two
population based controls (Samet er al. 1984). The prevalence of uranium mining experience
was 72% amongst cases, whilst none of the controls had documented uranium mining
experience. Smoking data was available only for 21 cases and were supplemented by
estimates derived from the British doctors' study (Doll and Peto 1978). The authors
concluded that there was a strong association between uranium mining and lung cancer which
could not be sufficiently attributed to selection or information bias, and that uranium mining

without cigarette smoking increased the risk of lung cancer (Samet ez al. 1984).

A cohort study was initiated in 1988 by the University of New Mexico to examine the
mortality and morbidity among uranium miners in the Grants mineral belt region of New
Mexico (Pathak et al. 1988). The study comprised 4,048 miners who had undergone at least
one mining company physical examination between 1957 and 1976, at the Grants clinic and
had at least one year of documented underground experience. Estimates of Rn progeny
exposure were obtained from several sources including, company records on individual
exposure available from 1968, mine exposure measurements made by the State Health and
Environment Department prior to 1968, and exposures from work outside New Mexico as
estimated by the Public Health Service for the Colorado Plateau cohort study. Vital status and
cause of death ascertainment was made through the New Mexico Tumor Registry, physicians
and company records, and records of the Colorado Plateau study. Follow-up to the end of
1985 revealed 66 cases of lung cancer, eligible for study; initial analyses showed that the risk
of lung cancer increased with increasing exposure, duration of exposure and time since first
exposure. Results of more recent analyses (Samet et al. 1989 and 1991; Samet 1992), based
on the follow-up of 3,469 miners (87.3% of whom had complete data on cigarette smoking)

are summarized in section 2.4.8 (table 2.4.8) of this thesis.
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2.4.3 Czechoslovakian Studies of Joachimsthal Miners

Metal ore has been mined on the German (Schneeberg) and Czechoslovakian (Joachimsthal)
sides of the Erz mountains since the 15th and 16th centuries. As early as the 1546, a high
prevalence of fatal lung diseases was reported among these miners (Agricola 1597; Lundin ez
al. 1971). The disecase was identified as lung cancer in 1879 (Harting and Hesse 1879).
Detailed accounts of this pioneering work on lung disease in the Erz mountain regions have

been presented in two recent papers (Greenberg and Selikoff 1993; Schuttmann 1993).

Mining of uranium ore commenced more recently in the Joachimsthal region; these miners
comprised one of the earliest epidemiological studies on Rn exposed miners. Czechoslovakian
studies of underground miners comprise of several groups studied independently of each other
and recently, in combination with each otﬁer. The group most studied comprised 2,433 miners
(Sevc et al. 1971) who had worked for an average duration of approximately 26 years (Kunz
et al. 1979) and been exposed to an average of approximately 300 WLM. Recent reports
include two additional study groups of 2,194 and 1,849 miners who commenced exposure in
underground uranium mines between 1948 and 1957 and were exposed to averages of 303 and
134 WLM, respectively over 10 years; another two groups comprising 3,799 and 1,561
uranium miners were exposed to much lower levels (mean exposure: 6.1 and 3.2 WLM,
experienced over 6 and 10 years respectively), between 1968 and 1975; and two other groups
comprising of 1,056 East Slovak iron miners commencing exposure between 1951-1960
(mean exposure: 40 WLM over 18 years), and 916 clay shale miners who commenced
exposure after 1950 and were exposed to an average of 25 WLM over 11 years. The essential
characteristics of these study groups were summarized by Sevc et al., (Sevc ez al. 1988), who
refer to the first group as study S - comprising groups A and B (uranium miners commencing
exposure between 1948 and 1957), the second as study N (uranium miners commencing

exposure after 1968) - comprising groups B and C, and the last two as study K (East Slovak

iron miners) and study L (clay shale miners).
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Measurements of Rn progeny levels were made from around 1960 onwards, in selected
workplaces; full measurements of Rn and Rn progeny levels started in 1966. Radon progeny
levels prior to 1960 were estimated from Rn gal levels which had been noted from 1946
onwards, using equilibrium factors calculated according to mining and ventilation data.
Ventilation in the mines was mainly natural ventilation prior to 1952; mechanical ventilation
was introduced in mines from 1953 and all mines were mechanically ventilated by 1955. After
1955, secondary auxiliary ventilation was also introduced into the mines. Individual exposures
were computed using additional data on job description and hours worked obtained from pay
roll data which were available since 1948. This description of the measurement of Rn gas and
Rn progeny exposure in the Czechoslovakian mines was obtained from the SENES report
(SENES 1990) which rates the Chezch exposure data highly, due to the extent of detail on

which mine exposure levels and time spent in workplace by individuals were monitored.

The basic procedures used in all these cohort studies were uniform. Vital status and cause of
death ascertainment were made through the population registry at the Ministry of Interior,
examination of district death registers, registries of oncological notifications in the Ministry of
Health and pathologico-anatomical records maintained in district hospitals. Follow-up was
completed till the end of 1980 for studies S and N, and through to the end of 1981 for study
groups K and L.

Data on cigarette smoking were obtained in studies N and L by detailed questionnaires being
administered to all members of the study groups. Smoking data for study S were obtained
through repeated surveys conducted in parts of the study only. Lung cancer deaths identified
amongst these study cohorts comprised 484 from study S, 4 from study N, 9 from study K and
22 from study L. Analyses were based on exposures computed using five year lagged data
and on non-lagged exposure data, findings of which emphasized the importance of using

lagged exposures.
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Results of analyses by Sevc et al., (Sevc et al. 1988) reported that the attributable lung cancer
risk per WLM of exposure increased with age at first exposure in all cohorts, and with age at
death in the first three cohorts. The relative risk of lung cancer was reported as decreasing
with age at first exposure and with age at death in all cohorts. Analyses included examination
of the character of exposure accumulation, i.e., the time course of accumulation of exposure.
The paper also contained extensive discussions of the findings in the context of "inhibitory"
effects of radiation - the decrease in the lung cancer rate in higher accumulated exposure
categories of the cohort. Overall, a statistically significant excess of lung cancer mortality was
reported even at radiation exposure levels below 50 WLM, and the attributable annual cancer
risk per WLM at low levels of exposure was higher for low exposures compared with the risk
at higher accumulated exposures. With regards to cigarette smoking, in a previous analyses,
Sevc et al., (Sevc et al. 1976) reported a two-fold increase in the lung cancer rate amongst
miners who smoked compared to those who were non-smokers. Results published in the 1988
paper (Sevc et al. 1988) showed that the effects of smoking and exposure to o radiation from

Rn progeny were nearly additive.

More recent findings from the Czechoslovakian (Sevc et al. 1993) relevant to this thesis are
summarized in table 2.4.8. Analyses included in this report (Sevc et al. 1993) included results
of non-parametric evaluation of exposure-response relationships using isotonic regression and
parametric modelling including fitting the BEIR IV model (BEIR IV 1988). Results showed
non linearity in the dependence of the excess risk of lung cancer on the cumulative exposure;
the slope being steeper for exposures below 100 WLM. However, the authors suggested that
this non linearity may have been an artifact of unknown confounders and advocate that the
commonly postulated linear exposure-response relationship should not be abandoned as a
result of these findings. Another major finding reported was the protracted exposure effect
similar to that reported in the Colorado Plateau study (Hornung and Meinhardt 1987); the
authors concluded that a more thorough analysis was required to determine whether this was

an inherent protracted effect or an artifact of an unrecognized confounder.
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2.4.4 Swedish Studies of Malmberget Iron Miners

A study of 1415 iron miners exposed to low doses of Rn progeny in Malmberget, Sweden,
was reported in 1984 (Radford and Renard 1984). The study included only miners born
between 1880 and 1919, who were alive in 1930, and had worked underground in more than
one calendar year between 1897 and 1976 who were considered eligible for selection into the
study. These individuals were identified from mining company and union records of active and

pensioned miners, available since 1900.

Vital status ascertainment in this study appears to have been considerably easier than in other
studies reported, due to the Swedish systems of birth codes and parish registers. All births in
Sweden are registered with a birth code, which incorporates the individual's birth date; the
birth code appears to be used as an individual identifier and is included on all work and
hospital records. Under Swedish law, it is required that all Swedish citizens must register in
the local parish of the state church which includes information on each individual's occupation,
transfers to other parishes and particulars of vital status including, in the case of those
desceased, the principal cause of death as appearing on the death certificate. Vital status
ascertainment of study cohort members was made primarily on the basis of information

obtained from these sources.

Two major sources of Rn progeny exposure were identified viz., Rn dissolved in water
seeping from underground springs and Rn progeny in air. Radon progeny exposure data were
reconstructed based on measurements of radioactivity within the mine and in the springs
around Malmberget made since 1915, and numerous measurements of Rn and Rn progeny in
mine air made in 1968 and thereafter; reconstruction of Rn progeny exposure also took into
consideration ventilation levels and average number of man-hours per month spent, in the

underground workplace in each underground section.
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Calendar years of employment for study participants were obtained from mining company and
union records, and medical files. Approximate durations of employment were then computed
using broad assumptions on dates of commencement and termination of employment in each
calendar year, for each individual (Radford and Renard 1984). Individual exposures were
based on this data, data on the number of individual man-hours spent underground in each
calendar year obtained from mining company records, and estimates of Rn progeny exposure.
For analytical purposes, individual exposures were computed based on five year lagged

exposures.

Individual smoking histories were obtained through questionnaires administered to active
miners and surface workers in 1972-1973, and to pensioners in the study population in 1977.
Smoking histories were also obtained for all lung cancer deaths from the subject himself,
before his death, or from relatives or co-workers, after his death. No mention was made of

smoking histories being sought for cohort members who died of causes other than lung cancer.

Smoking histories were obtained for 556 miners - 388 from the 1972-1973 survey of active
miners and 168 from the 1977 survey of retired miners and relatives or co-workers of
deceased miners. Smokers were identified as current smokers and ex-smokers who had or had
not quit at least 10 years previously. For analytical purposes, ex-smokers who had quit at
least 10 years previously were combined with those who never smoked and together, classified

as "non-smokers".

Of the 1415 cohort members originally included in the nominal roll of the study, 121 died
between 1930-1950; 1294 were alive in 1951, of whom 7 subjects were lost to follow-up (6
due to emigration), leaving 1287 who were followed-up further to the end of 1976, at which

time 532 were dead and 755 alive. Analyses were based only on follow-up during the period
1951-1976.
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The study reported a total follow-up duration of 24,083 person years accumulated by the 1294
cohort members who were alive at the beginning of 1951. The average exposure estimate was
81.4 WLM per person year, averaging 93.7 WLM total cumulative exposure, both computed
using a five year lagged exposure. Fifty lung cancer deaths that occurred more than 10 years
after working at the mine were observed during 1951-1976. One further lung cancer death
which occurred 9 years after commencing work at the mine was excluded from subsequent

analysis.

The study also examined the contributory effects of other factors such as, other related
illnesses: inactive tuberculosis and subsequent development of bronchogenic carcinoma and
silicosis, which were both ruled out as factors contributing to lung cancer; exposure to diesel
exhaust - ruled out because diesel equipment was not used in the mines until 1960, by which
time 70% of the lung-cancer cases had left underground work or died and others spent only
brief periods exposed before their death; exposure to other respiratory carcinogens e.g.,
arsenic, chromium and nickel which were essentially absent in the mine and therefore, ruled
out; dust samples obtained from the mine showed occasional traces of serpentinite, but this
factor could not be implicated as being associated with the lung cancer cases observed because

x-ray diffraction studies showed no identifiable asbestos fibers.
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2.4.5 Chinese Studies of Yunnan Province Tin Miners

Tin miners of Yunnan province in China comprise the largest occupational cohort of Rn
exposed workers reported to date. A historical cohort study conducted among workers of the
Yunnan Tin Corporation (YTC) included 17,143 male workers followed-up from 1976
t01987, during which period 981 lung cancer cases were reported (Xuan et al. 1993). The
study cohort comprised all workers who worked at one of the five major mining units of the
YTC and participated in an occupational survey conducted in 1976; the 1976 survey covered
almost 20,000 of approximately 44,000 current and retired YTC employees. The YTC
provides retirement and medical benefits to retired workers and identifies lung cancer as an
occupational disease for which it provides compensation to cases and their families. The YTC
therefore maintains medical and payroll records for all current and retired employees until their
death; furthermore, the YTC also intitated a lung cancer registry in 1973 and a registry of all
cancers in 1978. These records provided the source for vital status ascertainment and cause of
death information for the study cohort. Data on individual smoking habits was obtained

through record linkage between YTC pay roll records and the 1976 occupational survey.

Radon progeny concentrations in the mines were estimated from over 26,000 Rn
concentration measurements made since 1972 and through 413 measurements obtained from
simulation exercises involving the recreation of working conditions for the period 1953-1972
in the YTC mines, and from similarly configured areas in nearby non-YTC mines which used
mining techniques similar to those used in YTC mines during the index years. Estimates of Rn
concentration levels prior to 1953 were based on 117 measurements obtained by other
simulation exercises in 13 local pits that operated before 1949 (Zhang et al. 1981). Individual
exposures to Rn progeny were estimated from these measurements and individual work
histories based on the assumption of a 7 hour working day and 285 working days per year
(166 working hours per month); i.e., a worker exposed to 1 WL for one month would
accumulate 166/170 = 0.98 WLM. Since YTC workers were also exposed to arsenic - an

independent cause of lung cancer - individual exposures to Arsenic were also estimated.
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Poisson regression techniques were used to evaluate the risk of lung cancer mortality using
person-years-at-risk and event data classified according to Rn and arsenic exposure, tobacco
use and categories of other confounders and modifiers of effect. Risk evaluation was based on
relative risk and absolute risk models. A total of 2,591 deaths occurred in the study cohort
during the follow-up period, which included 981 lung cancer deaths. Further details of results
are summarized in section 2.4.8 (table 2.4.8). Risk related to Rn progeny exposure risk was
made with and without controlling for arsenic exposure. Due to the quality of the data on
smoking, smoking could only be used as a categorical variable (dichotomous variable - smoker
and non-smoker - for analytical purposes); smoking data was not available for 4,088 subjects,
including 74 lung cancer cases; the prevalence of non-smokers was 7%. Results showed a 2
to 3 fold excess of lung cancer risk amongst smokers compared to non-smokers. The
interaction between smoking and Rn exposure was evaluated as being between multiplicative

and additive, with the multiplicative model providing a better fit than the additive model.
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2.4.6 French Studies of Uranium Miners

A retrospective cohort study of underground uranium miners who worked in one of 12 French
mines between 1947 - 1972, was reported by Tirmarche ez al. in 1984 (Tirmarche er al. 1984).
The study comprised 2,442 underground miners who were followed through to 1983.
Ascertainment of individual vital status and cause of death cannot be made through the
National Registry of Death Causes in France, because information maintained is anonymous
and does not allow individual identification. Vital status and cause of death ascertainment in
this cohort study was therefore performed through alternative means - a collaborative effort
with the Institute Gustave Roussy, a cancer institute with access to national statistics which
enabled periodic extraction of data on miners' life status (dead or alive). Estimates of Rn
progeny levels from 1947 - 1955 were made by an expert committee on the basis of a few Rn
measurements and details of ventilation conditions, ore characteristics and work practices.
Estimates of exposures experienced thereafter, were based on extensive measurements of
individual miners. A total of 36 lung cancer deaths were observed, revealing an elevated rate
of lung cancer mortality amongst this cohort. Smoking histories were not available in this
study, and the report did not address exposure-response relationships (IARC 1988).
Verification of data on exposure estimates and further analyses were reported to be

continuing,

Further findings from the most recent report on this study (Tirmarche et al. 1993) are

summarized in section 2.4.8 (table 2.4.8).
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2.4.7 United Kingdom Studies of Tin Miners

A study of mortality based on the 1939 population register in the United Kingdom, showed
clear evidence of excess lung cancer mortality amongst male Cornish tin miners (Fox er al.
1981). The scope of this 1939 population register study was extended in 1983 by an
occupational cohort study of miners from two remaining operational tin mines, identified as
mines A and B (Hodgson and Jones 1990). Study participants were all men who had worked
in either one of these tin mines for at least one year between 1941 and 1984, and for whom
complete work histories could be reconstructed from mine records. Criteria for selection into
the study further excluded all those who were aged over 60 at the commencement of mining
work, those with birth dates earlier than 1880, those for whom necessary personal particulars
were not available and those who had any exposure to arsenic. The cohort thus determined
comprised 3,082 workers who were studied from 1941 to 1986. Vital status determination
was made through the central register of the National Health Service with a race rate of 97.6%
(72 workers could not be traced). For those deceased during this time, cause of death
identification was made through the Office of Population Census and Surveys. No data on

smoking was available for this cohort.

Exposures to Rn progeny were assessed by the National Radiological Protection Board
(Strong ez al. 1975) based on measurements of Rn concentrations made from 1967. Unlike in
most other mines studied, exposures experienced in mine A were identified as having been
constant over the period of time study; consisting of a complicated network of interconnected
shafts and workings that had been developed over 200 years or more, Rn concentration in this
mine could not be reduced by additional ventilation. In mine B, reduced Rn concentrations
were registered from 1967. On these bases, annual exposures were estimated as being 10

WLM throughout the period of study in mine A, and 20 WLM upto 1970 and 15 WLM

thereafter for mine B.
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Using individual work histories periods of employment were classified into three categories
viz., underground, surface and intermediate. Individual exposures were estimated based on
duration of employment underground with broad weightings being used for prior underground
mining experience and intermediate jobs. Only those who strictly had worked underground
were included in the analyses; those having worked in intermediate jobs alone were excluded

from analyses.

Results showed a highly significant excess in lung cancer deaths (57.7%) with a strong
increase in lung cancer mortality with increasing exposure. Poisson regression modelling was
used to examine the dose-response relationship and the roles of effect modifiers, which
resulted in highly significant dose-response relationship, but failed to identify any significant
modifiers of effect. Latency models provided marginal improvement in fit; though the effect
of latency was statistically non-significant there was some suggestion of excess risk varying

with time.

An approach different to those adopted in other studies was used to further characterize
temporal variations in the dose-response relationship, which was modelled differently during
three stages of time since exposure periods with the excess risk being zero during a lag
period, linear increasing during the rising time periods and then exponentially decreasing
during the effect half life period. Using maximum likelihood techniques, parameter estimates
for these periods were estimated as: a lag period of 10.5 years (95% CI: 8.3-13.5 years), a
rising time period of 0.8 years (95% CI: 0-7.8 years), and an effect half life period of 4.3 years
(95% CI: 1.3-15.5 years). The dose function thus defined - which the authors refer to as
effective dose - was a significantly better predictor of lung cancer mortality than cumulative

dose, whilst embracing all the explanatory power of cumulative dose.
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2.4.8 Summary of Overall Findings: Individual and Joint Analyses

Major findings of specific relevance to this thesis from the studies reviewed above are
summarized in table 2.4.8. Table 2.4.8 shows that the estimates of ERR/WLM obtained from
the various studies reported range from 0.16% to 9.4%. The lowest estimates of cumulative
Rn progeny exposure were experienced by the Canadian Beaverlodge and Ontario cohorts;
apart from these two cohorts and the Swedish Malmberget cohort who were all exposed to
mean cumulative exposures of less than 100 WLM and the Port Radium cohort who
experienced an average of less than 200 WLM, all other cohorts had mean cumulative
exposures in excess of 200 WLM; the highest mean cumulative exposures - over 800 WLM -
were registered amongst the Colorado miners. The largest cohorts comprised the Ontario and
Chinese miners, the latter cohort having the shortest follow-up period with the largest number
of lung cancer deaths (981) ever reported in a single cohort. The largest number of lung
cancer deaths in other cohorts included 574 amongst the Czech miners and 378 amongst the
Ontario miners. Standardized Mortality Ratios (SMR) for these cohorts showed that the
Canadian studies recorded the highest and lowest excess lung cancer mortality compared to
the relevant national populations - 29% (Ontario) and 425% (Newfoundland). In the absence
of the corresponding statistic for the Chinese cohort, the Colorado and Czech cohorts had
SMRs greater than 4.0. Findings from these individual studies also revealed the need for
further studies of populations exposed to lower levels of Rn progeny, so as to enable the

specific determination of risk at lower exposures.

Table 2.4.8 shows that despite some similarity, due to the basic differences in methods of
study design and analyses the findings from these studies are not strictly comparable which
makes direct comparisons difficult. However, general inferences may be still be drawn to help
formulate some broad perspectives of the extent of risk related to Rn progeny exposures. In
order to address these issues several efforts have been made in recent years to reanalyses of

some of these cohorts in a strictly comparable sense, and at joint analyses including both meta

analyses and combined analyses.
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Table 2.4.8: Summary of Findings from Reported Studies

Study Follow Cohort Cases PYRS Mean Doub- SMR ERR/WLM  Comments
up Size Ca. Expo- ling Ca. Lung Ca. Lung
Perlod Lung sure Dose  Mortality Mortality
(WLM) (WLM) (%)
Canada:
Beaverlodge 1948-80 8,487 54 56,942¢ 202 31€ 1.90 3.28 D-R: Linear
(Howe 65 [114,170] (1.43-2.49) (2.084.48) Lag:10 yrs.
et al. 1986; (BEIRIV 1988) [44]S [1.3]15  Smk: Not Rep.
SENES 1991) (0.59-2.98)8 SSENES 1991.
Port Radium  1942-80 2,103 48% 34,673¢ 183.3 370C 2.10 0.27 D-R: Linear
(Howe 57 (1.55-2.79) (0.11-1.43) Lag: 10 yrs.
et al. 1987) Smk: Not Rep.
Newfoundland 1933-84 2,124 110° 38,509¢ 3824 112 5.254 0.9 D-R: Linear
(Morrison 113 (4.33-6.32) (0.6-1.2) Lag®:10 yrs.
et al. 1988) Smk: Risk Rep.
Ontario 1955-86 54,128 378 1,706,103 [40.90f 83€ 1.29 1.2 Lag: 5 yrs.
(Kusiak (Muller (1.15-1.45) (0.02-2.4) Smk: Assessed.
et al. 1991) et al. 1985) Mean Exp. NR.
United States:
Colorado 1950-82 3,346 256 [73,642] 8340 71- [4.33]¢ 0.9-14T Lag: Estimated.
(Hornung and (BEIR IV 1988) 111°T  BER 1V 1988) Smk: Risk Rep.
Meinhardt 1987)
New Mexico 1957-85 3,469 65 NR 111 55.6€ 4.0 1.8 Smk:
(Samet (3.1-5.1) (0.7-5.4) Synergistic
et al. 1991) with Rn Exp.
Czech.:
Study S 1948-80 4,042 574 97913 2270 95 4.7 0.6 Lag: 5 years.
(Sevc NR NR D-R: Supra-
et al. 1993) linear, linear
Sweden: 1951-76 1,294 50 24,083 937 28¢ 3.9 3.6 Lag: 5 years.
(Radford and (3.0-4.9) (2.5-4.8) CI: 90%.
Renard 1984) Smk: Risk Rep.
France: 1946-85 1,785 45 44,005 70 58.8¢ 1.91 0.59 Interim Report;
(Tirmarche NR (0-1.6)  Analyses Cont.
et al. 1993) Smk: No Data.
UK: 1941-86 3,082 105 NR NR NR 1.58 94 Lag: Not Used;
(Hodgson and 3,010t NR NR Est. 10 yrs.
Jones 1990) Smk: No Data.
China; 1976-87 17,143 981 175,405 2754 161¢ NR 0.62 Lag: 5 yrs.
(Xuan NR (0.5-0.8) Smk: Risk Rep.
et al. 1993) 625¢a 0.162 2 Adjusted for
(0.1-0.2)2  Arsenic Exp.

Note: NR Not Reported in main reference.
Excluding first 10 years of follow-up.
Traced Cohort: only these analysed.
Range covers uncertainty in estimates.

t
T
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u Unlagged data.

¢ Computed from published findings.
Smk. Smoking; Rep.: Reported.
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L The BEIR IV Analyses

One of the most well known attempts at combined analyses was performed by the Committee
on the Biological Effects of Ionizing Radiation (BEIR) in its 1988 report (BEIR IV 1988).
Though the BEIR IV report addresses the health risks of Radon and other internally deposited
o-emitters, the largest part of the report concentrated on the health outcomes due to exposure
to Rn and its progeny. The BEIR IV committee reviewed four major cohort studies of radon-
exposed miners: the Canadian Eldorado (Beaverlodge) and Ontario uranium miners, U.S.
Colorado Plateau uranium miners and Swedish Malmberget metal miners, indepéndently
reanalysed each cohort using the same broad principles in an effort to resolve differences in
study design and previously adopted analytical methods so as to make these studies
comparable, and then performed combined analyses of the individual cohorts. All analyses
performed by the BEIR IV committee were based on 5 year lagged individual cumulative
exposures. The committee first fitted a constant relative risk model and then proposed a
modified relative risk model - the BEIR IV model - which incorporated a dependence of the
relative risk of lung cancer mortality on both time since exposure and age at risk. These
models were fitted using Poisson regression techniques for categorical data based on the time
dependent allocation of person-years-at-risk and events across predetermined categories of

various factors relevant to the study of lung cancer mortality relating to Rn progeny exposure.

BEIR IV results of ERR/WLM from analysing individual cohorts using internal comparisons
and a constant relative risk model were: 0.6% for Colorado Plateau (95% CIL: 0.3%-1.3%),
1.4% for Ontario (95% CI: 0.6%-3.3%), 1.4% for Malmberget (95% CI: 0.3%-8.9%) and
2.6% for Eldorado (95% CI: 1.3%-6.0%). The risk estimate for the Swedish Malmberget
miners was subject to greater variability than other estimates (multiplicative standard error of
2.6% compared with 1.5%-1.6%). The Colorado cohort used in these analyses excluded all
those who were exposed to more than 2000 WLMs, due to the lack of linearity in the
exposure-response relationship beyond this limit; this excluded 371 persons of whom 99 died

of lung cancer.
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Joint analyses showed that the ERR/WLM estimated from a constant relative risk model using
internal comparisons for the data pooled from all four studies was 1.34% (95% CI: 0.8%-
2.3%). It is interesting to note at this point, that the recent reanalyses of the Ontario and
Beaverlodge studies produced estimates that correspond very closely with these BEIR IV
estimates; estimates previously reported for the other cohorts are considerably higher than

these BEIR 1V estimates.

The BEIR IV analyses then proceed by examining the modifying effects of age at risk, age at
first exposure, duration of exposure and time since exposure; each of these factors was
examined in turn for each individual cohort by comparison with the corresponding constant
relative risk model and the significance of each effect was tested using likelihood ratio tests for

improvement in model fit. Conclusions drawn from these analyses were as follows:

* Analyses based on internal comparisons showed no definite dependence of the relative
risk on age at risk, whereas externally adjusted analyses showed some indication of a

decline in excess relative risk with increasing age.

» Findings on the effect of age at first exposure were not consistent between the cohorts;
in the internal analyses; though, age at first exposure had a significant effect on the excess
relative risk for the Eldorado and Colorado cohorts with the risk increasing with increasin g
age at first exposure, these findings were not supported by the external analyses.
However, in view of findings from studies on Japanese atomic-bomb survivors amongst
whom there appeared to be no age at first exposure effect before the age of 20 (Preston er
al. 1986), the committee stressed the importance of the age at first exposure effect,
stating that "it is widely held that such an effect should be expected more generally ( NIH
1985)" (BEIR IV 1988). The BEIR IV committee further noted that the range of ages at
first exposure observed "may not have been great enough to give sufficient power to
detect a real effect" (BEIR 1V 1988), and that age at first exposure was not a critical

factor in relation to prolonged exposures such as those observed in the cohorts analysed.
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o A protracted effect of duration of exposure was observed only in the Colorado data;
no consistent patterns in excess risk estimates were observed with relation to duration of
exposure in any of the other cohorts analysed. The BEIR IV committee noted that since
the analyses adjusted for the effect of cumulative exposure in assessing the effect of
duration of exposure effect, a duration of exposure effect would corresponded to an
exposure rate effect and that it would be important to examine the protracted effect of

duration in future work.

e A consistent decline in excess relative risk was observed with increasing time since
exposure in all other than the Colorado cohort, with the effect being statistically significant

in the Eldorado and Ontario cohorts.

The BEIR IV committee concluded that: "there is substantial evidence that the relative risk of
lung cancer mortality depended on age at risk and/or time since exposure, and there is little
clear evidence that it depends on the other factors considered”. It was on these grounds that

the modified relative risk model was proposed by the BEIR IV committee.

The excess relative risk function of the BEIR IV modified relative risk model comprised two
components - one of age at risk and the other expressing cumulative exposure as a function of

time since exposure. The initial model fitted to each cohort was of the general form:

rla) =ro(a) [ 1 +v(a)B W) +6; W+ 63W3)] (2.1)

where, a - age at risk,
r(a) - age-specific lung-cancer mortality rate,
ro(a) - age-specific background lung-cancer mortality,
Y(a) - afunction of age at risk categorized as:
a <55 years, 55 < a < 65 years, and a > 65 years
W; - lagged cumulative exposure incurred 5-10 years prior to age qa,
W, - lagged cumulative exposure incurred 10-15 years prior to age a
W3 -lagged cumulative exposure incurred >15 years prior to age a.

2
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The BEIR IV committee described the term within parentheses in equation 2.1 as an "effective
cumulative dose at age a”. When this model was fitted to each individual dataset analysed, it
was found that there was very little difference between parameter estimates q1 and q2; the
committee therefore decided to combine these two windows of time since exposure into a
single window spanning 5-15 years prior to age a. This reduced form of the model was then
fitted to the combined data using maximum likelihood methods. Maximum likelihood
estimates were obtained for each of the parameters with the analyses being repeated using
internally and externally referenced data. The best estimate for each parameter was then
chosen from the range of values obtained from the internal and external analyses which were
both in close conformity. The final form of the BEIR IV modified relative risk model

(including its best parameter estimates) was defined as follows:

r(a) =rp(a) [ 1 +0.025 y(a) (W; + 0.5 W,) ] (2.2)

where, a - age at risk,
r(a) - age-specific lung-cancer mortality rate,
ro(a) - age-specific background lung-cancer mortality,
Y(a) = 1.2 when a < 55 years
= 1 when 55 <a<65years
= 0.4 when a > 65 years
W; - lagged cumulative exposure incurred 5-15 years prior to age a,
W, -lagged cumulative exposure incurred >15 years prior to age a.

Model (2.2) was then fitted to each individual cohort (with parameter estimates constrained at
the given values) to estimate the ERR/WLM. Estimates of ERR/WLM obtained from internal
analyses using the BEIR IV model were: 0.9% for Colorado, 1.8% for Ontario, 3.6% for
Malmberget and 5.1% for Eldorado. The estimated ERR/WLM for the combined data from

all these cohorts obtained from internal analyses was 2.2%.
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The rationale behind the approach of a combined analysis undertaken by the BEIR IV
committee was that although each independent epidemiological study will have its own
limitations, the pooling of data sets will permit a comprehensive assessment of the health risks
associated with Rn progeny exposure and of other factors that influence the risk, such as age
and time since exposure. The BEIR IV committee also observed that quite apart from the
increased statistical power of a number of studies regarded in conjunction, such a combined
exercise provides a greater degree of variation in environmental settings, individual

susceptibility and dosimetry of individuals and cohorts to varying degrees of exposure.

In presenting its findings the BEIR IV committee identified several uncertainties that may have
affected its risk estimates, including random and possibly systematic errors in the individual
datasets, appropriateness of the statistical models used, sampling variation, wrong
characterization of the interaction between Rn exposure and smoking and uncertainties arising

from the use of different reference populations in risk projection.

The BEIR IV committee did not regard smoking as a confounding factor in their cohort
analyses. However, it examined the combined effects of Rn progeny and smoking and

concluded that their interaction was sub-multiplicative and supra-additive.
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IR Findings from Other Recent Joint Analyses

A meta analysis presented in a recent ICRP draft (ICRP Draft 1993) summarized the excess
relative risk coefficients from uranium miner studies of the Colorado, New Mexico, Ontario,
Beaverlodge, Bohemian and French cohorts and the Malmberget iron miners and arrived at a
weighted average (weighted by person-years-at-risk) estimate of ERR/WLM: 1.33% (95%
CI: 0.8% - 2.1%); these estimates bore a remarkable closeness to the BEIR IV estimate of
ERR/WLM derived from the constant relative risk model - 1.34% (95% CI: 0.8% - 2.3%)
(BEIR IV 1988).

The 1990 (SENES 1990) update to the 1984 SENES (SENES 1984) report focused on risk
projection models from epidemiological data while paying special attention to the derivation of
Rn progeny exposure estimates. This report reviewed several risk projection models - the
BEIR IV model (BEIR IV 1988), NCRP 78 absolute risk model (NCRP 78 1984), the Ontario
model - which included an expression of cumulative exposure in the three time since exposure
windows defined in model 2.1, but excluded the age at exposure function Y(a) in model 2.1 -
from which the BEIR IV model evolved (BEIR IV 1988), and the ICRP 50 model (ICRP 50
1987). The SENES report concluded from its appraisal that the BEIR IV model

overestimated the life-time risk from Rn progeny exposure to individuals.
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2.5 Occupational Radon Epidemiology:
Current Needs and The Role of This Work

Recommendations made by the BEIR IV committee for further research included the
following: several current underground-miner surveys could provide a more extensive data
base with increased person-years of follow-up and help to refine lung-cancer risk coefficients;
provide more information on the interaction between smoking and Rn exposure; and, with
improved dosimetry, narrow the uncertainties in the application of lung-cancer risk data
derived from miners to the estimation of risk in the general population. Specific emphasis was
laid on the need for improved and in-depth multivariate statistical analyses of the available
data. Further recommendations included the need for continued epidemiological study with
multivariate analysis of the temporal expression of lung cancer in underground miners exposed
to Rn progeny. It was also stressed that collecting and reporting smoking data on miners

should be an essential part of future study designs.

The roles of various temporal modifying factors - age at risk, age at first exposure, exposure
rate and duration of exposure and time since exposure - have to be further examined to enable
more thorough characterization of their roles in the risk of lung cancer mortality related to Rn
exposure. Continued research is also needed to quantify the extent to which the carcinogenic

effectiveness of low-LET radiation may be reduced by fractionation or protraction of exposure

(BEIR V 1990).

Due to the lack of data on the lifetime cancer experience of exposed populations, overall risk
estimates have to be obtained by means of models which extrapolate over time; hence, risk
estimates obtained from epidemiological studies cannot be considered precise (BEIR V 1990).
Studies of Rn exposed populations therefore must continue with the aim of following up the

lifetime experience of these populations.
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The BEIR IV committee concluded that there was further need to examine populations
exposed to low-levels of ionizing radiation, to comprehensively characterize the lung cancer
risk associated with exposure to Rn and its short-lived progeny. This was stressed further in
the BEIR V report which found that studies of populations chronically exposed to low-level

radiation did not show consistent or conclusive evidence of increased risk (BEIR V 1990).

To date, high dose epidemiology has been the main source of knowledge on the effects of
ionizing radiation. With high exposures being well controlled against, overwhelming concern
rests over the effects of small or very small doses (Anthony 1988). The BEIR V committee
recognized that its risk estimates become more uncertain when applied to very low doses and
that departures from a linear model at low doses, could either increase or decrease the risk per
unit dose. The consensus therefore is a wide recommendation that epidemiological
investigations to measure the cancer risk related to low doses must continue with some
"statistically respectable” (Anthony 1988) populations being studied. The BEIR V committee
recommends that studies on low as well as large dose of high and low LET radiation must
continue and that low-dose epidemiological studies may be able to supply information on the
extent to which effects observed at high dose rates can be relied on to estimate the effects due

to chronic exposures such as occur in occupational environments (BEIR V 1990).

Findings from the individual studies reported previously show that the lowest exposures
studied so far were amongst populations exposed to average cumulative exposures in the
order of above 40 WLM; thus, revealing the need to study populations exposed to lower levels
of Rn progeny, so as to enable the specific determination of risk at lower exposures. The
Radium Hill cohort from South Australia was exposed to much lower cumulative levels of
exposure to Rn progeny than those reported in any other study. Apart from its limited power
in examining the roles of smoking and other exposures, this cohort could provide a rich basis
for the addressing and examining each of the issues identified above as current needs in radon
epidemiology. As for statistical respectability, it is stressed that this is yet a relatively young

cohort capable of becoming more statistically respectable with further follow-up.
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3. Study Design and Implementation

3.1 Historical Background to Uranium Mining at Radium Hill

Radium Hill (RH) is situated in a remote location of South Australia, approximately 460
kilometers north-east of Adelaide - the State Capital - and 100 kilometers south-west of

Broken Hill - an established mining town on the border of the two states, South Australia and

New South Wales (Figure 3.1a).

Figure 3.1a: Geographic Location of Radium Hill (SADM 1952)
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Uranium was discovered at RH in 1906 by A. J. Smith, a prospector, who found a heavy dark
rock - later named davidite (Crouch and Corani 1986). The uranium ore found in RH was an
unusual iron-titanium rich mineral that was described in 1954, as having comprised a highly
complex mixture of up to 9 per cent uranium oxide, and approximately, 50 per cent titanium
oxide, 30 per cent iron oxide, up to 8 per cent rare earths and minor amounts of chromium and

vanadium (SADM 1954).

The discovery of uranium at RH preceded the findings of uranium deposits in the Belgian
Congo and Eldorado, Canada. The main producer of uranium in the world at the time was the
Joachimsthal deposits in Czechoslovakia. At this time the main importance of uranium was as

a source of radium, used chiefly in medicine; uranium therefore, had strictly limited demand.

The extraction of radium from the complex uranium ore found in RH was extremely difficult
and expensive (SADM 1954). Early attempts were made at producing radium for the medical
market from the RH ore; all these attempts were financially unsuccessful and therefore
abandoned. Furthermore, in the light of competition posed by subsequent discoveries of
uranium deposits in the Belgian Congo and Eldorado, in Canada, and the resulting drop in the
price of radium, it was found that uranium mining at RH was not financially viable. Early
uranium mining at RH terminated in 1930, after the production of a few hundred milligrams of

radium and a few hundredweights of uranium oxide by-products.

Mining interests at RH were renewed during the mid 1940's, when uranium was identified as a
source of nuclear power. Investigations into the feasibility of uranium mining at RH
commenced in 1944 at the request of the British government. War-time investigations at RH
comprised dewatering - draining of water -, the collection of bulk samples of ore from the old

mine workings for treatment tests, and geological and geophysical surveys.
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Pilot mining activities commenced in 1948. Early activities concentrated on securing the old
mine shafts and providing other necessary preliminaries. Meanwhile, laboratory research was
also undertaken by the South Australian Department of Mines and the Commonwealth
Scientific and Industrial Research Organization, with a view to developing an efficient and

economical process for uranium extraction from the complex and unusual ore found at RH.

By 1951, preliminary investigations at the RH mine site indicated that the magnitude and grade
of the lodes were comparable to many of those being exploited in other countries. New
techniques of uranium extraction had been perfected, and pilot plants were setup to check the
concentration and ore-dressing process and the chemical extraction process. The feasibility of
further uranium mining was confirmed by the end of 1951. Planning and preparation for ore
production and uranium extraction commenced in early 1952 and the RH mine was formally

opened on 10 November 1954, by which time the mine was fully operational.

The 'Radium Hill uranium mine’ was owned by the South Australian Government and
operat;:d by the South Australian Department of Mines from 1948 to 1962. The mine
produced ore from 1954 to 1961 on a seven year contract with the United States of America
and the United Kingdom. The ore produced at the mine was of a relatively low grade - an
average concentration of 2.65 pounds of Uranium Oxide (U30g) per ton - and was exported
to the United States and the United Kingdom (SADM 1952). Uranium production activities
were terminated at the end of 1961 with the expiration of the seven year production contract,
during which time the concentration of ore had steadily deteriorated from 3.6 pounds U30g
per ton to 2.3 pounds U30g per ton. As a consequence of the discovery of other richer
deposits and the resulting drop in world market prices for uranium, the RH uranium mine
could not compete efficiently on the world market and was closed. In 1962 the last of the

employees left the mine site after the completion of stope filling and mine sealing activities.

Figure 3.1b shows Radium Hill as it is today. A compilation of photographs of the life and

times at Radium Hill are included in appendix A.
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3.2 The Radium Hill Study
3.2.1 Introduction

Uranium was mined at RH during two different periods this century; first, in the early nineteen
hundreds and more recently during the fifties and sixties. My research is based on a study of
the latter period. During the early 1980's, the South Australian Health Commission (SAHC)
in conjunction with the University of Adelaide initiated a study to evaluate the risk of exposure

to radiation amongst former workers at the 'Radium Hill uranium mine'.

The initial phase of the study included (i) identification of the study cohort through the
compilation of a nominal roll of ex-RH workers; (ii) determination of vital status of workers;
and (iil) ascertainment of cause of death for those who died since leaving RH. Members of the
cohort alive and living in South Australia were then asked to participate in a survey of their
smoking habits and work histories. The findings of this study - referred to as the 'pilot study' -
were reported in an internal working paper entitled ‘Deaths from Lung Cancer and Other

Causes Among Former Workers at Radium Hill - An Interim Assessment’ (SAHC 1986).

The RH pilot study reported “an elevation in the proportion of deaths attributed to lung
cancer”, and that "lung cancer risk tended to correlate with the actual duration of time spent
in ore-contact work underground” (SAHC 1986). However, anecdotal evidence gathered
from some respondents indicated that underground workers at RH were "probably relatively
heavy smokers”. The excess of lung cancer deaths identified in this study could therefore, not
confidently be attributed to radon alone. The pilot study also showed that the average
duration from commencement of employment at RH to detection of lung cancer was

approximately 21 years.
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Meanwhile, a long-term Swedish study reported excesses of lung cancer cases even 40-50
years after initial employment (Radford and Renard 1984). In view of these findings,
investigators of the pilot study recommended further long term follow-up of the entire cohort
of former RH workers resident throughout Australia. The ‘Radium Hill pilot study’ was then
expanded to the entire cohort of former RH workers and called the main-study’ - henceforth,

referred to as the 'Radium Hill study’ or the 'RH study'.

3.2.2 Aims

The primary aims of the RH Study as listed in the original study protocol were:
1. "to determine whether uranium mine workers employed at the South Australian RH
mine during 1952 to 1961 are experiencing an increased incidence of lung cancer as
a result of radiation exposure at the mine"';
2. "to determine the nature of any dose-response relationship between exposure to

radiation at RH and the incidence of lung cancer.”

In keeping within the broad framework of these aims, the emphasis in this thesis is given to:
i. evaluating the lung cancer risk experienced by former workers at the RH uranium mine
in South Australia;
ii. describing the exposure-response relationships pertaining to radon progeny related
lung cancer mortality amongst former RH workers;
iii. studying the effects of potential confounders, effect modifiers and temporal factors on
radon progeny related lung cancer mortality in the RH study cohort;

iv. interpreting the findings from RH in a global perspective .
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3.2.3 My Contributions

My participation in the RH study began in early 1988, when I joined the Department of
Community Medicine at the University of Adelaide as a Research Officer. At this time, a
summary of individual work histories derived from archieved RH pay-roll data had been
obtained on computer disks from the South Australian Health Commission; estimates had been
made of radon progeny exposures, by job classification and calendar year, based on historical
records of radon gas levels; a questionnaire previously used in the RH pilot study had been
circulated to all those on the nominal roll of the study, resident in Australia; and requests for

cause of death traces had been made to all death registries and cancer registries in Australia.

My contributions to the RH study commenced with the compilation and processing of the data
on individual work histories and Rn exposure histories, the questionnaire survey and the death
trace activities; I was responsible for the design and implementation of the data processing
systems and all subsequent statistical analyses arising from this data set. Furthermore, because
initial evaluation of the RH data set showed that the trace rate achieved by the above
activities needed to be improved to achieve greater statistical power in the study, from 1989
onwards, I organized secondary trace activities to improve the trace rate and the quality of
data available to the RH study; these activities are detailed in section 3.5 of this work. All
analytical work presented in this thesis, excluding the estimation of Rn exposure, is a result of
my own work. Components of my contributions to the RH study have also been presented at
several conferences and meetings and in publications by myself and others (Woodward er al.
1991; Mylvaganam er al. 1992; Mylvaganam 1993; Mylvaganam and Woodward 1993a;
Mylvaganam and Woodward 1993b; Mylvaganam et al. 1993a; Mylvaganam et al. 1993b).
The aim of this work is to provide a substantive analysis of the RH study. The current chapter
outlines the study design and follow-up characteristics. Descriptive epidemiological findings
from the RH study population are presented in chapter 4. Analytical epidemiological findings
are reported in chapters 5, 6 and 7. Implications of the findings from the RH study are

discussed in a global perspective in the final chapter.
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3.3 Study Design

The RH main study was a historical cohort study that included a concurrent prospective
follow-up. Comprehensive records of ex-RH workers' identification particulars and job
histories were sought at the commencement of the pilot study. The most comprehensive of
such records available at that time consisted of pay-roll information that had been maintained
by the mine management during the operation of the mine. The pay-roll information consisted
of a card index that summarized employees' identification particulars and work histories
pertinent to the processing of their remuneration. Individual work histories included calendar

time and duration of work in each of a worker's jobs at the RH mine.

Estimates of individual exposure were based on periodic measurements of radon gas levels at
various mine locations. Estimates of radon progeny were made using knowledge of ore
bodies, mining information and mining activities. Reconstruction of radon progeny levels at

the RH mine was undertaken by a team of health physicists.

The RH study therefore, consisted of two main phases viz.,
1. the estimation of radon daughter levels and a job-exposure matrix during the index
years of the mines operations; and,
2. the conduct of cohort follow-up, including ascertainment of vital status and cause of

death, work histories and smoking histories.

These phases are outlined in the forthcoming sections 3.4 and 3.5.
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3.4 Evaluation of Radon and Radon Progeny Exposure

No measurements of radon progeny concentrations were known to have been made at the
mine during the time of its operations. However, periodic measurements of radon gas
concentrations were made, enabling estimation of radon progeny concentrations from mine
ventilation and airflow levels. This work which was carried out by Dr. Phil Crouch and Ms.
Claire Corani of the Radiation Protection Branch, South Australian Health Commission

(Crouch and Corani 1986), is summarized in the following sections (3.4.1 - 3.4.3).

3.4.1 Mine Ventilation

Ventilation and air flow levels in the mine were known to have varied over time. At the
commencement of mining activities, only natural ventilation estimated at 2 m3 per second was
known to have existed. The installation of a venturi in mid-1954 increased ventilation to 5 m3
per second, which was further augmented to 45 m3 per second in March 1955, when a main

fan was installed.

Prior to the installation of the main fan, it was assumed that the mine was uniformly ventilated.
Calculations of mean air-residence time were then made from the mine void and ventilation
rate. Estimates thus obtained were used to compute equilibrium factors for the conversion of
radon concentration estimates to estimates of radon daughter concentrations. The derivation
of these equilibrium factors was based on the ‘tunnel model’ of Beckman and Holub (Beckman

and Holub 1979).
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A separate mine ventilation model was developed for the period following the installation of
the main fan. This model was based on contemporary mining practices of the time and
recollections of workers from the mine. The age of ventilation air - mean transit time - was
then estimated from mine voids and ventilation rates derived from the ventilation model. The
age of air thus computed, was assigned to the level 4 drive of the mine from which the main
fan exhausted. Thereafter, the ages of air in drives and stopes at other levels of the mine were
estimated. Equilibrium factors were derived from these estimates for each location of the

mine.

3.4.2 Measurements of Radon Concentrations

Radon gas was measured at the RH mine from 1954 to 1961. Air sampling was irregular at
first. After 1955, a regular measurement protocol of radon concentration was started; this

corresponded with concern raised worldwide over ventilation in mines (chapter 2, this work).

The installation of the main fan in March 1955 was reported to have resulted in considerably
improved mining conditions. The calendar year of 1955 is therefore demarcated into two
exposure periods - those prior and subsequent to the installation of fan - viz., 1st January to

31st March 1955 and 1st April to 31 December 1955..

A total of 721 routine radon measurements were made at the mine from 1954 to 1961.
Estimates of radon concentrations prior to 1954 were based on radon monitoring results that
were averaged for each level of the mine. After the installation of the main fan estimates of
mean radon concentrations were made separately, for each level and three regions’ of mining

operations. These regions’ comprised drives, stopes and shafts.
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The number of locations measured at each level and region of the mine and the number of
measurements made at each location are given in table 3.4.2a. Mean estimates of radon
concentrations derived from the methods described above are presented in table 3.4.2b in the

form of a mine locality exposure matrix.

Table 3.4.2a: Number of Locations Measured and Measurements By Mine Level

Through After March 1955

Level March 1955 Drives Stopes Shafts

Locations Measures Locations Measures Locations Measures Locations Measures

1 6 8 4 4 1 1
2 2 3 4 4 3 4
3 18 40 26 163 9 12 8 70
4 1 1 14 109 8 14
5 2 2 19 88 6 9 8 69
6 2 2 11 63 1 1
7 4 46 1 1
8 2 2 1 1
9

11 1 4

Table 3.4.2b: Average Radon Concentrations By Mine Level

Through After March 1955
Level March 1955 Drives Stopes Shafts

1 18.0 4.8 2.4

2 15.5 3.3 7.9

3 6.9 39 4.9

4 3.7 3.1 7.1 1.8
5 6.3 2.9 3.1

6 2.1 2.3 1.4
7 1.9 0.1
8 1.3 04
9 1.1

11 34
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3.4.3 Derivation of Radon Progeny Concentrations

The derivation of radon daughter concentrations was based on the conversion of radon
concentration estimates using the estimated equilibrium factors. Since there were no
measurements of radon concentration available prior to 1953, radon daughter concentrations
for this period were assumed the same as 1953. Though radon monitoring ceased when the
mine stopped producing ore in 1961, several workers remained employed at the mine during
1962. Radon daughter concentrations 1962 were assumed the same as in 1961. The result of
Rn exposure estimation was an annual estimate of Rn progeny concentration for each level,

and after April 1955, each region’ of the mine.

3.4.4 Job Exposure Matrix

The proportion of time spent in each mine region (shafts, drives, and stopes) was estimated for
each job category from job descriptions and knowledge of mining methods. Mining plans
were examined to determine the calendar periods during which mining activities had taken
place at each level of the mine. Based on these factors, estimates were made of the proportion
of time spent in the various locations (regions specific to levels) of the mine for each job
category by calendar year. The proportions thus obtained were used as job-time-location

occupancy weighting factors in the derivation of a two dimensional job exposure matrix.

For each job category, an estimate of annual exposure estimate was calculated by summing the
time-location specific radon daughter concentration estimates weighted by the job-time-
location occupancy factors. Estimates of average radon progeny concentration by
underground job category and calendar time derived by the health physicists are presented in

table 3.4.4a. This table was used to compute estimates of individual exposures in chapter 4.
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Table 3.4.4a: The Job Exposure Matrix - Average Radon Progeny Concentrations
By Underground Job Categories and Calendar Time (1953-1961)

Underground Job Category 1953 1954 1955 1955 1956 1957 1958 1959 1960 1961
<Mar Mar-
Miner 2.1 1.2 14 034 039 048 0.55 062 058 059
U-G Mine Labourer 2.1 1.2 14 026 030 038 041 050 047 046
U-G Shift Foreman 1.3 07 08 0.18 020 025 028 033 031 031
U-G Shift Boss 1.7 1.0 1.1 023 027 033 037 044 041 041
Loader Operator 2.1 1.2 14 023 028 032 035 049 049 043
Scraper Operator 2.1 1.2 14 032 037 046 052 060 056 056
U-G Timberman 2.1 1.2 14 025 030 036 040 051 0.50 046
Trucker / Loco Operator 2.1 1.2 14 020 025 030 031 044 044 0.39
U-G Sampler 1.3 0.7 0.8 0.17 020 025 028 033 031 030
U-G Pipe Fitter 2.1 12 14 026 030 038 041 051 049 047
Greaser 2.1 1.2 14 021 024 032 033 041 040 038
U-G Air Hoist Operator 2.1 1.2 14 023 028 032 035 049 049 043
U-G Chainman / Surveyor 1.1 0.6 0.7 0.16 0.8 023 036 030 028 028
U-G Sanitary Man 1.5 0.8 10 013 016 020 020 028 028 025
Platelayer 2.1 12 14 023 028 032 035 049 049 043
Driller / Driller's Assistant 2.1 1.2 14 023 028 032 035 049 049 043
Snapman 2.1 1.2 14 023 028 032 035 049 049 043
U-G Storeman 2.1 1.2 14 0.11 014 020 0.17 025 025 021
U-G Fitter ) 21 1.2 14 0.15 018 024 022 032 032 028
Platman 2.1 1.2 14 011 014 020 017 025 025 021
Pumpman 2.1 1.2 14 0.11 014 020 0.17 025 025 021
Sinking Miner 2.1 1.2 14 011 014 020 0.17 025 025 021
Skipman 2.1 1.2 14 0.11 014 020 0.17 025 025 021
Geologist 06 04 0.4 010 011 0.14 0.16 018 0.17 0.17
Mining Engineer 1.1 06 07 0.16 0.18 023 026 030 028 028
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3.5 Trace Activities

3.5.1 Trace procedures

Trace procedures utilised during the course of the RH pilot study were further extended
during the main study. Linkage of members of the cohort to the tracing sources depended on
the matching of birth dates and names. Perfect matches were generally sought, but criteria
were made flexible to allow alterations in the sequence of given names and Anglicised or
shortened versions of names and transcription errors in matching fields. Occasionally, matches
were accepted even when these criteria were not satisfied, if the discrepancies could be
plausibly explained. For example, the misrepresentation of age for the purposes of securing
employment was known to have been possible. Consequently, matches were accepted even
when birth dates or ages differed, if names were unusual or matched exactly and other
available evidence from records traced (e.g., employment history) confirmed the individuals as

being members of the study cohort.

3.5.2 Primary Trace Sources

Ascertainment of vital status included searches of electoral rolls in all Australian States and
Territories, drivers' license records and motor vehicle registrations, Australian Workers Union
files, and Health Insurance registers. Other sources included Department of Immigration files,
State and Territorial death records and cancer registries. Telephone directories in all
Australian States and Territories were also searched for those who had unusual names and
were untraced through other sources. In the absence of identical name matches contact was
also made with phone book entrants who had only surnames that matched (different initials),

in the hope that they may have known the person being sought.
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Trace procedures pertaining to the above mentioned sources are reported in further detail
elsewhere (Woodward er al. 1988; Woodward et al. 1991; SAHC 1986). These sources
yielded a trace rate of 60% during the pilot study and to 66% during the course of primary
trace activities in the main study. As a result of my own follow-up of workers ("secondary
trace activities"), the trace rate was further improved to 74% with secondary trace activities.
Analyses of the characteristics of traced and untraced workers are detailed in the results

section below.

3.5.3 Difficulties Encountered in Primary Trace Activities

The RH study cohort contained a large number of post-war European migrants who were
newly arrived in Australia. Anecdotal information suggested that some of these migrants
registered under their full names on the RH pay-roll, but subsequently Anglicised or shortened
their names. Other information indicated that migrant workers who broke their contract of
employment at RH may have changed their names to avoid identification. Name changes also
occurred amongst women who married subsequent to their registration on the RH pay-roll.
Reports from ex-RH workers revealed that some members of the study population had

emigrated sometime after their leaving RH.

Anecdotal information thus obtained suggested that there were sources other than those
consulted, capable of improving the trace rate. It was therefore thought possible that a
systematic effort to consult these sources would reveal information that may otherwise have
been more difficult, if not impossible, to obtain. Hence, additional procedures were

undertaken to improve vital status ascertainment.
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3.5.4 Secondary Trace Activities

Additional tracing efforts were conducted between 1989 and 1991. These secondary trace
activities included: matching of the RH study cohort with the Wittenoom Gorge (WG) study
cohort in Western Australia; searches at the Perth Chest Clinic (PCC); and contact with
former employees of the RH mine who volunteered information on workmates. Cohort
members were also approached for information through requests that were attached to thank
you letters’ sent out to respondents with notices announcing the ‘Radium Hill reunion’ notices;

and, at the RH reunion at Easter, 1991.

These activities not only improved the trace rate and strengthened the statistical power of the
study, but also enhanced our knowledge of mining activities at RH. Furthermore, these
activities also provided us with an insight into the personal feelings and views of some
members of the study cohort, on life at RH, their attitudes towards the occupational health
risks of uranium mining and their impressions of our study. Each of these secondary trace

activities are described below.

L Wittenoom Gorge Study Cohort Comparisons

The Australian Blue Asbestos (ABA) mine at Wittenoom Gorge (WG) operated in Western
Australia from 1943 to 1966 and employed 6,916 employees - 6,505 men and 411 women -
(Armstrong et al. 1988; De Klerk et al. 1989). The mine was owned and operated by the
Colonial Sugar Refining Company which was the only major employer in the area. The
Wittenoom Gorge study was initiated to study the effects of asbestos exposure amongst

workers at the ABA mine.
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Comparisons between the nominal rolls of the WG study and the RH study revealed that 99
members of the Wittenoom Gorge study had also worked at RH. Electronic matching of
nominal rolls resulted in 77 successful matches on surname and date of birth. The 22
contradictions identified during the comparison of nominal roll details included discrepancies

in dates of birth and differences in the spelling of surnames.

For 72 of the 99 workers common to both studies, the WG study provided the initial contact
source for the RH study. Furthermore, for 28 of these workers the WG study was the sole
source of follow-up information for the RH study. For another 3 of these workers additional

information was also obtained subsequently, from other proxy sources.

II. Perth Chest Clinic Search

In accordance with the law in Western Australia, all workers at mines were required to
register with the PCC and undergo a medical examination or at least provide a recent medical
report. Records maintained at the PCC included mining employment histories and particulars
of individual tobacco use. Data on mining related occupational histories maintained at the
PCC included detailed history of employment in mines prior to initial registration and were
then updated at every follow-up visit to the PCC. Data on smoking however, were limited to
smoking status at initial registration with the PCC. Furthermore, data on smoking were only
available for individuals who had miners' tickets issued prior to the mid 1950's, after which the

format of the registration cards was altered and data on smoking habits excluded.
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II1. Consultation with Ex-Radium Hill Workers

In mid-1990, we learned that an association of former RH workers - 'The Radium Hill
Association’ - had been formed, that the ‘Radium Hill newsletter’ (a popular newsletter during
the operation of the RH mine) was revived, and that a reunion of former RH workers was
being planned to commemorate the 30th anniversary of the closure of the RH mine.
Secondary trace activities for the RH study were pursued through these avenues as described

below.

Personal contact was also made with two former employees of the South Australian
Department of Mines and Energy who had worked at the RH. One of them was a geologist
who was still attached to the South Australian Department of Mines and Energy and the other,
a former pay-roll clerk who was employed at the RH mine. Having been salaried employees,
they v;/ere not included in the nominal roll compiled for the study. These sources were able to
provide additional information on the RH mine operations, activities, record maintainance,
pay-toll processing procedures and overtime, and other information that proved useful for the

study.

IV.  Thank You Letters to Study Participants

A reunion of former RH workers offered an opportunity to expand tracing coverage. The RH
Reunion Committee had access only to the limited network of ex-RH residents who kept in
contact with each other, whereas the RH study maintained an address database of traced
members of the study cohort. A collaborative effort of assisting the RH Reunion Committee
in mailing notices to study participants with the forthcoming comunique on the RH study was

undertaken.
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In early 1990, letters were mailed out to members of the study cohort for whom addresses
were known, thanking them for their participation in the study, informing them of the progress
made in the study and of problems faced in trace activities. Also enclosed were a reply slip to
update their mailing address or volunteer further information that may be useful for the study
and a self addressed stamped envelope for the return of this information; a formal notice from
the RH reunion committee announcing plans for the reunion and a reunion attendance form:

and, a news letter from the RH committee.

The goodwill fostered by this collaboration with the RH reunion committee enabled vital

improvements in the study trace rate, and to previously collected data that were incomplete.

V. Radium Hill Reunion

The 1991 Radium Hill reunion was held during the Easter long-weekend with two gatherings
taking place, one at the old mine site in RH on Friday the 29th of March and the other in
Adelaide on Sunday the 31st of March. The reunion coincided with the release of a book
entiled 'We Were Radium Hill’ (Harrington and Kakoshcke 1991) and the unveiling of a
monument at the RH cemetery, erected in memory of RH residents who died during the time
of the mines operations. Over 400 people including ex-RH workers, residents and their
relatives attended the reunion at RH. The Adelaide reunion was attended by over 600 people

including ex-RH residents and workers who were unable to attend the reunion at RH.

Also in attendance at both reunions were investigators from the RH study, who provided
general assistance to the organizers and manned a ‘Missing Person's Bureau’' (appendix A)
which sought information on untraced workers and deceased workers who lacked full
information. Figure 3.5.4 depicts a most unusual attempt at gathering epidemiological data -
the identification and transcription of data from gravestones. Other photographs taken at the

RH reunions are presented in appendix A.
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3.6 The Collection and Compilation of Data

3.6.1 Follow-up Activities

Data collection activities commenced with the identification of the status of cohort members
through the methods previously outlined. Follow-up activities included vital status
ascertainment, and the collection of data on smoking, occupational histories, and cause of
death. Instruments of data collection used in the study included questionnaires (appendix B)

and summary information sheets and copies of death certificates from death registries.

L Retrieval of Cause of Death Data

Cause of death data were obtained for cohort members who died prior to the commencement
of the study or during the course of the study. Death searches were performed through death
registries in all Australian states and territories. These searches for ex-RH worker deaths
registered in Australia spanned the calendar periods from 1960 to 1987 (inclusive). In the
event of matches and possible matches, copies of death certificates or extracts of death

certificates were obtained.

Further information on vital status was also sought from relatives or friends of untraced cohort

members, during secondary trace activities.
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IL Questionnaire Survey

The purpose of the questionnaire survey was to ascertain the smoking and occupational

histories of cohort members both prior to and following their employment at RH.

Questionnaires were administered to cohort members who were known to be alive and to
next-of-kin of those who were known to have died South Australia alone, to collect data on
individual smoking and occupational histories. Contact was not attempted for deaths traced in
other Australian States and Territories, where death records were released on the explicit

condition that no contact would be made with families of the deceased.

For deaths registered outside South Australia information on questionnaires was sought during
secondary follow-up activities which included the collection of information from proxy

sources.

3.6.2 Follow-up Procedures

When possible cohort members were telephoned and questionnaires were administered over

the telephone by trained personnel.

Where telephone interviews were not possible, questionnaires enclosed with covering letters
explaining the purpose of the questionnaire and stamped self addressed return envelopes were
mailed out to traced cohort members. In the case of mail questionnaires, if no replies were
obtained after ten days, reminders were made. This procedure was repeated if no replies were

received after a further 10 days.
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3.6.3 The Compilation of Data

Collected data were entered into an information system that was specifically designed and
implemented by myself for this study. The ‘Radium Hill study information system’ consisted
of subsystems and data sets that could be linked by unique identifiers. Each subsystem was
designed for the capture and compilation of specific data sets in the study. These data sets -
the raw data sets - comprised the ‘employee file’, the ‘questionnaire dataset’, the 'death
dataset’ and the job-exposure matrix’. These raw data sets were used to derive several
analytical data sets which will be described in conjunction with their use. The most basic
analytical dataset used in this work was the job exposure dataset containing job-specific
individual exposures i.e., exposures specific to each job held at RH; these individual exposures
were derived by merging individual work histories from the employee dataset with the job-
exposure matrix. Individual cumulative exposures obtained by summing individual exposures
in the job exposure data set were then extracted and combined with the questionnaire data set
and the death data set to form combined data sets which were used to produce the results on
study participation and follow-up characteristics presented in section 3.7 and demographic

characteristics summarized in chapter 4.

Separate analytical data sets were then derived from these basic data sets for risk evaluation
using analytical approaches based on person-years at risk (chapters 5 and 6) and nested case
control analyses (chapter 7). All analytical data sets used in this work were derived from
algorithms and programs written by me during the course of my doctoral research. These
algorithms and programs were first tested using internal validation criteria, then validated
against other available programs and finally, presented for peer review at presentations made
by me at the University of Southern California, USA, Epidemiology Resource Incorporated,
Boston USA, and the MRC Unit of Biostatistics, Cambridge UK. Descriptions of these
routines are provided in conjunction with their application; derivation of the data set for
person-years based analyses is described in chapter 5 and that for nested case control analyses

is described in chapter 7.
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3.6.4 Data Processing Tools

Data processing was mainly performed on IBM compatible personal computers. Other
computer hardware used included IBM and VAX mainframe computing systems, SUN mini-
computer systems and Macintosh personal computers. The need for using this array of
hardware arose due to the nature of the various aspects of data processing and statistical

analyses involved in this work and the restricted availability of specialised analytical software.

Most of the data processing and statistical analyses presented in this work were performed
using the Statistical Analysis System (SAS) software package and the statistical modelling
package - EPICURE (EPICURE 1992). The SAS package provided a powerful programming
language for data manipulation, extensive procedures for data processing and modules for full-
screen data entry, statistical analyses, statistical graphics, matrix manipulations and report
generation (SAS 1990). The use of EPICURE is described in conjunction with its applications
in the forthcoming chapters of this thesis. Other software used in this work included, the
spreadsheet packages Excel - which was used on both, IBM and Macintosh PCs - and LOTUS
1-2-3; the Fortran 77 programming language which was used on the mainframe and the SUN
minicomputer systems and on IBM PCs; and, the generalized linear modelling package GLIM
which was initially used for analyses before the availability of EPICURE. The use of several
other epidemiological packages was also explored prior to the final choice of software used in

this work; these software are referred to in relevant sections of this thesis.
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3.7 Results: Study Participation and Follow-up Characteristics

3.7.1 Cohort Definition

The study population was based on a nominal roll that was compiled from payroll records
maintained by the South Australian Department of Mines and Energy of its employees at the
RH mine during the operation of the mine. These pay-roll records had only been maintained
for wage earners employed at RH by the South Australian Department of Mines and Energy;
they therefore did not include salaried employees of the South Australian Department of Mines
and Energy (e.g., management, and professional staff such as geologists) or contractors and
their staff. It should therefore be noted that this study population consists only of wage
earners employed at RH by the South Australian Department of Mines and Energy, and not of
the entire cohort of ex-RH workers. The nominal roll thus compiled included the records of

2,574 ex-RH workers, 2,521 (98%) males and 53 (2%) females.

All analyses pertaining to Rn induced lung cancer risk evaluation undertaken in this work are
based on the only cohort of male workers. Critical appraisal of trace rates is therefore
restricted to the male cohort. Females in the study cohort are only included for purposes of
summarizing the basic descriptive and demographic characteristics of the RH cohort - reported

in this chapter and the next (chapters 3 and 4).
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3.7.2 Trace Rates

Search procedures were carried out sequentially. The various sources were systematically
searched, with the search list being shortened at each stage when successful matches were
identified. Therefore, results presented in this section must be considered in the light of the
fact that trace statistics on trace sources need not be mutually independent; i.e., once an
individual was identified through one source, further searches were not attempted for this

individual through any other source.

Trace activities continued to the end of December 1991 by which time some information was
available for about three-quarters (74%) of the study cohort; there was no vital status
information on the remaining quarter. The 1,894 individuals for whom information was
available comprised 1,850 (98%) men and 44 (2%) women. A similar sex-ratio existed
amongst those untraced to this date, 671 (99%) men and 9 (1%) women. The trace rate was

73% amongst males and 83% amongst females. These figures are summarized in table 3.7.2.

Since systematic death searches had been made only to the end of 1987, the analytical dataset
is based on a follow-up to 31 December 1987. Of those traced through 1987, 615 (32%)
cohort members were known to be dead, 1,113 (59%) were known to be alive and 137 (7%)
were censored for other reasons at various times during the follow-up period of the study.
The status of a further 29 (2%) was unknown, though proxy questionnaire information was
obtained from former RH workmates. The deaths included 45 who were alive at the time of
initial trace and died during the follow-up period. At the end of study trace activities, a total
of 645 deaths was recorded amongst members of the study cohort who were traced; 615 of
these deaths occurred during the follow-up period; the other 30 deaths occurred between
1988 and 1991. These persons were included in the dataset as ‘alive at the end of the study

period’.
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Table 3.7.2: Distribution of Trace Rates by Gender

Trace Status Gender
Males Females All

Untraced Number 671 9 680
Overall % 26.07 0.35 26.42
Row % 98.68 1.32
Column % 26.62 16.98

Traced Number 1850 44 1894
Overall % 71.87 1.71 73.58
Row % 97.68 2.32
Column % 73.38 83.02

All Number 2521 53 2574
% 97.94 2.06 100.00

3.7.3 Questionnaire Survey Data

Some questionnaire data were obtained for 1,582 individuals who comprised 84% of those

traced and 61% of the entire cohort. Of these, 1,136 were known to be alive and 260 known

to be dead at the time of questionnaire completion. Though the status of the remaining 166

were unknown, some smoking and work history particulars were obtained through third

parties. For analytical purposes these individuals were treated as lost-to-follow-up from the

last known date of survival and were censored at this date; these individuals were classified as

censored prior to completion of follow-up.
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Questionnaire data were obtained in varying degrees of completion with 1,115 being fully
completed, 456 partly completed, and no information at all being available on 11 cohort
members traced who comprised 8 refusals to participate and 3 non-responses. Though there
was a total of 14 refusals to participate in the study, some questionnaire information was
available from proxy sources on 6 of them, which enabled the partial completion of
questionnaires. The refusals comprised 13 cohort members and relatives of another who died

after the follow-up cut-off period.

Respondents to questionnaires included 1,100 cohort members answering for themselves - 4 of
whom were resident overseas - and 104 relatives answering on behalf of cohort members who
could not be contacted personally. Some questionnaire information was obtained from proxy
sources for a further 367 cohort members. Proxy sources providing questionnaire information
primarily comprised 119 work mates and friends, 3 death certificates, the Wittenoom Gorge

(WG) study records for 31 others and Perth Chest Clinic (PCC) records for 214 others.

Initial contact particulars for the majority (936) of respondents were obtained through
electoral roll searches. One hundred and fifteen others were located through Health Insurance
Commission records, 75 others through searches of motor vehicle registrations, 8 more
through phone book searches for unusual untraced names, another cohort member was located
through Australian Workers Union files and one other from a death certificate; the initial
contact source for 35 others traced during the RH pilot study was unknown. Secondary trace
activities conducted thereafter, contributed further information on 187 workers through the
PCC, 72 through the WG study, 85 through the RH reunion and 67 others through other

workers and friends.
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3.7.4 Death Trace Data

A total of 615 deaths amongst cohort members was confirmed to have occurred during the
study period. This included 606 males (98%) and 9 females. Six hundred of these deaths
were known to have occurred in Australia, two deaths were reported to have occurred
overseas (one each in Italy and the United Kingdom), and the places of death for the others
were unknown. The majority of deaths traced in Australia were from South Australia, where

the RH mine was situated.

Death certificates or certified abstracts were obtained for 425 (69%) of these individuals.
Detailed death information - extracted from death certificates - was obtained in the case of a
further 133 (22%) cohort members from data collected during the RH pilot study. Particulars
of the remaining 57 (9%) deaths were obtained from other sources including friends and
relatives. Details of cause of death were available in 600 (98%) instances. Underlying cause
of death was coded by a medically qualified epidemiologist (Dr. A. Woodward) using the ICD
9 classification ICD 9 1978).

No detailed information was available in the case of 15 (2%) individuals who were reported as
being deceased by former RH workmates. A further 11 deaths were also reported where dates
of death were unavailable. For analytical purposes, where dates of death was not available,
individuals were censored at the last known date of survival. Unknown cause of death was

coded with ICD 9 (ICD 9 1978) code 799.9.
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3.7.5 Questionnaire and Death Data

Of the 615 deaths recorded amongst cohort members, some questionnaire data were obtained
for 303 (49%) of them. This included 44 cohort members who were alive at the time of the

questionnaire survey and were known to have died subsequently.

A total of 290 (47%) deaths were registered in South Australia, where explicit permission was
obtained from the Registrar General, to use particulars provided in the death certificate for the
purposes of contacting relatives of the deceased. Follow-up of a sample of deaths from
recent years resulted in 22 successful contacts. Questionnaire data were also obtained for a
further 32 of those who died in South Australia through other contact procedures; in one
unusual case, both death and questionnaire data were obtained through information that

appeared in an obituary notice.
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3.7.6 Analyses of Trace Rates for Male Workers

L Trace Rates By Vital Status

A summary of questionnaire and death data obtained for male workers is presented in table
3.7.6a. Some questionnaire data were available on 61% of the male cohort. This included
about half of the 606 (24%) males who were know to have died during the study follow-up
period. Vital status ascertainment could not be made on 671 (27%) males who were

considered lost-to-follow-up from their last date of employment at RH.

Table 3.7.6a: Trace Characteristics for Traced Male Workers

Death Questionnaire Data

Data Yes % No Total
Yes 295 49% 311 606
No 1233 65% 671 1904
Total 1528 61% 982 2510*

NOTE: * Figure excludes 11 male workers on whom some information
was available but dates of death were missing.
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II. Birth Cohort Profile By Trace Status

The analyses data sets included only the 2,521 males in the study cohort, of whom 671
(26.6%) were untraced. The 1,849 males traced comprised 1,112 (60%) who were alive, 606
(33%) who were dead by the end of the study, and 131 (7%) individuals on whom some
additional information was available but, who were lost-to-follow-up and therefore, censored-
prior-to-the-completion-of-follow-up. Those referred to as censored prior to the completion
of follow-up (in table 3.7.6b) do not include the untraced members of the cohort who were
lost-to-follow-up from the date their employment at RH was terminated. Table 3.7.6b which
summarizes the characteristics of this population, shows that the subset of those known to be
dead are (not surprisingly) significantly older than those known to be alive. Furthermore, it
can also be seen that the untraced and censored fractions of the male cohort - together
comprising the cohort fraction lost-to-follow-up - would be of about the same age as those

traced and known to be alive.

Table 3.7.6b: Birth Cohort Profile For Males in Respect of Study Trace Status

Year of Alive Dead Censored- All Untraced
Birth Prior-To- Traced
Completion

of-Follow-up

Mean 1928 1916 1926 1924 1926
Median 1929 1918 1929 1926 1929
Range 1898-1946 1888-1945 1894-1942 1888-1946 | 1883-1946
I-QRange | 1924-1933 1909-1925 1922-1933 1919-1931 | 1923-1932
SD 7.6 years 11 years 10 years 10 years 9 years
N 1112 606 131 1849 667

% 44.2 24.1 5.2 73.5 26.5

Note: I-Q = Inter-Quartile Range; SD = Standard Deviation; N = Number of Observations,
* Traced beyond employment at RH but censored prior to completion of follow-up,
for reasons other than death.
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II.  Trace Rates By Radon Exposure Status

Of the male workers at RH 59% worked underground sometime during their employment at
RH (and hence are defined as "ever exposed"). Table 3.7.6c summarizes follow-up trace rates
by the exposure status of individual male workers. This classification of exposure status
differs from exposure categorizations used in the analytical epidemiological chapters where all

analyses are based on relevant exposures - defined with a lag period taken into consideration.

Table 3.7.6¢c: Trace Rates for Male Workers By Exposure Status

Ever Traced

Exposed Yes % No Total
Yes 1100 75% 359 1459
(Mean BC)™* (1925) (1928)  (1926)
No 750 71% 312 1062
(Mean BO)* (1923) (1925)  (1923)
Total 1850 74% 671 2521

(1924) (1927)

Note: * Mean Birth Cohort Year

The trace rate was higher among those ever exposed to Rn at RH (75%) compared to those
never exposed (71%); 59% of those traced had worked underground at RH. Table 3.7.6¢ also
lists the mean birth cohort year for workers by trace status and exposure status. These results
show that the untraced cohort fraction was slightly older (born earlier) than that traced, and
that the cohort fraction who worked underground (exposed to Rn) at RH was younger than

the cohort fraction of surface workers (unexposed).
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IV.  Death Trace By Radon Exposure Status

Examination of the RH cohort by exposure status and mortality status (table 3.7.6d) showed
that compared to surface workers, a smaller proportion of underground workers died before
the end of the study period. Results also showed that deceased underground workers
comprised a younger birth cohort than deceased surface workers. The fraction of the cohort
who died during the study period was on average 10 years older than those who were not

know to be dead, i.e., survivors and those untraced.

Table 3.7.6d: Deaths Traced for Male Workers By Exposure Status

Ever Dead

Exposed Yes % No Total
Yes 327 22% 1132 1459
(Mean BC)* (1919) (1928) (1926)
No 279 26% 783 1062
(Mean BC)* (1915) (1926) (1923)
Total 606 24% 1915 2521

(1917) (1927)

Note: * Mean Birth Cohort Year

It was also found that 54% of those who died during the study period had worked
underground at RH.
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3.7.7 Summary of Findings on Study Participation and Follow-up

An overall trace rate of 74% was achieved in the follow-up of the RH study cohort. At the
end of the study period, 31 December 1987, 24% of the cohort (33% of those traced) were
dead and 5% of the cohort (7% of those traced) were censored-prior-to-completion-of-follow-
up. Approximately 44% of the RH cohort were eligible for further follow-up, should the
study be extended beyond the cut-off date identified. Though the term ‘completed follow-up’
is used in epidemiological terms to refer to who died or were lost-to-follow-up at the end of
the study period, vital information on smoking and other occupational exposures was not
available for about half of those who had completed their follow-up. This information could

still be sought through proxy sources if the period of study was to be extended in the future.

Analyses of trace rates showed a higher trace rate amongst those who were exposed - worked
underground - at RH; the heterogeneity in trace rates for surface (75%) and underground
(71%) workers was statistically significant (p < 0.05) based on a x2 test for homogeneity in
table 3.7.6c. This may indicate bias in trace rate, suggesting that those who were exposed to
Rn progeny at RH were more likely to respond to the questionnaire survey, but this finding
has to be addressed with some caution. Statistical significance based on the a ¥2 statistic
tends to be influenced by large cell frequencies such as those in table 3.7.6¢, and may result in
significance with little meaning. Two components of bias may have been possible: in addition
to the possibility of response bias mentioned above, bias could have been possible on the part
of study organizers placing greater emphasis on tracing those who were exposed. Since the
people who carried out the trace activities were on the whole, not aware of the exposure
status of the individuals being sought, such a bias is unlikely; individual exposure histories

were not directly available on the nominal roll used in study trace activities.
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The issue of bias in epidemiological study design, selection, losses-to-follow-up and
information has been widely discussed in the literature (Greenland 1977; Criqui et al. 1978;
Kleinbaum er. al. 1981; Checkoway et al. 1989). Kelsey et al., (Kelsey et al. 1986)
summarize that: with reference to prospective studies it appears more likely that participating
cohort fractions may differ with respect to exposure than with respect to disease; if the
selection fractions differ with respect to disease only, then the risk ratio is biased with the
magnitude of the bias being small for plausible differences in selection fractions if the disease
affects only a small proportion of the population; if the ﬁactions differ according to the
presence or absence of a risk factor (exposure) the resulting bias may be controlled by
methods similar to those used in controlling confounding (Miettenen and Cook 1981); the
more serious bias results when selection fractions vary according to specific combinations of
exposure and disease status. Greenland (Greenland 1977) examined bias in cohort studies
where he defined study loss as comprising the proportion of persons refusing to participate in
the study - non response - and the proportion of persons who enter the study but, dropped out
before completion of their follow-up; study participation was defined as the complement of
study loss, and comprised response bias and Jollow-up bias. Greenland (Greenland 1977)
refers to some of the earliest reports on bias in cohort studies (Berkson 1955; White and
Bailar 1956; US PHS 1964) and the possible misinterpretation of concepts on bias
(MacMahon and Pugh 1970), examines the effects of bias using a hypothetical example and
concludes that selection bias is a theoretical possibility whenever correlates of the outcome
capable of influencing study participation exist for some participants at the beginning of the
study; in evaluating the likelihood of an important bias in a study situation he states that "many
experienced epidemiologists tend to regard selection bias in cohort studies as generally
unimportant” and concludes that the intended use of study results must play an important role

in determining the degree of bias necessary to be considered significant.
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Empirical data are seldom available for full evaluation of the extent of these biases; therefore,
the common view is that everything possible should be done to attain high participation rates.
Sources of bias that may have arisen in this work include bias in trace rates - particularly
response bias. Important questions that may consequently arise in the RH study include:
i could trace rates have been influenced by exposure status? - This question has
already been addressed in the preceding paragraph (the answer is, most probably not);
1. could trace rates have been influenced by the disease outcome being studied? -
Several issues arise here; firstly, there is a greater likelihood that those who died during
the study period may have been traced because of the systematic searches of death
registries; therefore, it is very likely that mortality is over-estimated in this cohort, as
deceased workers were more likely to be traced than were workers alive; the extent of
this bias cannot be measured because those who were identified as being deceased
would have been classified as traced whereas those who were untraced may be dead or
alive with the latter possibility being more likely; secondly, by searching the records of
cancer registries and chest clinics there may have been a greater likelihood of tracing

cancer deaths including lung cancer deaths.

It is possible that such biases may exist in the RH study; taken individually, specific trace
procedures undertaken in this study may be associated with specific types of response bias.
However when combined, these trace procedures contribute towards an attempt at tracing the
entire cohort. Ideally, if this were possible, the avenues by which such a complete trace was
achieved, even if they were biased, would have little overall impact; in other words, this may
be described as an instance where a compromise is made between local bias and global
unbiasedness, where even locally biased avenues of tracing could produce globally unbiased

results if they eventually enable complete trace.
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Concerns may be raised about bias resulting from secondary trace activities. Though our
findings show considerable improvement in trace rates, person-years of follow-up and the
amount of data on individual smoking and occupational histories, the findings cannot quantify

the bias these activities may have contributed; qualitative arguments and conjectures abound.

The secondary trace activities which have formed a part of this work are by no means
complete; they were embarked upon when conventional trace activities had reached a point of
saturation in trace rates during primary trace activities. This first attempt at secondary trace
activities has brought results that show promise. In the absence of other avenues of tracing
the complete cohort, it appears reasonable that methods such as these, however innovative,
should be carefully explored and if satisfactory, executed towards the ultimate goal of

complete trace - an end that justifies the means.
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4. Descriptive Epidemiological Findings
4.1 Overview: Population Profile

The average male worker at RH was aged 31 at the time of entry into the cohort, worked a
total of 17 months at RH, held 2.4 different jobs, was exposed to 4.25 WLMs and aged 32 at
the end of employment at RH; the mean duration of follow-up was 19.5 years and the mean
age at the end of follow-up was 50 years. A total of 85% (1,121 out of 1,320) of male
workers used tobacco products sometime in their lives. Detailed smoking information was
obtained for 84% of those who ever smoked regularly. Amongst males for whom detailed
smoking information was available, 510 (54%) reported they were current smokers and 433

(46%) were ex-smokers at the time of interview.

The average female employee at RH was 27 at the commencement of work at RH, worked a
total of 12 months at RH, held 1.3 jobs at RH, was not exposed to any radiation whilst
working at RH and was aged 28 at the end of employment at RH. The average duration of
follow-up for women was 21.5 years and their mean age at the end of follow-up, 49 years.

The prevalence of ever-smokers amongst women at RH was 60% (25 out of 42).

This chapter provides a comprehensive description of the study cohort. Critical appraisal of
demographic characteristics is restricted to male workers, who are the subjects of the major
analyses in this study. A broad summary of demographic characteristics of the female cohort

is provided where ever appropriate.
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4.2 Population Characteristics

4.2.1 Commencement of Employment at Radium Hill

Entry into the study cohort was defined as the date of first inclusion on the RH payroll. The
annual intake of workers at RH is summarized in table 4.2.1. One hundred and twenty three
members of this cohort (all males), worked at RH prior to 1952, when the mine commenced
production of ore. These workers were involved with the initial preparatory activities that
were required at the mine site. An additional 244 members of the cohort, which included 1

woman, commenced work at RH in 1952 when the mine commenced ore production.

The highest intake of workers occurred during 1955 - the year in which additional mechanical
ventilation was introduced underground - when 453 men (18% of total male intake) and 10
women (19% of total female intake) commenced employment. Nineteen fifty five was also the
median year of employment for men with 53% of all males being employed by the end of that
year. Approximately half the intake of males occurred prior to the installation of additional

ventilation, a time when exposure levels were substantially higher.
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Table 4.2.1: Commencement of Employment at Radium Hill

Calendar Males Females Total Cohort
Year N Cum % N Cum % N Cum %
1948 5 + - - 5 +
1949 3 + - - 3 +
1950 35 2% - - 35 2%
1951 80 5% - - 80 5%
1952 234 14% 1 2% 235 14%
1953 246 24% 1 4% 247 24%
1954 280 35% 8 19% 288 35%
1955 453 53% 10 38% 463 53%
1956 226 62% 6 49% 232 62%
1957 136 67% 6 60% 142 67%
1958 224 76% 7 14% 231 76%
1959 222 85% 3 79% 225 85%
1960 253 95% 6 91% 259 95%
1961 122 100% 5 100% 127 100%
1962 2 100% - 100% 2 100%

Overall 2521 100% 53 100 % 2574 100%
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4.2.2 Termination of Employment at Radium Hill
Terminations of employment at RH occurred from 1951 through till 1962; one male employee
left the occupational cohort in 1951. By 1958, about half the cohort (53%) had ended their

employment in RH. Annual exits from the RH workforce are summarized in table 4.2.2a.

Table 4.2.2a: Termination of Employment at Radium Hill

Calendar Males Females Total Cohort
Year N Cum % N Cum % N Cum %
1951 1 + - - 1 +
1952 31 1% - - 31 1%
1953 338 15% 1 2% 339 14%
1954 225 24% 4 9% 229 23%
1955 353 38% 9 26% 362 37%
1956 236 47% 4 34% 240 47%
1957 162 53% 6 45% 168 53%
1958 201 61% 6 57% 207 61%
1959 234 71% 6 68% 240 71%
1960 290 82% 7 81% 297 82%
1961 415 99% 9 98% 424 99%
1962 35 100% 1 100% 36 100%

Overall 2521 100% 53 100% 2574 100%

The largest exits from employment were registered during 1953 (13%) - soon after the mine
commenced its production activities, in 1955 (14%) - when the new ventilation system was
installed, and in 1961 (16%) - when the mine stopped production of ore. The final exodus in

1962 comprised 35 male workers and 1 female worker.
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Employment termination codes obtained from payroll information are summarized in table
4.2.2b. Eleven members of the RH cohort, all of whom were men, died during the term of
their employment at the mine. The majority of RH employees (94%) terminated their
employment with the South Australian Department of Mines and Energy at the end of their
time at RH. Three percent of the cohort were transferred out of RH. Two percent of the RH
study cohort, comprising 46 men and 2 women, were transferred to other sections of the
South Australian Department of Mines and Energy. A further 32 males (1%) were transferred
to other government departments. Anomalies in payroll record included 64 employment
records (3%) for which termination codes were not available. Furthermore, five men who
were included in the RH payroll did not actually commence work at RH and were therefore

classified as ‘non-starters’.

Table 4.2.2b: Radium Hill Employment Termination Status

Males Females Total

Termination Status: N % N %0 N %
Death 11 + - - 11 +
Discharged 2365 94% 49 92% 2414 949
Transferred To:

Dept. of Mines 46 2% 2 4% 48 2%

Other Govt. Depts. 32 1% - - 32 1%
MM - Missing 62 3% 2 4% 64 3%
Did not start work 5 + - - 5 +
Overall 2521 100% 53 100% 2574 100%
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4.2.3 Size of Employed Cohort

Table 4.2.3 summarizes the available information on the size of the RH workforce. A total of
357 (14%) workers, including 1 woman, were employed at RH in 1952 - the first year of
uranium ore production. During 1961, the last year when uranium ore was produced at RH,
458 (18%) - 448 men and 10 women - worked at the RH. A total of 36 workers - 35 men and
1 woman - remained employed sometime in 1962, when the mine was finally closed. Exact

termination dates were unavailable for 64 cohort members.

Table 4.2.3: Number of Employees and Cohort Fraction Employed

Year Males Females Total Population
N Cohort Fraction N N Cohort Fraction
1948 5 + - 5 +
1949 8 + - 8 +
1950 43 2% - 43 2%
1951 123 5% - 123 5%
1952 356 14% 1 357 14%
1953 572 23% 2 574 22%
1954 513 21% 9 522 20%
1955 741 30% 15 756 29%
1956 614 25% 12 626 24%
1957 514 21% 14 528 21%
1958 576 23% 15 591 23%
1959 596 24% 12 608 24%
1960 616 25% 12 628 249%
1961 448 18% 10 458 18%
1962 35 1% 1 36 1%
Overall 2521 100% 53 2574 100%

11/8/93 4:35 PM 118 Arul



Chapter 4: Descriptive Epidemiology

Figure 4.2.3a shows the cumulative percentages of male workers commencing and terminating
employment at the RH mine over time; the vertical distance between the two curves give the

cohort fraction employed at that time. Variations in the cohort fractions employed are further

described in figure 4.2.3b.
Figure 4.2.3a: Commencement and Termination of Employment at Radium Hill
(For Males Only)
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Figure 4.2.3b: Cohort Fraction Employed at Radium Hill
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4.2.4 Duration of Employment

Job classifications showed that a total of 401 person years was allocated to ‘inactive' job
categories i.e., job codes used when individuals were not actively employed at RH. Therefore,
employment time was computed on the basis of active employment time and not on the

interval of time between first commencement and final termination of employment at RH.

The distribution of duration of employment for male workers was extremely skewed; duration
ranged from a formight to 11.5 years. The mean duration was 17 (95% CI: 16-18) months,
and the median duration was 7 months. The inter-quartile range was 3 - 21 months. Only 5%

of the male cohort were known to have worked at RH for over 6 years.
Distributions of duration of employment for RH workers are presented in figure 4.2.4. Plots

of duration of employment by exposure status at RH show very little difference between those

exposed and unexposed to Rn at RH.
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Figure 4.2.4: Distribution of Cumulative Duration of Employment at Radium Hill
(For Males Only)
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4.2.5 Termination of Follow-up

Table 4.2.5-shows the annual distribution of the termination of follow-up. The 1,170 who
completed their follow-up in 1987 (the last year of follow-up) included 1 cohort member who
migrated from Australia and thereafter was considered lost to follow-up and 26 deaths that
occurred during that calendar year. Consequently, 44% of the study cohort (comprising 60%
of those traced) were known to be alive at the end of the study period. Those censored before

the end of the study included 24% who were censored at the time of their death.
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Table 4.2.5: End of Study Follow-Up

Calendar Males Females Total Cohort
Year N Cum % N Cum % N Cum %
1951 1 + 1 +
1952 12 1% 12 1%
1953 94 4% 94 4%
1954 56 7% i 2% 57 6%
1955 95 10% 3 8% 98 10%
1956 73 13% 2 11% 75 13%
1957 62 16% 62 16%
1958 73 19% 1 13% 74 18%
1959 89 22% 2 17% 91 22%
1960 100 26% | 19% 101 26%
1961 127 31% 3 25% 130 31%
1962 28 32% 28 32%
1963 14 33% 14 33%
1964 10 33% 10 33%
1965 11 34% 11 33%
1966 23 34% 23 34%
1967 18 35% 1 27% 19 35%
1968 16 36% 16 36%
1969 24 37% 24 37%
1970 26 38% 26 38%
1971 11 38% 2 30% 13 38%
1972 22 39% 1 32% 23 39%
1973 23 40% 23 40%
1974 38 42% 1 34% 39 41%
1975 28 43% 28 42%
1976 22 44% 22 43%
1977 29 45% 29 44%
1978 20 45% 1 36% 21 45%
1979 29 47% 29 46%
1980 28 48% 28 47%
1981 28 49% 1 38% 29 49%
1982 34 50% 34 50%
1983 37 52% 37 51%
1984 26 53% 26 52%
1985 33 54% 1 40% 34 54%
1986 22 55% 1 42% 23 55%
1987 1139 100% 31 100% 1170 100%
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4.2.6 Duration of Follow-Up

Duration of follow-up ranged from a fortnight to 39.8 years. The mean duration of follow-up
was 19.6 years (95% CI: 19.1-20.1 years) - 19.5 years for men and 21.5 years for women.
The median duration of follow-up was 26.7 years - 26.7 years for men and 27.8 years for

women.

The mean duration of follow-up amongst males who were exposed to Rn at RH was 19.9
(95% CIL: 19.2 - 20.6) years and 19.0 (95% CI: 18.2 - 19.8) years amongst those unexposed to
Rn at RH. Distributions of follow-up duration (figures 4.2.6a and 4.2.6b) showed very little

difference between those exposed and unexposed to Rn at RH.

Figure 4.2.6a: Cumulative Frequency Distribution of
Duration of Follow-up
(For Males Only)
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Figure 4.2.6b: Distribution of Duration of Follow-up
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4.3 Demographic Characteristics

4.3.1 Age at Commencement of Employment at Radium Hill

The mean age of males at commencement of work in RH was 31 years (95% CI: 30.6-31.4).
The distribution of age at commencement was skewed with half the cohort commencing
employment by the age of 29 and three-quarters of the male cohort by the age of 36 (inter
quartile range 24-36) years. This pattern was however not consistent over time. As may be
seen from table 4.3.1, the age of males at hire was higher during the first three years of the
mine's operation (range 19-60); perhaps reflecting more experienced workers being hired in

earlier years during the preparation of the mine.

Anecdotal information obtained from former RH residents revealed that teenage students
living in RH were employed at the mines on an ad hoc basis during the school holiday seasons.

This may account for the presence of younger members of the cohort from 1951.

Female members of the RH workforce commenced work at the mean age of 28 years
(standard deviation: 12 years). Ages at commencement for females ranged from 14 to 54
years; half the female work force commenced employment at RH by the age of 27 years
(median = 27 years), and the inter-quartile range of age at commencement for females was 16

to 38 years.
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Table 4.3.1: Age at Commencement of Work at RH By Calendar Year

(For Males Only).
Year N Mean & 95% CI Median Range  I-Q Range
(years) (years) (years) (years)
1948 5 34+9 36 19-42 29-42
1949 3 33+9 29 28-43 28-43
1950 35 32+4 27 20-60 23-42
1951 80 34+3 29 14-62 25-43
1952 233 33+1 30 16-63 26-39
1953 245 33+1 31 15-59 26-40
1954 279 31+1 29 17-71 25-37
1955 453 30+1 28 16-63 24-35
1956 226 30+1 27 15-60 23-34
1957 135 3141 30 15-63 25-35
1958 224 29+1 28 14-58 23-33
1959 222 29+1 26 14-62 22-33
1960 253 3011 28 14-58 22-34
1961 122 29+1 28 14-63 23-34
1962 1 48 - 5 &
Overall 2516 31+04 29 14-71 24-36

Note: N - Frequency; CI - Confidence Interval; I-Q - Inter-Quartile
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4.3.2 Age at Termination of Employment at Radium Hill

At the termination of employment at RH the average age of males was 31.8 (95% CI: 30.4 -
31.2) years, and 29 (95% CIL: 24.6 - 30.8) years for females. Half the male cohort had
completed their employment at RH by the age of 30. The annual distribution of age at
termination of employment (table 4.3.2) shows that most males employed at RH were aged in
their 30's when they left their employment at RH (mean ages at termination of employment

ranged from 30 to 39 years).

Table 4.3.2: Age at Termination of Work at RH - Males Only

Year N Mean & 95% CI Median Range I-Q Range
(years)* (years)* (year* (vears)™
1951 1 59 59 59-59 59 -59
1952 31 35+ 4 29 22 - 63 26-43
1953 336 34+ 1 32 18 - 60 27 - 41
1954 224 33+ 1 31 19-71 26 - 38
1955 353 31+ 1 29 18 - 64 25-36
1956 236 32+ 1 29 18 - 63 24 -37
1957 161 33+ 2 30 15 - 65 26 - 37
1958 201 32+ 1 30 18 - 69 26 - 36
1959 234 30+ 1 28 14 - 61 23-35
1960 290 32+ 1 30 15-62 24 -37
1961 415 32+ 1 31 14 - 64 26 - 37
1962 34 39+ 4 38 17 - 65 32-48
Overall 2516 31.8 + 0.4% 30 14-71 25-37

Note: * Rounded to the nearest integer
# Rounded to the nearest decimal place.
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4.3.3 Age of Population Employed at Radium Hill
The average age of the cohort employed at RH was computed using the duration of
employment as weights. The duration weighted average age of the cohort of workers was

32.6 (range: 13 - 70) years for males and 27.7 years for females.

Table 4.3.3: Age Distribution of Working Cohort at Radium Hill

(For Males Only).
Year N Mean  Median Range I-Q Range
(years) (years) (years) (years)
1948 5 34 36 18-43 30-42
1949 8 35 37 19-44 29-43
1950 43 34 29 20-61 22-44
1951 123 33 28 13-63 24-43
1952 356 33 29 14-64 25-40
1953 572 34 31 15-65 26-40
1954 513 34 30 16-70 25-39
1955 741 32 29 16-67 24-37
1956 614 32 29 14-68 24-37
1957 514 33 30 15-69 25-36
1958 576 32 30 14-69 25-35
1959 596 32 30 14-62 24-36
1960 616 32 30 14-63 24-36
1961 448 33 31 14-64 26-36
1962 35 39 36 16-64 31-47
Overall 2516 32.7 30 13-70 25-37
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4.4 Radium Hill Work and Radon Progeny Exposure Histories

4.4.1 Categories of Employment at Radium Hill

Categories of employment at the RH mine are listed in tables 4.4.1a and 4.4.1b according to
their exposure status. Employment categories which only involved work on the surface where
workers were not exposed to Rn above background levels are referred to as job categories
unexposed to Rn. For each of these job categories unexposed to Rn, the cumulative duration
of employment (in person years), the total number of episodes of employment and the mean
age of workers (obtained as a weighted average of duration of employment and age), are also
summarized in table 4.4.1a. Results showed that the greatest cumulative duration of
employment in surface job categories constituted work by fitters and turners (159 person
years) and tradesmen's assistants (131 person years) which together contributed 13% of the
total duration of employment above ground; on an average, workers in these job categories

tended to be younger than other surface workers (mean age: 34 years).

Employment categories which involved work underground with exposure to Rn are referred to
as job categories exposed to Rn.  All reference of exposures are made only to the male cohort
of workers. Table 4.4.1b summarizes the cumulative duration of employment (in person
years), the cumulative exposure to Rn progeny measured in working level months (in WLM),
the number of episodes of employment and the employment duration weighted mean age of
workers in each of the job categories exposed to Rn. Job categories contributing the highest
employment at RH were Miners and Sinkers (581 person years of employment), and under-
ground Labourers and Pumpmen (315 person years of cumulative employment). Miners and
Sinkers contributed 39% of the total person years of employment under-ground and 42% of
the cumulative exposure to Rn progeny experienced at RH; their average age was 34 years.
Underground Labourers and Pumpmen contributed 21% of the total person years of

employment under-ground and 21% of the cumulative Rn progeny exposure experienced at

RH; they were aged 31 years, on an average.
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Table 4.4.1a: Radium Hill Job Categories Unexposed to Radon Progeny

Job Description Cumulative Employment Weighted
Code Category Duration Episodes Mean Age®
(Years) % N Years
01 Motor Mechanic 38 2% 83 38
02  Carpenter 84 4% 146 38
03 Builder's Labourer 93 4% 232 40
04 Welder, Spec. Welder 45 2% 99 33
05 Fitter, Fitter & Turner 159 7% 286 34
06 Fitter Operator 1 + 5 48
07 Electrical Fitter, Radio T/Man 34 2% 81 33
08 Electrician, Linesman 44 2% 87 34
09 Pipe Fitter 10 + 37 35
11 Plumber 22 1% 42 42
12 Painter 34 2% 67 39
13 Maintenance Worker 6 + 14 41
15 Blacksmith, Metal Worker 35 2% 58 37
16 Blacksmith's Assistant 4 + 10 31
17 Sampler, Radiometric Tech. 36 2% 103 40
18  Surface Sampler 26 1% 107 36
19 Cook 74 3% 154 45
20 Cook's Offsider, Mess Sup. 75 3% 197 47
22 Owner Driver 4 + 9 31
23 Driver 27 1% 71 35
24 DMT Driver 16 1% 39 37
25 Grader, Tractor/HMV Driver 26 1% 66 35
26 Bus Driver 7 + 20 38
27 Engine Driver 30 1% 57 42
28 Barman 17 1% 31 45
29 Storeman 69 3% 158 44
30 Charge Storeman 35 2% 68 45
31 Store Assistant 3 + 5 54
32 First Aid attendant 18 1% 34 41
33 Night Watchman 4 + 6 42
34 Butcher 4 + 10 49
35 Camp Attendant 3 + 11 63
36 General Labourer, Handyman 89 4% 343 40
37 Construction Worker 8 + 37 42
38 Crane Driver 12 1% 29 39
39 Tradesman's Assistant 131 6% 340 34
Note: + Lessthan 1%

11/8/93 4:35PM

Duration Weighted Mean Age

130

Arul




Chapter 4: Descriptive Epidemiology

Table 4.4.1a: Radium Hill Job Categories Unexposed to Radon Progeny (Continued)

Job Description Cumulative Employment Weighted
Code Category Duration Episodes Mean Age*
(Years) % Years
40  Mill Sampler 41 2% 214 35
41 Flotation Operator 46 2% 90 36
42 Fitter Operator & Attendant 27 1% 108 31
43  Heavy Media Operator 30 1% 66 35
44  Bituminous Operator 2 + 13 37
45  Crusher Operator 10 + 27 48
46 Crusher Attendant 14 1% 34 44
47  Ball Mill Operator 26 1% 89 34
48  Mill Labourer or Hand 5 + 40 37
49  Youth Labourer or Apprentice 41 2% 112 19
50 Storeman Improver [/ + 16 22
51 Winding Engine Driver 36 2% 71 43
57  Lamp Room Attendant 13 1% 24 40
58 Change Room Attendant 18 1% 31 56
61 Wood Machinist 4 + 5 38
66  Braceman 32 1% 95 33
75 Shop Assistant S + 11 29
76 Shift Foreman - Surface 8 + 19 46
77 Motor Lorry Driver 20 1% 58 38
80  Machinist & Turner 17 1% 33 49
81 Lamproom Electrical Fitter + + 1 27
83 Tool Storeman 6 + 12 64
84  Diesel Fitter 7 + 15 38
86 Block Attendant 3 + 6 66
87 Brick Layer 3 + 9 43
89 Plant Operator 2 + 10 34
90 Magnetic Separator Operator 1 + 9 36
91 Canvas Worker 2 + 2 34
92 Rigger 5 + 12 43
93 Mullocker 2 + 9 30
97 Transferred to Mines Dept. 26 1% 33 39
98 Inactive 401 18% 875 37
Overall 2184 100% 5291

Note: + Less than 1%
Duration Weighted Mean Age
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Table 4.4.1b: Radium Hill Job Categories Exposed to Radon Progeny

Job Description Radon Progeny Exposure at Radium Hill Mean
Code Category Duration Quantity Episodes Age*
(Years) % WLM % Years
10 U/G Pipe Fitter 20 1% 129 1% 52 30
14 Greaser 7 + 41 + 25 34
52 U/G Air Hoist Operator 44 3% 367 3% 139 39
53  Miner & Sinker 581 39% 4462  42% 1202 34
54  Trucker 83 6% 360 3% 219 30
55 U/G Mine Labourer, 315 21% 2250 21% 1365 31
Pumpman
56  Driller, Assistant 14 1% 300 3% 39 39
59  U/G Chainman 30 2% 114 1% 63 30
60  U/G Timberman 65 4% 352 3% 147 35
62 U/G Storeman 47 3% 208 2% 84 35
63  Loco Operator 28 2% 111 1% 77 30
64  Loader Operator 41 3% 176 2% 113 32
65  Platman 22 1% 124 1% 58 35
67 Skipman 11 1% 32 + 23 37
68 Platelayer 24 2% 125 1% 62 38
69 U/G Sampler 27 2% 94 1% 62 28
70  U/G Sanitory Man 10 1% 47 + 26 48
71 Snapman 19 1% 310 3% 70 38
72 U/G Shift Boss, Trainee 20 1% 232 2% 43 50
73  Winchman 24 2% 273 3% 69 48
74 U/G Fitter 29 2% 384 4% 70 36
78 Winch Driver 3 + 60 1% 15 47
79  U/G Machinist 2 + 22 + 5 34
85 Scraper Operator 4 + 21 + 17 33
88 Mine Foreman 11 1% 110 1% 18 46
Overall 1480 100% 10703 100% 4063

Note: + Less than 1%
* Duration Weighted Mean Age
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4.4.2 Changes in Job Categories at Radium Hill

Pay-roll information showed that many of the RH employees had worked in multiple jobs
during their employment. The maximum number of changes in job categories was 19 amongst
males workers and 4 amongst female workers. Job changes were more common for male
workers with 52% working in more than one job category - this included 498 (20%), 292
(12%) and 180 (7%) who changed job category two, three or more times. Those having held
just one job at RH comprised 1,220 males and 42 females workers. Only 21% of the female

workers held more than one job at the mine.

In addition to career enhancement, job changes partly reflect the variation in the emphasis of
mining activities. In addition, anecdotal evidence suggests that some amount of job rotation
may have occurred as a means of limiting individual exposure to Rn. Surface workers had
fewer job changes than underground workers. Unexposed workers held 2 jobs on an average

whilst exposed workers held 3 jobs.

4.4.3 Exposure to Radon Progeny at Radium Hill

A total of 1,459 (59%) male workers experienced some exposure to Rn progeny at RH by
being employed in exposed job categories. Ages at hire of exposed workers ranged from 13
to 70 years; average age at hire was 30 years (standard deviation: 8 years) and half the male

workers were employed before the age of 28.

On the whole, the average age at hire amongst the 1,062 (41%) unexposed workers was
higher than those who were exposed. Ages at hire for unexposed workers ranged from 14 to

63 years and averaged 32 years (standard deviation: 10 years); median age at hire was 30

years.

18/12/93 2:18 PM 133 Arul



Chapter 4: Descriptive Epidemiology

Compared to those unexposed, exposed workers had a longer duration of employment. The
duration of employment amongst the unexposed workers ranged from a fortight to 126
months (10.5 years) and averaged 16 months (standard deviation: 21 months).  Half the
unexposed were employed for 7 months or less, with half of them being employed for 3
months or less; only one quarter of the unexposed male population was employed for periods
above 19 months (inter quartile range 3 - 19 months). The duration of employment for the
exposed workers ranged from 1 month to 138 months (11.5 years). The mean duration was

18 months (standard deviation: 24 months), median 7 months and I-Q range 3-24 months.

The mean duration of exposure to Rn progeny at RH was 12 months. Duration of exposure
for individuals varied considerably, ranging from 10 days to 9 years, with the median being 5
months and an inter-quartile range of 2 to 14 months. The mean cumulative exposure to Rn
progeny at RH was 7.34 WLM and the median exposure was 3 WLM; individual cumulative
exposures ranged from 0.06 - 111.59 WLM and the inter-quartile range was 1.0 to 8.0 WLM.
The average concentration of Rn progeny exposure experienced at RH was 0.83 WL;
individual exposure concentrations ranged from 0.14 to 2.14 WL with a median of 0.50 WL.
The person-year weighted mean cumulative exposure to Rn progeny was 7.7 WLM and the
person-year weighted mean concentration of exposure was 0.88 WL. Person-year weighted
means will be used in all further analytical work, including the risk evaluation presented in

chapters 5 and 6 of this thesis.

Distributions of the cumulative duration of exposure and the cumulative levels of exposure to

Rn progeny experienced by workers at RH are represented in fi gures 4.4.3a and 4.4.3b.
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Figure 4.4.3a: Distribution of Cumulative Duration of Exposure

(Males Only)
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4.5 Other Occupational Exposures

The questionnaire survey which formed part of the Radium Hill study provided a means of
collecting data on other occupational exposures of possible relevance to the outcome (lung
cancer) studied. Questions on other occupational exposures comprised specific queries on
exposure to radioactive material and asbestos. In many of the self administered
questionnaires, these questions were either left blank or somewhat incomplete. For the
purposes of this work, all responses were broadly classified on the basis of affirmative

responses and non-responses were taken as indicating a negative response.

Findings from sections of the questionnaire survey on other relevant occupational exposures
are summarized in tables 4.5a-f. Questions on other occupational exposure to radioactive
materials included specific queries on exposures prior to (table 4.5a) and following (table 4.5b)
employment at Radium Hill. These questions were combined to form a new composite
variable on any other occupational exposure to radioactive material (table 4.5¢). Questions
on occupational exposures to asbestos were structured to cover responses on exposure to
asbestos mining and milling (table 4.5d) and any other occupational exposure to asbestos
(table 4.5e). These two questions were combined to form another composite variable
representing any occupational exposure to asbestos (table 4.5f). Finally the two composite
variables on other occupational exposure to radioactive material and any asbestos exposure
were combined to create a new variable representing any other relevant occupational

exposure (table 4.5g).

A total of 169 cohort members - constituting 12% of the respondents to this query - had
worked with radioactive material other than at RH (table 4.5¢); 57 individuals worked with
radioactive material prior to their employment at RH and 128 subsequent to their employment
at RH (tables 4.5a-b).  Occupational exposure to radioactive material outside of RH was

equally prevalent amongst those exposed and unexposed to Rn progeny at RH.
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Table 4.5a: Occupational Exposure to Radiation Prior to Employment at Radium Hill

Prior Radon Progeny Exposure at Radium Hill
Exposure Unexposed Exposed Total
Yes 21 4% 36 4% 57 (4%)
No 516 96% 830 96% 1346 (96%)
Total 537 100% 830 100% 1403 100%

Table 4.5b: Occupational Exposure to Radiation After Employment at Radium Hill

Subsequent Radon Progeny Exposure at Radium Hill
Exposure Unexposed Exposed Total

Yes 57 12% 71 10% 128 11%

No 425 88% 628 90% 1053 89%

Total 482 100% 699 100% 1181 100%

Table 4.5¢: Any Occupational Exposure to Radiation Apart From Radium Hill

Any Other Radon Progeny Exposure at Radium Hill
Exposure Unexposed Exposed Total
Yes 68 13% 101 12% 169 12%
No 470 87% 765 88% 1235 88%
Total 538 100% 866 100% 1404 100%
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Table 4.5d: Occupational Exposure to Asbestos Mining or Milling
Asbestos Exposure to Radon Progeny at Radium Hill
Exposure Unexposed Exposed Total

Yes 24 5% 100 13% 124 10%
No 464 95% 644 87% 1108 90%
Total 488 100% 744  100% 1181  100%

Table 4.5e: Other Occupational Exposure to Ashestos

Asbestos Exposure to Radon Progeny at Radium Hill
Exposure Unexposed Exposed Total
Yes 38 13% 96 18% 134 16%
No 258 87% 441 82% 699 84%
Total 296 100% 537 100% 833 100%

Table 4.5f: Any Occupational Exposure to Asbestos

(Mining, Milling and Other Asbestos)

Asbestos Exposure to Radon Progeny at Radium Hill
Exposure Unexposed Exposed Total
Yes 42 9% 122 16% 164 13%
No 446 91% 622 84% 1068 87%
Total 488 100% 744  100% 1232 100%
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Table 4.5g: Any Relevant Occupational Exposure Other Than at Radium Hill
(Radioactive Material or Asbestos)

Other Exposure to Radon at Radium Hill
Exposure Unexposed Exposed Total
Yes 102 19% 205 24% 307 22%
No 437 81% 655 76% 1102 78%
Total 488 100% 870 100% 1409 100%

Some occupational exposure to asbestos was reported by 164 individuals who constituted
13% of the respondents to this question (table 4.5f). A total of 124 individuals reported
having worked in asbestos mining or milling and 134 reported other occupational exposure to
asbestos, respectively constituting 10% and 16% of the respondents to these questions (tables
4.5d-e). The prevalence of occupational exposure to asbestos was higher amongst those who
had been exposed to Rn at RH. This increase in prevalence of occupational exposure to
asbestos mining and milling amongst underground workers at RH indicates the possibility that
these workers may have been professional miners who may have moved from asbestos mining
to uranium mining at RH or worked in asbestos mines after their employment in RH. Several
of these individuals were identified by secondary trace activities in Western Australia where
asbestos was mined (i.e., through record linkage with records maintained at the Perth Chest
Clinic and with the nominal roll of the Wittenoom Gorge cohort study of asbestos miners,

outlined in chapter 3).

Results summarized in table 4.5g show that 370 male workers from the RH cohort were
occupationally exposed to other radioactive materials or asbestos; these individuals comprised
22% of the respondents to the questionnaire survey component on other relevant occupational
exposure. The prevalence of other relevant occupational exposures was higher amongst those
who had been exposed to Rn progeny at RH (24% amongst those exposed versus 19%

amongst those unexposed).
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4.6 Other Relevant Exposures: Smoking

Some information on smoking habits was obtained for 1,320 (52%) males and 42 (79%)
females. Those who ever smoked - ever smokers - comprised 1,121 (85%) of the males and

25 (60%) of the females.

Amongst male cohort members some smoking information was available on 54% (787 out of
1,457) of those exposed and 50% (533 out of 1,062) of those unexposed. Sixty-one percent

of the smokers were exposed to some Rn (679 out of 1,121).

The prevalence of smoking amongst the RH cohort is summarized in table 4.6a according to
Rn progeny exposure status at RH. The prevalence of smokers was 86% amongst those ever
exposed to Rn progeny at RH and 83% amongst those never exposed to Rn progeny at RH.

The overall prevalence of smoking amongst the study cohort was 85%.

Table 4.6a: Prevalence of Smoking By Exposure to Radon at Radium Hill
(For Males Only; Excluding Workers With Missing Information)

Ever Radon Progeny Exposure at Radium Hill
Smoker Unexposed Exposed Total
Yes 442 679 1121

(83%) (86%) (85%)

No 91 108 199
(17%) (14%) (15%)

Total 533 787 1320
(100%) (100%) (100%)

Detailed smoking histories were available in varying degrees of completion for 534 males who
were current smokers and 433 ex-smokers at the time of the questionnaire survey.

Quantitative estimates of smoking characteristics were sought from these individuals (table

4.6b).
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Table 4.6b: Quantitative Estimates of Smoking Characteristics for Male Respondents

Smoking Characteristic Radon Progeny Exposure at Radium Hill
Unexposed  Exposed All
Current Cigarette Smokers:
Age Started Smoking Mean + 1.96SE 1941 18 + 0.5 18 £ 0.5
N 186 324 510
Duration Smoked Regularly Mean + 1.96SE 37+2 36+1 37+1
N 188 328 516
Average Quantity Smoked / Day Mean + 1.96SE 24 +2 23+1 24 +1
(Currently) N 185 323 508
Average Quantity Smoked / Day Mean + 1.96SE 18 +2 18+1 17+2
(At Radium Hill) N 183 317 500

Ex-Cigarette Smokers:

Age Started Smoking Mean + 1.96SE 19+1 19+1 19 +0.5
N 184 249 433

Duration Smoked Regularly Mean + 1.96SE 25+2 26 +2 26 + 1
N 184 249 433

Average Quantity Smoked / Day Mean + 1.96SE 21 +2 2242 22+1
N 185 246 431

Average Quantity Smoked / Day Mean + 1.96SE 15+2 18 +2 17+1

(At Radium Hill) N 183 246 429

Other Tobacco Products:

Cigars:

Age Started Smoking Mean + 1.96SE 3043 27+2 2842
N 59 77 136

Pipes:

Age Started Smoking Mean + 1.96SE 26+4 27+3 2743
N 29 39 68

Estimated Quantity Smoked:
(Obtained from Proxy Sources)

Cigarettes Mean + 1.96SE 27+4 20+ 3 28 +2
N 27 18 45

Perth Chest Clinic Estimates:

Ounces / Week Mean + 1.96SE  1.75+ 0.4 2+0.3 1.9-+0.3
N 14 36 50

Note: SE - Standard Error; N - Number of Respondents.
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The reported average number of cigarettes smoked by respondents during their employment at
RH was considerably lower than their current average consumption or the average quantity
smoked most recently by ex-smokers. Current smokers had smoked regularly for an average
of 37 years whilst ex-smokers had smoked regularly for 26 years. Both current smokers and
ex-smokers commenced smoking around the ages of 18 or 19. Overall, the majority of users
and ex-users of tobacco products (approximately, 64% of the current smokers and 58% of the

ex-smokers) had been exposed to Rn progeny at RH.

Respondents to the questionnaire survey also included 136 cigar smokers and 68 pipe smokers
who were older when commencing smoking pipes or cigars than cigarette smokers. The
prevalence of individuals ever smoking cigars was 6% overall, 3% during employment at RH
and 2% at the time of the questionnaire survey; the prevalence of individuals ever smoking
pipes was 13% overall, 2% during employment at RH and 2% at the time of the survey (table
4.6c). Approximately 59% of pipe or cigar smokers had been exposed to Rn progeny at RH;

this percentage was constant across current smokers, ever smokers and smokers at RH.
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Table 4.6¢: Prevalence of Other Smoking

(Men Only)
Smoking Characteristic Radon Progeny Exposure at Radium Hill
Unexposed Exposed Total
Cigars:

Ever Yes 30 43 73 (6%)
No 448 648 1096
Total 478 691 1169

AtRH Yes 11 20 31 (3%)
No 456 663 1119
Total 467 683 1150

Current Yes 8 13 21 2%)
No 455 669 1124
Total 463 682 1145

Pipes:

Ever Yes 65 83 148 (13%)
No 414 608 1022
Total 479 691 1170

At RH Yes 11 14 25 (2%)
No 458 666 1124
Total 469 680 1149

Current Yes 11 9 20 Q%)
No 458 670 1128
Total 469 679 1148
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4.7 Mortality Profile

A total of 615 cohort members (606 males and 9 females) died during the study period. The
underlying cause of death for these individuals is summarized in table 4.7a. Circulatory
disorders comprised the leading cause of death (44%) amongst male cohort members.
Malignant neoplasms were the second leading cause of death among males (22%) and the
leading cause of death amongst females (45%). Of the deaths due to malignant neoplasms, 54
were attributed to lung cancer; lung cancer deaths comprised 9% of all deaths and 43% of the
malignant neoplasms amongst male cohort members. The average age at death was 58 years
for males dying of all causes and 61 years for males dying from malignant neoplasms or

circulatory disorders.

Table 4.7a: Underlying Cause of Death Amongst Radium Hill Workers

Underlying Cause of Death Men Women Total
N % Mean Age N %o N %

Malignant neoplasms 127 21% 61 4 45% 131 21%
Circulatory disorders 264 44% 61 2 22% 266 43%
Respiratory conditions 45 7% 65 - - 45 7%
Injuries & poisoning 95 16% 45 2 22% 97 16%
Other causes 75 12% 58 1 1% 176 13%
All 606 100% 58 9 100 615 100%

Tabulations of underlying cause of death for males by their status of exposure to Rn progeny
at RH (table 4.7b) showed a slightly higher proportion of malignant neoplasms amongst those
exposed. A higher proportion of deaths resulting from injuries and poisonings was also
observed amongst those who worked under-ground at RH compared to surface workers.
Those who had worked underground at RH and died of malignant neoplasms, circulatory

disorders or injuries and poisonings, died younger - than surface workers - of the same cause.
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Table 4.7b: Underlying Cause of Death Amongst Males By Radon Progeny Exposure

Exposure to Radon Progeny at Radium Hill

Underlying Cause of Death Unexposed Exposed

N % Mean Age N % Mean Age

Malignant neoplasms 55 20% 63 72 22% 60
Circulatory disorders 130 47% 61 134 41% 60
Respiratory conditions 26 9% 64 19 6% 65
Injuries & poisoning 34 12% 48 61 19% 43
Other causes 34 12% 58 41 12% 59
All 279 100% 60 327 100% 57

Data on smoking characteristics were available for 228 deceased male cohort members of
whom only 14 (6%) had never smoked tobacco products. The proportion of smokers dying of
malignant neoplasms (24%) was higher than the overall proportion of males dying from

malignant neoplasms (21%). These findings are summarized in table 4.7c.

Table 4.7¢c: Underlying Cause of Death Amongst Males By Smoking Status

Underlying Cause of Death ~ Smoker Non Smoker
N % Mean Age N % Mean Age

Malignant neoplasms 52 24% 63 2 14% 64
Circulatory disorders 90 42% 63 7  50% 63
Respiratory conditions 21 10% 66 - - -
Injuries & poisoning 23 11% 45 1 7% 35
Other causes 28 13% 64 4  29% 54

All 214 100% 61 14 100% 60
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4.8 Summary of Basic Demographic Characteristics of the

Radium Hill Study Cohort

Basic demographic characteristics of the RH study cohort are summarized in table 4.8.1.

Table 4.8: Demographic Profile of Male Cohort

Characteristic ALL Trace Status Exposure Status
Untraced Traced Unexposed Exposed
Mean Year of Birth 1925 1927 1924 1923 1926
Mean Age at:
Start of Employment (Years) 31 30 31 32 30
End of Employment (Years) 32 31 33 34 31
End of Follow-up (Years) 50 - 58 51 50
Mean Duration of:
Employment (Months) 17 12 19 16 19
Exposure (Months) 7 5 8 B 12
Follow-up (Years) 19.5 1 26.3 19 20
Mean Rn Exposure:
Mean (WLM) 4.2 3.0 4.7 - 1.3
(1. 7)w
Intensity (WL) 0.83 0.79 0.84 - 0.83
(0.88)W

Note: W Person-Year Weighted Mean
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Inferences of particular relevance to the RH study, drawn from the characteristics summarized

in table 4.8.1 include:

* on average, members of the study cohort commenced employment at the age of 31,
completed their employment at the age of 32 and were aged 50 at the end of follow-up.
The average age at commencement of employment at RH was slightly higher for surface

workers than for under-ground workers.

 the mean duration of follow-up and age at end of follow-up for those in the traced column
of table 4.8.1 was higher than the corresponding values in other columns which included
untraced workers who had extremely short durations of follow-up accumulated during

their employment at RH.

e compared to traced workers, untraced workers in the RH study cohort tended to have
shorter durations of employment, shorter durations of exposure and to have experienced

lower cumulative exposures to Rn progeny at lower concentrations at RH.

Other major descriptive epidemiological findings from this chapter include:

» The highest cumulative exposures to Rn progeny experienced in RH (60%), were by
Miners, Sinkers, Under-Ground Labourers and Pumpmen. Workers employed in these
categories also contributed the longest cumulative duration (person years) under-ground.
Amongst job surface job categories, the longest cumulative duration was worked by
Fitters, Turners and Tradesmans' Assistants. Job rotations were common at RH; the
average numbers of jobs worked in were 3 for under-ground workers and 2 for surface

workers.
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» Fifty nine percent of the male workforce at RH experienced some exposure to Rn progeny
at RH. Approximately 90% of all male workers at RH were exposed to less than 10

WLMs of Rn progeny exposure.

 Of the respondents to the questionnaire survey queries on other occupational exposure,
12% reported occupational exposed to radioactive material other than at RH, and 13%
reported occupational exposure to asbestos. Overall, 307 of the respondents (22%) had
experienced some occupational exposure - radioactive material and/or asbestos - relevant
the risk of lung cancer mortality, other than at RH; two-thirds of these workers had been

exposed to Rn progeny at RH.

 Eighty five percent of the respondents to the questionnaire survey queries on smoking
reported having smoked sometime in their lives; the prevalence of ever smoking was 83%
amongst surface workers and 86% amongst under-ground workers. The average cigarette
consumption for smokers was estimated as: 22 to 24 cigarettes/day most recently, and 17

cigarettes/day while working at RH.

» A total of 606 male workers in the study cohort died during the period of the study. The
leading causes of death amongst them were circulatory disorders or malignant neoplasms.
Twenty-two percent of the deaths amongst the male cohort were due to malignant
neoplasms; these included 54 lung cancer deaths which comprised 9% of all deaths and
43% of the deaths from malignant neoplasms. The proportion of deaths from malignant
neoplasms was slightly higher amongst those who had been exposed to Rn progeny at RH
(22%) compared to surface workers at RH (20%). The proportion of deaths from
malignant neoplasms was observed to be higher (24%) amongst workers who had smoked
sometime during their lives, compared to the 21% observed amongst all deceased males.
Overall, workers exposed to Rn progeny at RH died younger (mean 57 years) than surface
workers (mean 60 years). Similarly, the mean age at death from malignant neoplasms was

60 years amongst exposed workers and 63 years amongst surface workers at RH.
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5. Identification and Control for Confounders

5.1 Aims

The aims of the analyses presented in this chapter are as follows:

1. To obtain crude estimates of lung cancer mortality amongst the RH cohort.

2. To examine the roles of potential confounders of the Rn related lung cancer mortality
effect in the RH cohort.

3. To obtain estimates of Rn related lung cancer risk amongst the RH cohort after
controlling for confounders using methods based on internal and external references.

4, To examine the efficacy of different methods of estimating lung cancer risk based on

various internal and external references.
All analytical findings presented in this chapter are based only on the male cohort of RH

workers. The cohort analysed comprised 2,516 male workers. Five other males for whom

birth dates were unavailable were excluded from this analyses.
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5.2 Methodological Overview

5.2.1 Definition of Radon Daughter Exposure Variables

For the purposes of analyses, the study of all exposure effects was based on cumulative
relevant exposures’ (hereafter referred to as cumulative exposure or CE). Here, I define
relevant exposure as exposure accumulated during the period of time relevant to the outcome
- lung cancer mortality. Relevant exposure therefore refers to the amount of exposure that
could plausibly contribute to the biological outcome being studied. This implies that there
exists a lag period during which exposures do not contribute to the risk of disease at that
given point of time. All analyses in this chapter will be based on the simple assumption of
relevant exposure being defined as cumulative exposures pertaining to a five year lag period.
This choice of five year lagged exposures is made on the assumption that "increments in
exposure have no substantial effect on the risk of lung cancer mortality for at least five
years” (BEIR IV 1988). In later sections of this thesis, the more complex assumptions where
relevant exposure is defined under multiple exposure lag windows known as time since

exposure (TSE) windows will be introduced and examined.

Exposure categorization was performed in two stages. Firstly, workers were broadly
classified as those unexposed and exposed to relevant Rn exposure at the RH mine (hereafter,
referred to as unexposed and exposed). In the second stage, workers who received any
relevant Rn progeny exposure at RH were further categorized into finer exposure groups viz.,
0<-1, 1<-10, 10<-20, 20<-40 WML. The choice of exposure categories could either have
been arbitrary or been based on biological plausibility and statistical sensibility. Exposure
categorization adopted here was made after reviewing contemporary radon literature and
extensive examination of the data. Further details of the basis of this categorization are

provided in section 5.2.2.
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3.2.2 Construction of Analyses Dataset: PYRS and Event Tables

All analyses presented in this chapter are based on person years at risk (PYRS) data compiled
categorically as PYRS and event tables. These tables were specified in multiple dimensions.
Each dimension was defined by a basic variable of interest including, potential confounders or
modifiers of Rn progeny exposure effect. Variables of interest as potential confounders were
age and calendar year of observation. Other covariates were age at first exposure, time since
last exposure, duration of exposure and intensity of exposure. These variables were
categorized according to the same principles of categorization as outlined in section 5.2.1 for

categorization of the cumulative exposure variable.

To facilitate trend modelling, averages of the various continuous variables that were
categorized were required within each of their categories. Since these variables were not
symmetrically distributed within each of their categories, the mid-point of each category could
not be used as a suitable average. Therefore, person year weighted averages were used to
quantitatively represent each category; i.e. as the appropriate class mark of each class
interval. For example, the distribution of cumulative exposures was downwardly skewed
within each category; PYRS weighted cumulative exposures were therefore used as the

appropriate average representing each exposure category.

PYRS and event tables were constructed by tabulating this dataset over the dimensions
described above and summing PYRS and events. Each quantitative variable that was
categorized to form a table dimension was then assigned its the PYRS weighted mean as the

class mark within each of its class intervals.

In formulating categories of cumulative exposure, efforts were made to maintain adequate
numbers of PYRS and events in each exposure category whilst allowing finer classification at

lower levels of exposure to enable the examination of Rn effect at lower levels of cumulative

exposures.
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5.2.3 Analytical Methods

Poisson regression modelling techniques were used for all PYRS based analyses presented in
this work (Frome and Checkoway 1985; Pearce and Checkoway 1987). This section describes
the specific models used to estimate risk, after identifying and controlling for confounders.
Relevant epidemiological background underlying the concept of confounding and methods of

identifying and controlling confounding are summarized in appendix C.

Risk estimation was based on relative risk (RR) models defined below (models 1 - 3). Unless
otherwise specified, multiplicative log-linear models (model 1) were used for RR evaluation
when exposure was treated as a categorical variable. Variations in excess relative risk (ERR)
were modelled using the linear additive excess relative risk model (model 2) and a time-since-

exposure model (model 3). These models are defined as follows:

Multiplicative Log-Linear RR Models: RR = ¢Bw (1)
where, w - is a measure of Rn progeny exposure
B - measures the RR of exposure
Linear Additive ERR Models: RR = [1+Bw] (2)
Time-Since-Exposure Model: RR = [1+Byws ;5 + Bowys.] (3)

where, B - measures the ERR/WLM
ws.15 - measures Rn progeny exposures accumulated 5-15 years previously

wys. . measure Rn progeny exposures accumulated prior to 15 years before

These models were fitted under the assumption that the cell specific mortality rates - based on
PYRS denominators - were Poisson distributed. Poisson regression models were fitted using
maximum likelihood estimation methods. Maximum likelihood estimates (MLE) of
parameters, likelihood based confidence intervals and model deviances were obtained for all
models fitted. Overall goodness of fit of models was gauged from model deviances and their

degrees of freedom. Nested models were compared using likelihood ratio tests (LRT).
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5.2.4 Analyses Plan

Statistical assessment of the frequency and risk of lung cancer mortality amongst the Radium
Hill cohort commenced with the application of the simplest methods of risk assessment and
then progressed to the application of analytical methods of increasing degrees of complexity.
A crude estimate of mortality were first obtained for the entire male cohort (Rothman 1986).
Crude estimates of mortality rates and effect were then obtained for various categories of
exposure to Rn progeny and rate ratios were used as measures of effect. Results of the

analyses of crude data are presented in section 5.3 below.

The analysis of crude data was followed by the simplest method of controlling for potential
confounders - stratified analyses. Stratified analyses were used to examine the confounding
effect of age and calendar time. Findings from the stratified analyses of the RH data are

presented in section 5.4 of this chapter.

Stratified analyses were followed by analyses based on internal adjustment for confounders.
Internal adjustment for confounders was performed using the simplest Poisson regression
models in EPICURE, based on PYRS denominators with the confounders being treated as
stratification variables (EPICURE 1992). Summary estimates of disease frequency and effect
were obtained in turn whilst controlling for confounders individually and then simultaneously.
These analyses were then extended to evaluate the comparative risk of Rn progeny exposure
and lung cancer mortality amongst various categories of exposure described above. Results of

internal adjustment for confounding are reported in section 5.5.
Internal adjustment for confounders was followed by methods of external adjustment for

confounders. External adjustment for confounders was based on standardization techniques

using the Australian National Population as the source of external reference.

11/8/93 6:38 PM 155 Arul



Chapter 5: Confounding

Standardized analyses were performed using both indirect and direct methods of
standardization. Indirect standardization was based on Poisson regression modelling in
EPICURE. Standardized Mortality Rates (SMR) were obtained as estimates of disease
frequency. Age and calendar year specific SMR were examined for any residual heterogeneity
after adjustment to the external reference population. SMR ratios were then used to obtain
estimates of the RR of exposure after controlling for the confounding effects of age and
calendar year through indirect standardization for age and calendar year. Estimates of RR
were first obtained for the overall cohort and then, in turn for the various exposure categories,
using log-linear models in EPICURE and maximum likelihood evaluation techniques. Results

of indirect standardization are presented in section 5.6.

Indirect standardization was followed by the application of direct standardization methods.
Directly standardized rates (DSR) and estimates of risk based on the Comparative Mortality
Figure (CMF) were obtained by using simple programming algorithms based on methods
outlined by Breslow and Day (Breslow and Day 1987). The results of these analyses are

presented in sections 5.7.

In each section of the analyses, tests for homogeneity and trend were performed using
likelihood ratio tests (LRT) and score tests for trend in EPICURE.  Estimates of ERR per
unit exposure were obtained by using linear excess relative risk models defined in section 5.2.3
(model 2). Effects of departures from linearity were tested by comparison with models with
non-linearity parameters. Unless otherwise specified, categorical modelling was based on log-

linear models.

The basic concepts underlying methods of stratification, standardization and statistical
modelling are summarized in appendix C. A general description of modelling with EPICURE

- as applied to this work - is provided in appendix D.
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5.3 Crude Estimates of Lung Cancer Mortality Rates and Risk

Amongst the 2,521 males in the study population, 606 were known to have died by the end of
1987. These deaths included 54 lung cancer deaths which comprised 9% of all deaths and
43% of deaths from malignant neoplasms. The total duration of follow-up in person-time was

49,240.59 person-years.

The crude lung cancer mortality rate amongst the study cohort was 1,097 per 100 person-
years-at-risk which lay within a 95% confidence interval of 840 - 1,432 per 106 person-years-
at-risk. Based on relevant exposures defined with a 5 year lag, the overall person year
weighted mean cumulative Rn progeny exposure level was 3.68 WML. Estimates of crude
excess relative risk (ERR) of lung cancer mortality per unit exposure were obtained by
Poisson regression modelling of person-year weighted mean cumulative exposure in each cell
of the categorically grouped data. By fitting a linear ERR model, a crude ERR effect of 8%
per WML exposure was estimated within a 95% CI of 0.02% - 16% per WML. This crude
estimate of ERR per WML implied a doubling of risk at a exposure of 12.5 WML.

When exposure was modelled as a log linear function of lung cancer mortality the ERR
increased by 3.7% per WML within a 95% CI of 2.2% - 5.3%. The effect of exposure was
found to be significant in both the linear ERR and the log ERR models (p = 0.0004 and p =
0.0001). Though these are not nested models and cannot therefore be compared directly, the
log-linear model had a slightly smaller deviance than the linear model. Discussion of the
appropriateness of these two models is delayed till the concluding section of this chapter.
Statistically significant trends were also detected in the crude exposure-response relationship

in both models using score tests for trend (p <0.05).
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Exposures to radon progeny at RH was seen to have a significant effect on crude lung cancer
mortality at the 10% level of significance (p = 0.0942). This result was obtained from a
likelihood ratio (LR) test based on modelling relevant exposure as a dichotomous variable

using Poisson regression techniques. These results are given at the foot of table 5.3a.

Table 5.3a: Crude Estimates of Lung Cancer Mortality

EXPOSURE PYRS CASES RATE 95% CI RR 95% CI
GROUP MEAN (FOR RATE) (FOR RR)
(*) (&) (#) (#) (@) (@)
Overall 3.68 49241 54 1097 840-1432
Unexposed 0.00 25657 22 858  565-1302 1  Fixed
Exposed 7.69 23584 32 1358 960-1919 1.59 92-272
NOTE: *PYRS Weighted; & rounded to the nearest integer;

# Per 100 PYRS; @ rounded to the nearest decimal
LR test for Exposure Effect:
LR Statistic = 0.801; DF = 1; P = 0.0942

The crude mortality rate amongst those unexposed was 858 (95% CI 565 - 1,302) per 106
person years at risk, and 1358 (95% CI 960 - 1,919) amongst those exposed to radiation at
RH. This difference in crude mortality rates amongst those unexposed and exposed was not
statistically significant (p = 0.5). The crude RR of exposure was 1.59 which was found not to
be significantly different from a RR of 1; the 95% confidence interval for the crude RR was
0.92 - 2.72. The person-year weighted mean exposure amongst those exposed was 7.69

WML.
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Estimates of crude lung cancer mortality rates and risk by further categorizations of
cumulative exposure levels are given in table 5.3b. Compared to those unexposed, significant
increases were seen in the crude RR of exposure in the higher exposure categories. These
increases were greater than three fold amongst those in the 20 to 40 WML group and eight
fold amongst those exposed to over 40 cumulative WML. Exposure group specific estimates
of crude mortality and risk were found to be significantly heterogeneous. A significant trend

was also noted with increasing exposure, in the crude estimates of RR.

Table 5.3b: Crude Lung Cancer Mortality by Exposure Categories

EXPOSURE PYRS CASES RATE 95% CI RR 95% CI

GROUP MEAN (FOR RATE) (FOR RR)
*) (&) # #) (@) (@)
0 0.00 25657 22 858 565 -1302 1 -
0<-1 0.59 4537 8 1763 882 - 3526 2.1 09-46

1<-10 3.84 13921 10 718 387 -1335 0.84 04-1.8

10<-20 1394 2463 4 1624 610 - 4327 1.90 0.7-5.5

20<-40 27.53 2080 6 2885 1296 - 6421 336 14-83
>40 57.46 583 4 6861 2575-18280 8.00 2.8-23.2
NOTE: *PYRS Weighted; & rounded to the nearest integer;

# Per 100 PYRS; @ rounded to the nearest decimal
Test for Homogeneity of Stratum Specific Exposure Effects:
LRT Statistic 17.73; DF = 5; p = 0.0033
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5.4 Examining the Role of Basic Confounders
Through Stratification

Tables 5.4a - 5.4b show results of stratification by potential confounders.

Table 5.4a: Age Specific Lung Cancer Mortality

AGE MEAN PYRS CASES RATE 95% CI1 RR 95% CI
GROUP AGE (FOR RATE) (FOrRRR)
*) (@) (Gi3) #) (@) (@)

<15 14.0 10 - - - -
15-<20 17.6 256 - - - -
20-<25 226 1691 - - a 5
25-<30 272 3920 - - 5 -
30-<35 321 5588 - - - -
35-<40 37.0 6613 - - - -

40-<45 420 7105 1 141 20 - 999 1 Fixed
45-<50 47.0 7218 6 831 374 - 1850 16 2-133
50-<55 519 6433 7 1088 519 -2283 21 3-171
55-<60 56.8 4858 6 1235 555 -2749 24 3-198

60-<65 61.7 2872 15 5223 3149 - 8664 101 13-763
65-<70 66.7 1589 10 6716 3614 - 12480 130 17-1013
70-<75 717 737 8 10853 5428 - 21700 210 26-1676
75-<80 76.6 318 1 3148 444 - 22350 61 4-972
80-<85 815 109 - - - - -

> 85 86.6 24 - - = 2 -

NOTE: *PYRS Weighted; @ nearest integer approx.; # Per 106 PYRS;
%2 Test for Homogeneity: LR Statistic = 115.7; DF = 15; p = 0.0000
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Table 5.4b: Calendar Year Specific Lung Cancer Mortality

YEAR MEAN PYRS CASES RATE 95% C1 RR 95% CI
YEAR (FOR RATE) (FORRR)
*) # # #)

1948 - 1952  1951.6 365 - - - - -
1953 - 1957 1955.5 4527

1958 - 1962 1960.1 8170 2 245 61-979 1 Fixed
1963 - 1967 1965.0 8382 2 239 60 - 954 2.7 4-18.8
1968 - 1972 1970.0 7924 6 757 340 - 1686 8.4 1.7-41.7
1973 -1977 19750 7318 13 1776 1031 - 3059 19.7 4.5-87.4
1978 - 1982 1980.0 6659 14 2102 1245-3550 233 5.3-102.7
1983 - 1987 1985.0 5897 17 2883 1792 - 4637 32.0 7.4 -138.5

NOTE: #* -PYRS Weighted; # - Per 100 PYRS
%2 Test for Homogeneity: Deviance = 47.08; DF = 7; p = 0.0000

Lung cancer mortality amongst the study cohort occurred between the ages of 40 and 80 years
and during the calendar years of 1958 to 1987. Both attained age and calendar year specific
rates were found to be heterogeneous. Lung cancer mortality was seen to increase with
attained age and calendar time until the age of 75 years. Considering the end-point of lung
cancer, this is an expected phenomenon in an aging population. Furthermore, calendar year of
observation acts as a surrogate for several other occupational and environmental factors that
may have varied over the time of observation. Hence, controlling for calendar year is a means

of controlling for the possible confounding effects of these unidentified factors.

In the preceding chapter it was shown that age and calendar year were associated with Rn
progeny exposure. Here we see the heterogeneity in attained age and calendar year specific
rates which confirm their roles as confounders. Therefore, the effects of attained age and

calendar year will be controlled for in all further analyses (also see appendix C section C.4.2;
Breslow and Day 1987).
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5.5 Internal Adjustment for Confounders

5.5.1 Evaluation of Continuous Exposure Effect

Assessments of ERR per unit exposure were performed prior to detailed categorical
examination of confounding effects. The results of these analyses (table 5.5.1) showed that
the excess RR per unit exposure changed markedly with the adjustment for the confounding
effects of age and calendar year. Based on linear additive ERR models (model 2), the crude
ERR was seen to increase by 8.0% for each increasing WML of exposure. After controlling
for the background effect of age only, the estimated increase in ERR was 4.8% per WML,
When controlled for the background effect of calendar year alone, the increase in excess RR
per WML was estimated as 5.3%. After controlling for the confounding effects of both, age
and calendar year, the excess RR was seen to increase by 4.3% per WML. Likelihood ratio
bounds (LRB) (table 5.5.1) confirmed that these estimates of ERR/WLM were significantly
greater than 0. Likelihood ratio test results showed that at each stage of adjustment, the effect
of Rn progeny exposure was also highly significant. Results of score tests for trend revealed

highly significant linear trends in the effect of exposure on lung cancer mortality.

Table 5.5.1: Percentage Increase in Excess RR per WML of Exposure

EFFECT ERR/WLM 95% LRB LRT SCORE TEST
(%) (%) P-VALUE P-VALUE
Crude 8.04 24-18.2 0.0004 0.0000
Age Adjusted 4.78 09-11.9 0.0064 0.0003
Calendar Year Adjusted 5.30 1.1-129 0.0041 0.0000
Age and Cal. Year Adjusted 4.34 0.7-11.1 0.0102 0.0007

Risk evaluation based on a log-linear model showed that the ERR of lung cancer mortality
increased exponential by 2.6% with each increasing WLM after controlling for the

confounding effects of attained age and calendar year.
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5.5.2 Evaluation of Exposure Effect

Using Dichotomous Exposure Categories

Estimates of the RR of exposure to Rn progeny obtained from log-linear modelling (model 1),
before and after adjustment for confounders based on dichotomous classification of exposure

are presented in table 5.5.2.

Table 5.5.2: RR of Lung Cancer Mortality From Radon Exposure

After Internal Adjustment for Confounders

EFFECT RR OF 95% CI LRT
EXPOSURE FOR RR P-VALUE
Crude 1.58 0.92-2.72 0.0942
Age Adjusted 1.36 0.79 - 2.34 0.2661
Calendar Year Adjusted 1.04 0.60 - 1.80 0.8856
Age and Cal. Year Adjusted 1.25 0.72 - 2.16 0.4344

In comparing the risk of lung cancer mortality between two broad categories of exposure -
viz., those unexposed and exposed, though the RR was higher amongst those exposed even
after controlling for confounders, this increase was not statistically significant. However, it
was possible that the classification of all those exposed into one group could have hidden
trends in risk with increasing exposure. This analysis between broad categories of exposure
was therefore followed by a detailed analysis by finer exposure categories to identify and

examine any hidden trends in risk with increasing exposure.,
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5.5.3 Evaluation of Exposure Effect Using Multiple Exposure Categories

Analyses by multiple exposure categories showed that the RR of exposure was inflated by the
confounding effects of age and calendar year. When controlled for these confounding effects,
crude estimates of RR were reduced within each exposure category. Though all exposure

group estimates were heterogeneous, and revealed an increasing trend, only those in the

highest exposure category were seen to be significantly at higher risk than those unexposed.

Table 5.5.3: Internal Adjustment for Confounders By Radon Exposure Categories

EXPOSURE CRUDE AGE CAL. YEAR AGE & CAL. YEAR
CATEGORY  UNADJUSTED ADJUSTED ADJUSTED ADJUSTED
IN RR RR RR RR
WMLSs (95% CI) 95% CI) (95% CI) 95% CI)

0 i 1 1 ll
(Fixed) (Fixed) (Fixed) (Fixed)
0<-1 2.06 1.95 1.33 1.75
(0.02 - 4.62) (0.87 - 4.40)) (0.59 - 3.00) (0.77 - 3.97)
1<-10 0.84 0.73 0.55 0.66
(0.40 - 1.77) (0.35 - 1.55) (0.26 - 1.17) (0.31 - 1.40)
10<-20 1.89 1.59 1.27 1.56
(0.65 - 5.50) (0.55 - 4.62) (0.44 - 3.70) (0.53 - 4.56)
20<-40 3.36 2.34 2.16 2.09
(1.36 - 8.30) (0.95 - 5.78) (0.87 - 5.33) (0.84 - 5.18)
>40 8.00 4.87 5.47 4.38
(276 -23.22)  (1.68-14.13)  (1.88 - 15.88) (1.46 - 13.16)
LRT P-VALUE 0.0033 0.0246 0.0106 0.0336
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5.5.4 Evaluation of Exposure Effect Under Time Since Exposure Windows

Exposure was constructed in 'exposure windows’ corresponding to the time elapsed since
exposure. These periods of elapsed time were termed ‘time since exposure’ (TSE) and the
constructions, time since exposure windows’ (TSE windows). Exposures in TSE windows
were computed based on lagged cumulative exposure variables. For example, exposure
accumulated in the TSE window of 5-15 years was obtained from the difference between the

five year and fifteen year lagged cumulative exposures.

Various classifications of TSE windows were examined in these analyses. However, due to the
sparseness of the data only one particularly broad classification of TSE windows could be
feasibly modelled. This classification was similar to that adopted by the BEIR IV committee
viz., two windows of 5-15 years and 15 years and over and was especially useful because it
enabled comparisons with BEIR IV findings. Other classifications explored included two
separate categorizations of three TSE windows: 5-10, 10-15 and 15 years or more; and 5-15,
15-25 and 25 years or more. Estimates of ERR/WLM resulting from exposures in the two
TSE windows - 5-15 years and 15 year or more - obtained from a linear additive ERR model

(model 3) are summarized in table 5.5.4.

Table 5.5.4: Percentage Increase in ERR/WLM Based on TSE Windows

EFFECT EVALUATED : ERR/WLM 95% LR SCORE TEST
TSE WINDOWS (%) BOUNDS P-VALUE
5-15 years 8.5 0.0-# 0.1096

15 years or more 3.9 0.3-10.0 0.0015

NOTE: # - No feasible likelihood ratio upper bound found.
All findings base on a linear additive excess relative risk model (model3)
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Results presented in table 5.5.4 shows that the ERR of lung cancer mortality per WML was
twice as high (8.5%) for exposures sustained between 5-15 years previously when compared
with the ERR (3.9%) for exposures experienced 15 years or more in the past. Though recent
exposures indicated greater risk the estimate of ERR/WLM in the recent TSE window was
subjected to much greater variability (SE = 0.1137) than the estimate in the more distant
window of TSE (SE = 0.0283). A LRT for exposure effect in TSE windows resulted in a LR
statistic of 6.842 on 2 degrees of freedom which implied a highly significant effect of exposure
expressed under TSE windows of 5-15 years and 15 years or more (p = 0.0327).

Exposures measured in the two TSE windows 5-15 years and 15 years or more, were further
examined in a log-linear model (model 1). This model had a slightly improved fit over the
linear model (log-linear multiplicative model deviance = 187.106; linear additive model
deviance 188.086; DF for both models 1,137). Estimates of RR/WLM obtained from log-
linear modelling were 1.033 (95% CI: 0.9778 - 1.092) and 1.025 (95% CI: 1.008 - 1.042)
respectively in the two TSE windows, which corresponded to estimates of ERR/WLM of
3.3% and 2.5%. Once again, estimates of risk in the recent TSE window, though higher,

considerably lacked precision and were not found to be statistically significant.

It can be concluded from both these models that there was a statistically significant increase in
ERR per WML due to exposures experienced in the TSE window of 15 years or more

amongst the RH cohort.

It must also be noted in concluding, that, though the model fitted above uses the BEIR IV
classification of TSE windows, it is not the complete BEIR IV model and comprised only of
one part of it. Exploration of the complete BEIR IV model which additionally allows for the
modifying effect of attained age is delayed till chapter 6 and chapter 7.
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5.6 External Adjustment for Confounders 1:
Indirect Standardization

The primary aim of indirect standardization performed in this chapter is to compare patterns of
lung cancer mortality in the RH cohort with those in the Australian National Population.
Comparative estimates of Rn related lung cancer mortality rates and risks were obtained for
the RH cohort after adjustment to the lung cancer mortality rate in the Australian National
Population. Estimates thus computed provide answers to the question: is there an excess in
lung cancer mortality in the RH cohort if the lung cancer mortality rates of the Australian

National Population were applied?

Australian National Population lung cancer mortality rates were used to compute age and
calendar year specific expected numbers of lung cancer deaths in the RH cohort. Two
methods of computing expected numbers of deaths were explored; the first using reference
population rates specific to each calendar year of observation, and the second using five-year
grouped reference population rates. The reason for exploring these alternative methods was
to enable comparisons with other studies that had used five-year pooled reference populations
and to examine the efficacy of such an approach. Reference population rates are generally
more readily available in five year periods rather than on an annual basis and analyses based on
five year periods are generally thought to be computationally less intensive than the derivation
of annual expected numbers of deaths. In this study however, annual reference rates were
available and five year pooled rates were constructed from these annual rates to enable the

comparison between annual and pooled rates.
Indirect standardization was then performed using Poisson regression modelling in EPICURE

where the expected number of deaths was modelled as the outcome variable with the

confounders being declared as stratification variables.

11/8/93 5:05 PM 167 Arul



Chapter 5: Confounding

Results of indirect standardization showed that age and calendar year specific SMRs were
homogeneous (tables 5.6a and 5.6b). Summary SMR estimates were therefore considered

representative of these stratum specific estimates.

Table 5.6a: Age Specific SMRs for Lung Cancer Mortality

AGE EVENTS ANNUAL WEIGHTS S YEAR GROUPED WEIGHTS
GROUP  (OBS) Exp SMR 95% CI1 EXp SMR 95% CI
>15 0 0.00 - - 0.00 - -
15-<20 0 0.00 - - 0.00 - -
20-<25 0 0.01 - - 0.01 - -
25-<30 0 0.00 - - 0.01 - -
30-<35 0 0.08 - - 0.08 - -
35-<40 0 0.22 - - 0.22 - -
40-<45 1 0.72 1.39 020-9.87 0.75 1.34  0.19-9.50
45-<50 6 2.20 2.73 1.23-6.07 2.13 2.81 1.26 - 6.26
50-<55 7 4.19 1.67 0.80-3.51 4.16 1.68  0.80-3.53
55-<60 6 6.14 098 044-217 5095 1.01 045-224
60-<65 15 5.93 2.53 1.53-420 5.88 2.55 1.54 - 4.23
65-<70 10 4.48 2.31 1.20-4.15 4.52 2.21 1.19-4.12
70-<75 8 2.99 2.68 1.34-535 296 2.71 1.35-5.41
75-<80 1 1.56 0.64 0.09-4.56 156 0.64 0.09-4.55
80-<85 0 0.54 - - 0.53 - -
>85 0 0.11 - - 0.11 - -
Total 54 29.17  1.85 142-242 2886 1.87 1.43-2.44

Note: All figures rounded to nearest second decimal.
Homogeneity Test for Age Specific SMRs:-
Based on Annual Weights: LRT Statistic = 11.88 DF = 14 p = 0.6158
Based on 5-year Grouped Weights: LRT Statistic = 11.75 DF = 14 p = 0.6264
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Table 5.6b: Calendar Year Specific SMRs for Lung Cancer Mortality

CALENDAR EVENTS ANNUAL WEIGHTS 5 YEAR GROUPED WEIGHTS
YEAR (OBs) Exp SMR 95% CI Exp SMR 95% CI
1948-1952 0 0.05 - - 0.05 - -
1953-1957 0 0.49 - - 0.49 - -
1958-1962 2 1.07  1.87 0.47 - 7.47 .12 1.79 0.45-7.15
1963-1967 2 2.14 093 023-373 217 092 0.23 - 3.68
1968-1972 6 3.68 1.63 0.73-3.63 3.66 1.64 0.74 - 3.65
1973-1977 13 544 239 1.39-412 535 243 1.41-4.19
1978-1982 14 737 190 1.12-321 738 190 1.12 - 3.21
1983-1987 17 893 1.90 1.18-3.06 8.65 197 1.22 - 3.16
Overall 54 1.85 1.42-2.42 1.87 1.43-2.44

Note: All figures rounded to nearest second decimal.
Homogeneity Test for Age Specific SMRs:-
Based on annual weights: LRT Statistic 4.084 DF =7 p = 0.7701
Based on 5 year grouped weights: LRT Statistic 4.268 DF = 7 p = 0.7484

Indirectly standardized rates were further examined using models with additional adjustment
for age and calendar year to examine the existence of any residual effects of age and calendar
year. Results of these analyses confirmed a lack of residual effects in age and calendar year

after adjustment for background rates based on an external reference population (p > .05).

Estimates of lung cancer mortality rates and risk obtained through indirect standardization are
summarized in table 5.6¢, which included results obtained using both, annual weights and five-
year grouped weights. These results show very little difference between the two systems of
weighting. Hence, further reporting will be based on results obtained using annual weights,
because detailed annual reference population data are readily available for this study and

analyses based on annual rates may be more accurate than analyses based on pooled rates.
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Results in table 5.6c show that compared to the Australian National Population, an excess of
85% was observed in the overall rate of lung cancer mortality amongst the RH cohort (SMR

= 1.85); this excess was statistically significant at the 5% level (95% CI: 1.42 - 2.4).

The indirectly standardized lung cancer mortality rate was lower among those unexposed
(SMR = 1.59) than those exposed (SMR = 2.09); however, though the risk was 32% greater
in those exposed this increase was not statistically significant (RR = 1.32; 95% CI: 0.08-2.3).

Estimates of SMRs and RR obtained by more detailed exposure categories (table 5.6¢)
showed statistically significant heterogeneity in the stratum specific estimates of RR with an
increasing trend with exposure. However, only those exposed to over 40 cumulative WML of

Rn were seen to be at significantly higher risk.

Table 5.6¢: Indirectly Standardized Estimates of Lung Cancer Mortality
(Age and Calendar Year Adjusted)

EXPOSURE ANNUAL WEIGHTS S YEAR GROUPED WEIGHTS
GRoOUP SMR 95%CI RR 95%CI SMR 95%CI RR 95% CI

Overall 1.85 1.4-2.4 - - 1.87 1.4-2.4 - -

Unexposed  1.59 1.0-2.4 1 Fixed 1.60 1.2-2.4 1 Fixed
Exposed 2.09 1.5-3.0 132 0.8-2.3 2.12 1.5-3.0 133 0.8-23

0 1.59 1.0-2.4 1 Fixed 1.60 1.1-2.4 1 Fixed
0<-1 3.04 1.5-6.1 192 09-43 3.10 1.5-62 19 09-44
1<-10 1.13 0.6-2.1 0.71 03-1.5 1.14 06-21 07 03-1.5

10<-20 2.46 09-6.6 155 05-45 2.50 09-67 16 05-46
20<-40 3.70 1.7-82 233 09-58 3.73 1.7-83 23 09-58
>40 137  28-19.6 4.65 1.6-135 730 27-195 46 1.6-13.3

Results of Testing for Homogeneity of Exposure-Specific Risk Estimates:

Based on Annual Weights:- Dichotomous Categories; LRT 42 = 1.01; DF = I; p = 0.3130
Multiple Categories: LRT %2 = 12.83; DF = 5; p = 0.0250

Based on 5-Year Weights:- Dichotomous Categories: LRT %2 = 1.08; DF = I; p = 0.2997
Multiple Categories: LRT %2 = 12.74; DF = 5; p = 0.0260
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5.7 External Adjustment for Confounders 2:
Direct Standardization

The primary objective of direct standardization performed in this chapter is to obtain risk
estimates of Rn related lung cancer mortality adjusted to the age distribution of the Australian

National Population.

Direct standardization aims at eliminating any differences in mortality rates that may arise
simply by virtue of the differences in age distributions between the study and reference
cohorts. Directly standardized rates (DSRs) therefore answer the question: ‘what would the
mortality rate be if the study population had the same age distribution as the reference

population?’

Direct Standardized Rates (DSR) were obtained by weighting age and calendar year specific
crude mortality rates in the study population by the reference population weights. Australian
natjonal census data obtained from the most recent census within the study follow-up period -
the 1986 census data - were used as the reference population for direct standardization. Age-
specific relative frequencies for the Australian national population, obtained from the 1986
census were used as reference population weights; weight numerators comprised the number
of individuals in each age group and weight denominators comprised the total number of
individuals in the reference population in 1986. Since the study cohort was an occupational
cohort the use of a truncated reference population which excluded those below the age of 15
in the reference population as the weight denominator was also explored. Computation of

DSRs then proceeded using the formulae given in section 5.7.1.
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1I. Direct Standardization Measures

The Direct Standardized Rate:

DSR=P,= Y Wp,
Var(P,) = z W (p.q; / n;) If Nj is known without error;

SE(Py) = ,/Var(PD )

The Comparative Mortality Figure:

P ZW}Pi
CMF = % =
C

If the reference population is very large relative to the target population, then the sampling
errors in the standard rates may be relatively small and therefore, ignored.
Under this assumption the standard error of the CMF may be obtained directly from the
standard error of its numerator.
Thus,
SE(CMF) = SE(Pp)/Pc

Statistical Significance:

Once a DSR has been computed for a target population it is necessary to confirm its
significance i.e., to test that any difference observed between the target and the standard
populations may not be attributed to chance alone. The statistical significance of the DSR can
be tested under the assumption that the DSR is distributed normally, with an Z-test.

95% Confidence Interval for DSR:  Pp+ 1.96 SE(Pp)
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SE(CMF) may be regarded as a measure of statistical precision of the CMF. However, since
the distribution of the CMF is skewed, it is preferable that confidence intervals and tests of
significance requiring an assumption of normality, be based on a log transformation of the
CMF. The log transformation helps correct the skewness of the statistical distribution of the
CMF, thereby improving the normal approximation to the distribution of the test statistic

based on it (Breslow and Day 1987).

The standard error of the transformed CMF is given by:

SE(InCMF) SE(CMF) / CMF
[SE(Pp)/ Pcl/ (Pp/ Pc)
SE(Pp)/ Pp

Confidence intervals and test of significance should then be based on:

Test statistic for CMF: InCMF / SE(InCMF) ~ N(0,1)

Direct Standardized Rate Ratios:

The ratio of two similarly standardized DSRs provides an estimate of relative risk between the
target populations compared. The statistical significance of the ratio of DSRs can be tested

with the use of the CMF, since, the ratio of CMFs is equal to the ratio of DSRs.

Once again, a log transformation of the CMF is used to correct for the skewness in the
distribution of the CMF, in testing the ratio of two CMFs.

In(CMF 4/CMFp)

InCMF,, - InCMFp

SEIn(CMF,/CMFg)

SE(InCMF, - InCMFg)
= [Var(InCMFy) + Var(InCMFg)]1/2

Test statistic: [In(CMF4/CMFp) / SEIn( CME,/CMFp)] ~ N(0,1)
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5.7.2 Directly Standardized Estimates of Lung Cancer Mortality

Results of DSR computations are given in table 5.7.2. The choice of the truncated reference
population had an impact on the DSR computed; the weight denominator being smaller, these
rates were higher than those computed using denominators based on the total reference
population. However, RR estimates obtained from the ratio of DSRs were not affected by the

choice of reference population.

Table 5.7.2: Directly Standardized Estimates of Lung Cancer Mortality

EXPOSURE DSR* DSR* RR ESTIMATE
(UNTRUNCATED (TRUNCATED (BASED ON CMF
REFERENCE POPN .) REFERENCE POPN.) RATIOS)
CATEGORY RATE 95% CI RATE 95% CI RR 95% CI
Overall 955 661-1249 1252  866-1638 - .
Unexposed 786  423-1149 1031  556-1506 1 Fixed
Exposed 1160  655-1665 1521  859-2183 1.48  0.78-2.78
0 WML 786  423-1149 1031  556-1506 1 Fixed
0<-1 WML 1177  273-2081 1544  359-2729 1.50  0.61-3.67
1<-10 WML 790  149-1432 1036 195-1879  1.01  0.40-2.56
10<-20 WML 798  -30-1635 1046  -50-2143 1.01  0.32-3.19
20<-40 WML 2656  246-5066 3481  322-6640  3.38 1.22-9.34
>40 WML 3935  127-7743 5158 167-10149  5.00 1.71-14.61

NOTE: * Rates per 106 PYRS

In view of the differences between DSR obtained using untruncated and truncated reference
populations, use of a truncated reference population appears more appropriate in examining
the mortality in an occupational cohort study. The overall DSR of lung cancer mortality in the

RH cohort thus estimated was 1,252 per 106 PYRS (95% CI: 866 - 1638).
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The DSR amongst those exposed to Rn progeny at RH was higher than in those unexposed,;
the DSR being 1,521 (95% CI: 859 - 2,183) per 106 PYRS for those exposed, and 1,031
(95% CI: 556 - 1,506) per 106 PYRS for those unexposed. DSRs were also obtained for

various exposure categories and ranged from 1,036 per 106 PYRS to 5,158 per 100 PYRS.

Estimates of rate ratios obtained using the Comparative Mortality Figure (CMF) showed a
48% greater risk amongst those exposed compared to those unexposed to Rn progeny at RH
(RR = 1.48); however, this excess was not statistically significant at the 5% level (95% CI:
0.78 - 2.78).

Examination of directly standardized rates by various categories of exposure showed an
overall increasing trend in DSRs with increasing exposure. Estimates of RR obtained from
rate ratios and comparative mortality figures showed a significantly elevated risk amongst
those exposed to over 20 WML; compared to those unexposed, those in the cumulative
exposure category of 20-40 WML experienced a RR of greater than three-fold and those

exposed to over 40 cumulative WML were at five times greater risk.
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5.8 Conclusions

5.8.1 Comparison of Methods of Controlling for Confounders

The lung cancer mortality rate amongst former workers at the RH uranium mine was
significantly higher than that in the Australian National Population (among those unexposed at
RH: SMR = 1.59, 95% CI: 1.0-2.4). Thus, the Australian National Population reference does
not appear to be representative of the mortality amongst those unexposed and cannot

therefore be considered as a suitable reference population (Thomas et al. 1992).

Results of various methods of controlling for confounders are summarized in table 5.8.1 for
further examination. Though the standard errors of estimates obtained by using external
indirectly standardized rates are slightly smaller than those obtained by internal adjustment,
this slight improvement in precision is gained at the cost of the accuracy of these estimates.
Estimates obtained from external standardization tend to be systematically higher than those
obtained from internal adjustment. With the appropriateness of the chosen external reference
population being in doubt, any upward bias caused by this source is avoided in all further

analyses in this work which will only be based on internal adjustment for confounders.

Table 5.8.1: Methods of Controlling for Confounders - Comparative Findings

Exposure Internally Adj Indirect STD Direct STD
Category RR 95% CI RR 95% CI RR 95% CI1
Unexposed | Fixed 1 Fixed 1 Fixed
Exposed 1.3 0.7-22 1.5 0.8-2.8
0 WML 1 Fixed 1 Fixed 1 Fixed
0<-1 WML 1.8 0.8-4.0 1.9 0.9-43 1.5 0.6-3.7
1<-10 WML 0.7 03-14 0.7 03-1.5 1.0 0.4-2.6
10<-20 WML 1.6 0.5-4.6 1.6 05-4.5 1.0 03-32
20<-40 WML 2.1 0.8-5.2 2.3 09-58 34 1.2-93
>40 WML 4.4 1.5-13.2 4.7 1.6-13.5 5.0 1.7 - 14.6

11/8/93 5:05 PM 177 Arul



Chapter 5: Confounding
5.8.2 Comparison of Models of Exposure-Response Relationship
Table 5.8.2 summarizes results of Rn related risk of lung cancer mortality after internal

adjustment for confounders by fitting linear and log-linear models to Rn progeny exposure

expressed categorically and continuously.

Table 5.8.2: Summary of Results from Exposure-Response Modelling
With Internal Adjustment for the Confounders: Attained Age and Calendar Year

Model Risk Estimate Goodness of Fit
Deviance DF x2
Null Model: RR = B 19493 1139 883

Constant Slope Models (Continuous Exposure):

Linear: RR =] + Pw ERR/WLM =4.3% 18832 1138 603

Linear TSE Model: ERR/WLM B;=8.5%  188.09 1137 569
RR =1+ [.))JW5_15 + B2W15_ ERR/WILM Bz = 3.9%

Log-Linear: RR = ePw ERR/WLM =2.6% 187.05 1138 611

Separate Slopes Models (Categorical Exposures):

Dichotomous Categories: RRunexposeqy =1 19432 1138 811
RR = eBWC RR(exposed) = 1.25

Multiple Categories: RR o wLm, =1 182.84 1134 462
RR = efwe RRp<1wimy, =1.75

RR<.10wim, = 0.66
RR10<20wLm) = 1.56
RR20<40wLyy = 2.09
RRp0owiyy = 4.38

Estimates of RR obtained in the strictly categorical analyses demonstrate a drop in RR in the
second and third lowest categories of exposure. This suggests that the exposure-response
relationship may not be strictly linear. A linear fit of Rn progeny exposure showed an ERR of
4.6% per WML and is plotted as the straight line in figure 5.8.2. When fitted as a log-linear
function the coefficient of ERR was 2.6% per WML.
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Figure 5.8.2: Exposure-Response Models
(All Male Workers)
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Since models fitted in table 5.8.2 are not nested with each other, their goodness-of-fit cannot
be compared using likelihood ratio tests. Therefore, the magnitude of the deviance of each
model is used as an indicator of its goodness-of-fit with the interpretation being that smaller
deviances indicate better fit. Another means of comparing the goodness-of-fit of these models
is through visual examination; figure 5.8.2 shows that the log-linear model appears to fit the
categorical risk estimates better than the linear model, particularly at higher levels of
cumulative Rn progeny exposures; the log-linear model also has a smaller deviance than the
linear model. However, it appears that there is no great advantage in the log-linear fit over the
linear fit because of the small difference in deviances and its, closeness in fit to the linear
model at lower levels of cumulative Rn progeny exposure (below 40 WML). Therefore, the
linear model which is more easily interpretable may be regarded as the preferred model for risk

assessment when considering exposures at low cumulative levels of Rn progeny.

Examination of the exposure-response relationship under time-since-exposure windows
showed that risk of exposures experienced 5-15 years prior to observation was much higher
than the risk from exposures experienced before that time. Estimates of risk showed an 8.5%
increase in ERR/WLM for exposures the 5-15 year TSE window and a 3.9% increase in

ERR/WLM for exposures experienced more than fifteen years previously.

Findings summarized in table 5.8.1 and figure 5.8.1 also provide an example of the influence
of the artificial constraint of the reference exposure category being assigned a RR of 1 - in this
case the lowest exposure category of 0 WML is used as the reference category - on relative
risk estimates obtained from categorical evaluation, where a change in the reference category
could cause considerable change to the pattern of the RR estimates. This phenomenon evades
perfunctory eye examination of plots such as diagram 5.8.1 has been described in detail by
Thomas er. al (Thomas et al. 1992) who ascribe it to the uncertainty that stems from the base-
line reference group (Breslow and Day 1980). Fits based on continuous models are not thus

constrained and therefore, not strictly comparable with patterns of categorical RR estimates.
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5.8.3 Conclusions

Based on the finding from the analyses presented in this chapter, it is concluded that:

attained age and calendar year were confounders of the relationship between cumulative

Rn progeny exposure and lung cancer mortality.

the lung cancer mortality rate amongst former workers at the RH uranium mine was

significantly higher than that in the Australian National Population.

the elevated SMR from lung cancer amongst those unexposed to Rn progeny at RH,
shows that the Australian National Population cannot be considered a suitable reference
population, representative of the mortality amongst RH miners who were not exposed to
Rn at RH; all further risk evaluation contained in this work will therefore be based on

internal references.

categorical evaluation after controlling for the confounding effect of attained age and
calendar time of observation, showed that lung cancer mortality rates tended to increase
with increasing categories of cumulative Rn progeny exposure; those exposed to over 40
cumulative WML of Rn progeny at RH were at significantly greater risk (over 4 times) of

dying from lung cancer, than those unexposed to Rn progeny at RH.

risk evaluation based on exposure treated as a continuous variable after controlling for
confounders - attained age and calendar time of observation - showed that cumulative
exposure to Rn progeny had a significant effect on lung cancer mortality and that the ERR
increased linearly, by 4.3% per WML, or exponentially, by 2.6% per WML; both the
linear and log-linear trends in the exposure-response relationship were statistically

significant at the 5% level of significance.
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 risk evaluation based on time-since-exposure models showed that the excess risk of lung
cancer mortality associated with exposures experienced 5-15 years previously was higher
(over two-fold) than that associated with exposures experienced in the more distant past;
estimates of ERR/WLM were 8.5% and 3.9%, respectively for these windows of time-

since-exposure.

Analyses presented in this chapter concentrated on identifying and demonstrating the role of
confounders of the effect of Rn progeny exposure on lung cancer mortality amongst the
Radium Hill cohort and obtaining estimates of risk after adjustment for confounders alone.
Risk evaluation continues in chapter 6 where the roles of several risk modifiers will be

examined.
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6. Temporal Effect Modifiers and Surrogate Measures
of Exposure: Person-Years Based Analyses

6.1 Aims

Time has been identified as an important modifier of exposure-response relationships with
respect to Rn related lung cancer mortality. 'Time' in this context includes such factors as age
at exposure, latency or time since exposure, duration of exposure, pattern of exposure
intensity over time and calendar time (Thomas 1988). Assessment of exposure-response

relationships are studied in conjunction with other confounding or interacting factors.

Confounding effects have been addressed in chapter 5. This chapter examines the effects of
interactions and effect modification, and the roles of surrogate measures of exposure using the
PYRS based contingency table approach and Poisson regression techniques for grouped

cohort data.

The specific aims of the analyses presented in this chapter are summarized as follow:

1. Examine effects of age at first exposure, time since last exposure, cumulative duration of
exposure and intensity of exposure on the exposure-response relationship of Rn related
lung cancer mortality.

2. Obtain estimates of Rn related lung cancer mortality risk in the presence of effect
modifiers.

3. Examine modifiers of effect under time-since-exposure (TSE) windows. Modifiers studied
comprise cumulative duration of exposure and intensity of exposure.

4. Examine the role of surrogate measures of Rn exposure on lung cancer mortality amongst
the RH cohort. The surrogate roles of cumulative duration of exposure and intensity of

exposure are examined in this chapter.
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6.2 Methodology and Preliminary Analyses

This section commences with a description of the data preparation and an introduction to the
nomenclature and methodology adopted in the analyses presented in this chapter. It is
concluded with analyses that form the basis of reference for examining the role of potential
modifiers of the exposure-response relationship in lung cancer mortality related to Rn progeny

exposure and the efficacy of surrogate measures of exposure.

6.2.1 Data Preparation and Nomenclature

All analyses presented in this chapter are based on cohort data compiled into tables of PYRS
and events viz., lung cancer deaths, cross-classified by each of the potential confounders,
effect modifiers, other relevant covariates and exposure variables. Potential effect modifiers
and other temporal covariates examined in this chapter comprise age at first exposure, time
since last exposure, duration of exposure and intensity of exposure. The only exposure
variable considered in the examination of the role of modifying effects in this chapter is a
measure of cumulative Rn exposure (hereafter, referred to as cumulative exposure or CE)

which was derived from a five year lagged exposure as described in chapter 5.

The purpose of the work presented in this chapter is to examine the modifying role of various
factors on the exposure-response relationship, for individuals who experienced some exposure
to Rn progeny at RH, where the exposure response relationship is characterized by the effect
of increasing exposure given some exposure. Therefore, only those exposed to some relevant
Rn progeny exposure are included in these analyses. Being PYRS based, these analyses also
exclude contributions of PYRS and events made to the unexposed categories, by those who
were subsequently exposed. The basic dataset used for the analyses presented in this chapter

is therefore, only a subset of the dataset used in chapter 5 which comprised the complete
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spectrum of Rn progeny exposures - from zero to the highest WLM - experienced by

individuals at RH, including exposures of zero WLM.

For convenience of use, in the remainder of this work all variables will be referred to by
variable names ascribed to them in the specific context of their use, i.e. whether continuous or
categorical. These variable names are summarized in table 6.2.1a. Categorization of variables
was based on the same principles described in chapter 5. All potential effect modifiers
considered have been categorized into three categories. Exposure categorization adopted in
chapter 5 yielded PYRS and event tables that were somewhat sparse when tabulated across
categories of effect modifiers; cumulative exposure classification was therefore compressed
into four categories of relevant exposure, with a combination of exposures in the ranges of

10-20 WLM and 20-40 WLM. Details of categorizations are summarized in table 6.2.1b.

Table 6.2.1a: Summary of Variable Names
(Abbreviations given in brackets)

Factors Studied and Abbreviations Units Yariable Names

Continuous | Grouped

Exposure Variable:

Cumulative Relevant Exposure (CE) WLM WLMLO5 WLMG
or WLM

Potential Effect Modifiers:

Age at First Exposure (AFE) years AFE AFEG

Time Since Last Exposure (TSLE) years TSLE TSLEG

Cumulative Duration of Exposure (CDE) | WM WMLO5 WMG

Intensity of Exposure (IE) WL WLO05 WLG

Table 6.2.1b: Summary of Categorical Variable Groupings

Variable Unit Categorization
WLMG WLM 0<1 1-<10  10-<40  40->
AFEG Years <30 30-<40  40->
TSLEG Years <20 20-<25 25>
WMG WM 0<3 3-<24 24->
WLG WL 0<04 04-<1 1->
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6.2.2 Methodological Overview

The roles of potential modifiers in the exposure-response relationship of Rn exposure and lung
cancer mortality were examined by fitting relative risk models using Poisson regression
techniques. Exposure was measured by cumulative Rn exposure levels based on a five year
lag period (w) and the response was characterized by the lung cancer mortality rate r(x,z,w).
Relative risk models were based on the general assumption that the lung cancer mortality rate
depended on the estimated exposure (w), the background disease rate ro(x), and factors -
potential effect modifiers - which affected the exposure-response relationship RR(z,w).
Factors which contributed to the background disease rate comprised attained age and calendar
year of observation, represented by the vector (x). Potential effect modifiers and covariates
considered in this work - represented by the vector (z) - include age at first exposure, time
since last exposure, duration of exposure and intensity of exposure. The modifying effect of
smoking and other occupational exposures will not be examined using PYRS based analyses
due to the sparseness of the data and will therefore not be considered in this chapter. These

issues will be addressed in chapter 7 using nested case-control analyses.

Using the above notation, the general form of the RR model adopted in this chapter, can be

represented as:

General Form of RR Models: n(x,z,w) = ry(x) RR(z,w) 1)

The relative risk component of this model viz., RR(z,w), may assume various functional forms.
Several functional forms for RR(z,w) will be examined in this chapter. These include the
multiplicative or log-linear relative risk model where w and z are modelled as exponential
functions, a simple linear function and the resulting linear additive excess relative risk model,
the log excess relative risk model where z is modelled as an exponential function, and a power

model in which z is modelled as a power function. These models are described in section 6.2.3

- 6.2.5.
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Examination of the role of each covariate or potential modifier of the exposure-response effect
commenced with the tabulation of events and PYRS, and the derivation of crude RR estimates,
cross-classified by categories of exposure and potential effect modifiers. Crude risk estimates
obtained at this stage were unadjusted for the background effects of the potential confounders
attained age and calendar year of observation. Adjustment for potential confounders was then
made through stratified analyses as described in chapter 5 and these findings were used to

evaluate the confounding effects of attained age and calendar year of observation.

Categorical evaluation using simple multiplicative models also enabled examination of the
specific nature of the effect of each covariate or potential modifier on the exposure-response
relationship. After accounting for the presence of potential confounders, main effects and
interactions were examined using simple relative risk models for categorical data; main effects
were examined for their roles as component effects and the residual effect of interactions after
removing main effects were used to examine the extent of effect modification or interaction as

suggested by Pearce (Pearce 1989).

One of the problems arising from methods of analysis based on categorical data where
continuous variables are 'discretized' is that the choice of boundaries for each category can
influence the results and thereby, the assessment of interaction (Siemiatycki and Thomas 1981;
Rothman and Keller 1972). This particular problem of 'discretisation’' was avoided in the next
stage of analysis which was based on continuous data and variations in ERR per unit exposure
were examined using various parametric representations of the exposure-modifier-response
and exposure-time-response relationships. Variation between estimates derived from different
well-fitting statistical models are likely to be minimal compared to variation due to random and
systematic errors (Siemiatycki and Thomas 1981). However, this approach can lead to
incorrect inferences about interactions if assumptions about exposure-response relationships
are incorrect (Thomas 1981). These approaches of statistical modelling are introduced in
sections 6.2.3 - 6.2.5 and are systematically applied in the evaluation of the role of each

potential effect modifier and covariate in sections 6.3 - 6.5.
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6.2.3 Methods of Describing the Nature of the Modifying Effect
Using Log-Linear Models

The specific nature of interactions was characterized using log-linear models. Tables of RR's
of interactions between categories of exposure and potential effect modifiers were then
constructed with the lowest of these classification or cross-classification categories being the

basis of reference. RR estimates were obtained by fitting log-linear models defined below.
Log-Linear RR Models: RR=ePiveelize Tk weze ()

Marginal and interactive estimates of risk were obtained by including only the effects of

interest in model (2) and are defined in models 2a-2¢c below:

Individual Main Effects Models: RR = ePi%e ; RR = eVi%c (2a)
Joint Main Effects Model: RR = ebBive ¢Yize (2b)
Interaction Effects Model: RR = % Wczc (2¢)

Log-linear models were used at this stage of the analysis due to the convenience of their
application and the ease with which parameter estimates and confidence bounds could be
obtained. Based on the assumption that risks are multiplicative in nature, RR estimates could
be conveniently obtained from these models, by simply dividing the risk estimate in each
category by the risk in the appropriate baseline category. Confidence intervals for all effects

were obtained from Wald's bounds (EPICURE 1992).

The effect of each factor on the exposure-response relationship was examined through the
sequential inclusion of main effects and interactions in the log-linear model, and likelihood
ratio tests for significance of the newly introduced effect. This corresponded to a test of
heterogeneity in categorical estimates. The goodness of fit of log-linear models was examined

through comparison of model deviances.
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6.2.4 Methods of Examining Effect Modification by Modelling Variations
in ERR/WLM Using Linear Additive Excess Relative Risk Models

Mathematical modelling then continued with fitting the simplest form for the RR function - a

linear RR function - also referred to as the linear excess relative risk (ERR) model (model 3a).

Linear ERR Model: RR =1+ Bw (3a)

The linear ERR model assumes that the RR varies linearly with exposure and that the variation
is constant over the range of exposures studied. The parameter B is therefore, an estimator of
the constant increase in RR per unit increase in exposure (ERR/WLM); it is the common slope
coefficient fitted in the linear exposure-response model. Confidence intervals for B and all
parameters of linear effects were derived from likelihood ratio bounds (LRB), when attainable.
The linear additive ERR model also provided the basis of reference for further tests of
goodness-of-fit and significance. Where the parameter was known to be positive and LRB

were difficult to obtain, the log excess relative risk model (model 3b) was fitted.

Log ERR Model: RR=1+weP (3b)

The next stage of the analysis involved examination of whether a single straight line provided
an adequate expression of the exposure-response relationship in the presence of a potential
effect modifier, or whether it was significantly influenced or modified by z. Whilst still
assuming a linear relationship, independent slopes were fitted for each category of the effect
modifier. Each potential effect modifier z, was treated as a categorical variable with J
categories. Model (3a) was then re-fitted to examine the exposure-response slopes within

each level of z, resulting in the following model:

Separate Slopes Model: RR=1+ Bj WZe (3b)
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The parameters Bj provided estimates of the ERR/WLM within category j of the potential
effect modifier, denoted by zj; heterogeneity of the Bj's was considered an indication of z being
an effect modifier. Any significant heterogeneity between these parameters (Bj's) was used as
an evidence of effect modification. Heterogeneity of Bj's was tested by comparing the
deviances from models (3) and (2). Under the null hypothesis of no effect modification
(homogeneity of |3j's) the differences in model deviances would have a y2 distribution with j1
degrees of freedom. A 'significant' p-value from this test of hypothesis - likelihood ratio test
(LRT) - was considered as confirmation of z being an effect modifier (i.e. of the effect of Rn
exposure on lung cancer mortality not being homogeneous across levels of z). Appropriate
levels of significance are individually addressed with relevance to specific situations.
Confirmation of heterogeneity in the stratum-specific slope estimates indicated that the
exposure response relationship varied between the categories of z, and could therefore, not be

adequately summarized by a single slope coefficient.

An estimate of the overall ERR per unit of w per unit of z was obtained by modelling the

interaction of w and z as continuous variables in the linear ERR model as follows:

Continuous Effect Modification Model: RR=1+ B,w +B,wz (3c)

Another test for effect modification was performed using a LRT of the change in model
deviance by including the interaction term in the model after including the main exposure
effect term. The ERR parameter (B)) thus obtained provided an estimate of the

ERR/WLM/unit of z, after accounting for the main effect of exposure.
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6.2.5 Methods of Examining Effect Modification by Modelling Variations
in ERR/WLM Using Smooth Nonlinear Parametric Functions

Yet another approach of evaluating effect modification was to use an exponential effect
modification model (model 4), where z was fitted as an exponential interaction term. More
specifically, this model was fitted by introducing an interaction term with w as a linear function

and z as a log-linear function in EPICURE (EPICURE 1992).

Exponential Modification Model: RR =1+ Bw €12 4)

Tests for effect modification based on LRTs, were performed in a similar manner to those
outlined for the Linear Additive ERR model. In the presence of two potentially interactive
effects, the ERR of each increasing unit of z for a fixed level of exposure was deemed a more
appropriate and interpretable estimate. An estimate of ERR/unit of z for a fixed level of

exposure was obtained from g after constraining the parameter of the exposure effect to 1 (i.e.

by fixing B = 1), in the log ERR model.

When the potential effect modifiers were used as continuous variables, parameter ¥ yielded an
estimate of the ERR per Unit increase in z for a given exposure. When used categorically,
independent estimates of ERR were obtained for each category of z. Additional estimates
were also obtained for proportional change in ERR's and RR's were obtained between levels of
the potential effect modifiers. The ratio of parameter estimates provided estimates of
proportional change in ERR/WLM; the differences in parameter estimates provided estimates
of ERR between categories and the ratio of 1+ yj's provided estimates of the RR of exposure

between categories of the potential effect modifiers.
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Departures from linearity and variations of ERR/WLM were further examined using another
smooth parametric function of z - a power function - which resulted in the power model

(model 5) defined as follows:

Power Modification Model: RR=1+PBw V¥ (5)

The significance of departures from linearity were tested using LRTs. Overall assessment of
model fit was based on a direct comparison of the deviances of the various models fitted.
Though no tests of goodness of fit exist for this purpose, the model with the smallest deviance

was accepted as the ‘best fit'.

The exponential modification model and the power model also facilitated the examination of
departures from the linear model, with the exponential and power functions representing

departures from linearity and y being the non-linearity parameter.

The roles of each effect modifier studied are examined independently and findings summarized
in sections 6.3 - 6.6. At the end of each of these sections, results from the various models
fitted are summarized in a single table to enable quantitative comparison; thereafter, to enable
visual comparison of the various models, modifier-response relationships for a given level of

Rn progeny exposure are also graphically represented as simple plots.
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6.2.6 Preliminary Analyses:

The Effect of Radon Progeny Exposure on Lung Cancer Mortality

The role of each potential effect modifier is examined by comparison against the unmodified
effect of Rn exposure on lung cancer mortality. Therefore, results from examining the
unmodified effect of Rn exposure on lung cancer mortality, are a pre-requisite for all effect
modification analyses. These results are reported in this section and will form a general basis

of reference for all further analyses undertaken in this chapter.

The methods of analyses presented in this section are similar to those presented in chapter 5,
section 5.5. The important question in this chapter, lies in the increase in risk given that one is
exposed to Rn progeny and the modifying effect of time-related factors on this exposure-
response relationship. Therefore it is important to base risk evaluation, particularly in the
presence of effect modifiers, only on PYRS and events experienced in categories exposed to
some relevant Rn exposure. It must therefore be noted that slope estimates obtained here will
differ from those obtained using the entire dataset which included the zero WLM exposure
category - in fact in this case, the estimates are higher than those obtained in chapter 5 - since
they are not influenced by the unexposed category, the analyses presented in this chapter being

restricted only to exposure categories of relevant exposure > 0 WLM.

The effect of cumulative Rn exposure on lung cancer mortality was first examined with a log-
linear stratified exposure effect model (2a). The results of this modelling are given in table
6.2.6a. The RR of lung cancer mortality was seen to increase among levels of cumulative
exposure (CE) with the exception of the second lowest category viz., 1-10 WLM. Stratum
specific RR estimates with reference to the base-line reference category - the lowest exposure
category who experienced a CE of 0-1 WLM - were 0.37, 1.10 and 3.39 respectively, for each
increasing category of exposure. The statistically significant heterogeneity observed in these

estimates confirmed a significant exposure-response relationship (LRT p = 0.0035).
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Confidence intervals for the individual RRs showed that whilst none of these estimates was
significantly higher than the RR of 1 at the 5% level of significance, those exposed in the
highest exposure category (>40 WLM) were at significantly higher risk than those with CE of
1-10 WLM. The significance of this comparison would have been the main contributor to the

overall significance in the heterogeneity observed among the stratum specific estimates of risk.

Table 6.2.6a: Output From Log-Linear Stratified Exposure Effect Model

Parametaer Estimates 95% Confidence Bounds
# Name Estimate Std. Error Lower Upper
Log-linear term O
1 %CON v veennnnnn PR . . 0.4571 Aliased
3 WLMG4 2 ...... i BT .. =-0.9829 0.4753 -1.915 -0.5132E-01
EXP (estimate) 0.3742 1.609 0.1474 0.9500
4 WLMG4_3 ...... eiaeiats o AT 0.9570E-01 0.4804 ~-0.8458 1.037
EXP (estimate) 1.100 1.617 0.4292 2.821
5 WLMG4_4 ....... e e W 1.219 0.6275 -0.1065E-01 2.449
EXP (estimate) 3.385 1.873 0.9894 11.58
Deviance - 175.987 df = 1907
Pearson Chiz2 = 1016.18
LR statistic = 13.63 df = 3
p = 0.0035

Table 6.2.6b: Output From Log-Linear Exposure-Response Model

Paramater Estimates 95% Confidence Bounds

# Name Estimate Std. Error Lower Upper

Log-linear term 0

1 %CON ...unu.. LT senses =0.2385 Aliased
2 WLMLOS swuw isseceimasinieiaiols s i s 0.2880E-01 0.8311E-02 0.1251E-01 0.4509E—~01
EXP (estimate) 1.029 1.008 1.013 1.046
Deviance = 181.021 df = 1909
Pearson Chi2 S 1212.83
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Patterns of variation in ERR/WLM were further examined using the linear additive ERR and
exponential modification exposure-response models. Results of fitting these models are given
in tables 6.2.3c and 6.2.3d. Both these models showed a 5.4% increase in ERR/WLM, after
adjustment for attained age and calendar year, implying that the RR of Rn related lung cancer
mortality increased linearly by 5.4% for each additional WLM of exposure. This increase was

statistically significant at the 5% level of significance.

Table 6.2.6c: Output From Linear Additive Excess Relative Risk Model

Parametar Summary Table

# Name Estimata Std.Err. Scorae Status

Log—linear term 0
1 3CON ..viivnuann Ve A b -0.4541 0 0 Aliased

Linear term 1
2 WLMLO5 ...... . — 0.05435 0.04121 0.00414 Free
Confidence Bounds: 97.5% Lower Bound 0.00807
97.5% Upper Bound 0.17427

Deviance = 182.814 df = 1909

Pearson Chi2 = 1191.79

LR Statistic = 6.806 df = 1
p = 0.0091

Table 6.2.6d: Output From Log Excess Relative Risk Model

Parameter Estimates 95% Confidaence Bounds
# Name Estimata Std.Err. Lowar Upper
Log-linear term 0
FCON .t ivernnnn e e . 8.335 Aliased
Linear term 1
2 WIMLOS . ...iuvunnnnn e 1.000 Fixed
Log-linear term 1
3 %CON ....ovvu.. ST e . -2.911 0.7579 -4.397 -1.426
EXP (estimate) 0.05441 2.134 0.01232 0.2403
Devilance = 182.814 df = 1909
Pearson Chi2 = 1191.80
LR Statistic = 6.806 df = il
P = 0.0091
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6.3 Examining the Effect of Age at First Exposure

6.3.1 Describing The Crude Effect of Age at First Exposure

Members of the study cohort who died of lung cancer following relevant exposure to Rn
progeny at RH were all aged 20 years or more at the time of their initial exposure at RH.
Those who commenced their exposure before the age of 20 years contributed only 6.6% (914
PYRS) of the PYRS in the first AFEG category (<30 years). Isolation of this portion of
PYRS by using finer age at first exposure groups (AFEG) categorization made no difference
to the analytical findings. Hence, this broad categorization was maintained for all further

analyses.

Table 6.3.1a shows the mean ages at first exposure and follow-up (attained age) and mean CE
by AFEG; those who commenced their exposure after the age of 40 were observed to have
had a higher mean CE. Table 6.3.1b gives the distribution of lung cancer deaths and PYRS by
CE and AFE categories. The majority of the study cohort were aged between 20 - 30 years
at first exposure and experienced relevant exposures of 1 - 10 cumulative WLM. Most lung
cancer deaths occurred amongst those who were aged between 30 - 40 years at initial

exposure.

Results of the crude risk of lung cancer mortality by CE and AFE categories are presented in
table 6.3.1c. The AFE specific crude mortality rates and crude RRs increased with AFE and
demonstrated a statistically significant heterogeneity (LRT p = 0.0004). Statistically
significant heterogeneity was also seen in crude estimates of risk among levels of interaction
(LRT p = 0.0004), indicating that AFE was a significant modifier of the crude exposure-
response relationship. The crude risk of mortality tended to increase with AFE and exposure.
However, once adjusted for potential confounders, these trends were considerably changed,

indicating that these findings were merely an artifact of confounding.
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Table 6.3.1a-c: Cohort Characteristics
by Cumulative Exposure and Age at First Exposure Categories

Table 6.3.1a: Mean Age and Cumulative Exposure

Chapter 6: Temporal Effect Modifiers and Surrogate Measures

Characteristic

Mean:

Age at First Exposure (Years)

Age at Follow-up (Years)

Cumulative Exposure (WLM)

Age at First Exposure (Years)
<30 30-<40 40-> Overall
24 34 45 29
42 51 61 47
7.8 7.2 - 8.2 7.7

Table 6.3.1b: Lung Cancer Deaths and PYRS
(Number of PYRS rounded to the nearest integer are shown in brackets)

Exposure Age at First Exposure (Years)

(WLM) <30 30-<40 40-> Overall

0<1 2 5 1 8
(2749) (1167) (619) (4536)

1-<10 2 4 4 10
(7975) (4315) (1629) (13920)

10-<40 3 5 2 10
(2674) (1464) (403) (4542)

40-> 1 1 2 4

(399) an (105) (582)

Overall 8 15 9 32

(13799) (7025) (2758) (23583)

Table 6.3.1c: Crude Estimates of the RR of Lung Cancer Mortality
* Reference Category for RR)

11/8/93 7:28 PM

Exposure Age at First Exposure (Years)
(WLM) <30 30-<40 40-> | Overall
0<1 1* 5.9 2.2 1*
1-<10 0.3 1.3 34 0.4
10-<40 1.5 4.7 6.8 1.2
40-> 3.4 17.8 26.0 3.9
Overall 1* 3.7 5.6
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6.3.2 Examining the Effect of Age at First Exposure
Using Multiplicative Models

L Examining The Effect of Confounding

The confounding effects of potential confounders, in particular, attained age and calendar year
of observation (which are equivalent to birth cohort) were examined. Attained age and
calendar year of observation were found to be independent confounders of the relationship
between AFE and lung cancer mortality. However, after adjusting for the confounding effect
of either one of these factors, the remaining factor was not found to have a statistically
significant confounding effect. Though the joint effect of confounders was not significantly
higher than their individual confounding effects, in keeping with accepted standards for the
analyses of cohort studies in epidemiology and the reasons outlined in chapter 5, both these
factors will be controlled for in all further analyses of the modifying effect of AFE; this

examination of confounding effects is only undertaken to demonstrate the role of confounding,

When compared with patterns observed in the crude estimates of RR, after controlling for
confounding, the heterogeneity among risk estimates for AFE categories was no longer
statistically significant (LRT p = 0.3286). Furthermore, contrary to the increasing trend
observed in AFEG specific crude estimates of risk, estimates of risk declined with AFE in all
other than the highest exposure category. Based on this categorical evaluation therefore, AFE
was not seen as a significant modifier of the exposure-response relationship after controlling

for confounders.
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II. Examining the Effect of Age at First Exposure

Based on a log-linear model, after removing the effect of cumulative relevant Rn exposure,
age at first exposure to Rn did not have a statistically significant effect on lung cancer
mortality (p = 0.6717). After simultaneous adjustment for both main effects, the main effect
of age at first exposure became more pronounced and the exposure effect less so. The RR in
the highest interaction category (40 or older at first exposure and exposed to over 40 WLM)
also dropped considerably. This could be a reflection of the fact that those exposed to the
highest levels of radiation were older than others when they commenced their exposure at RH.
This corresponds to the experience of professional underground miners who were known to
have been older than other categories of underground workers. Their increased risk is
therefore contributed to by their increased age at first exposure. This may also contribute to
the increasing trend in risk estimates with increasing AFE categories, seen among those in the
highest category of exposure. In all other categories of exposure, risk seems to decline with
AFE. Overall too, risk declines with AFE categories. However, this pattern of declining risk
with increasing AFE may not necessarily be reflected when continuous AFE is modelled as a

smooth parameter. These findings are all summarized in tables 6.3.2a and 6.3.2b.
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Table 6.3.2a: Unconfounded Marginal and Interactive Relative Risks

by Cumulative Exposure and Age at First Exposure Categories

Exposure Age at First Exposure (Years) Overall
(WLM) <30 30-<40 40-> Unadjusted  Adjusted @
0<1 14 0.5 0.1 1P 1P
(Fixed) 0.7-32) (0.0-1.1D (Fixed) (Fixed)
1-<10 0.2 0.1 0.1 04 0.4
(0.0-14) (@©0-06) (0.0-1.1) 0.1-1.0 0.1-0.9)
10-<40 0.6 0.2 0.3 1.1 1.0
0.1-39) (©0.0-17) (0.0-3.9) (0.4-2.8) (0.4 -2.6)
40-> 0.5 0.7 6.0 34 2.7
0.0-6.6) (0.1-9.8) (02-162.0)| (1.0-11.6) (0.7-10.2)
Overall 1¢ 0.5 0.3
Unadjusted | (Fixed) 01-15 (©.1-1.7
Overall 1° 0.7 0.4
Adjusted 2 (Fixed) 02-2.6) (0.1-29)

Note: 2 Simultaneous adjustment for both main effects WLMG and AFEG
b Baseline category for marginal RR estimates among WLMG categories
€ Baseline category for marginal RR estimates among AFEG categories
d Baseline category for obtaining interaction RRs
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III.  Describing the Nature of Interactions and Marginal Effects

Estimates of RR obtained by modelling the interaction term as categorical variables are
presented in table 6.3.2a to provide more detailed description of the pattern of interaction in
each cross-classification category. Estimates of overall effect were obtained by modelling
WLMG and AFEG individually and jointly. Estimates of individual main effects are referred
to as 'unadjusted’ and presented in the column and row titled 'overall unadjusted’ estimates in
this table. Estimates obtained after simultaneous adjustment for both main effects WLMG and
AFEG are referred to as 'adjusted’ estimates and presented under this title in the final column

and row of this table.

The marginal effects of cumulative Rn exposure after accounting for the effect of age at first
exposure as a categorical variable showed a steady increase in RR with increasing exposure
categories of 10 WLM or more; both these RRs were statistically significant at the 5% level.
Those exposed from 1 upto 10 WLM of cumulative Rn exposure at RH were not found to be
at any significantly greater risk than those exposed to 1 WLM or less. After accounting for
the main effect of age at first exposure, there was still an increasing trend in the exposure-

response relationship.

Compared to the baseline AFEG category (<30 years), before accounting for the main effect
of exposure, the marginal RR of Rn related lung cancer mortality was halved amongst those
aged between 30-40 at initial exposure, and a third amongst those who were aged 40 years or
more at initial exposure. After accounting for the main effect exposure however, these risk

estimates changed to declines of 30% and 60%, respectively.
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IV.  Comparison of Effect Modification Characterizations

First order interaction terms between cumulative Rn exposure and age at first exposure after
removing the main effects of WLMG and AFEG, were examined in three stages. Results of
fitting these three interaction models are provided in table 6.3.2b. Tests of significance for
nested models are all based on the improvement of model deviance due to the added effect of
the interaction term after removing the main effects. Nesting of models is represented by

indentations in table 6.3.2b.

In the first interaction model, a common exposure-response slope was fitted to these data
based on PYRS weighted WLM and AFE. The deviance corresponding to this model was
173.59 and LRT results showed that the contribution of this single interaction term (common

exposure-response slope) based on 1 df was not statistically significant (p = 0.2062).

Separate slopes were then fitted for each AFEG after removing the main effects of AFEG and
WLMG and the first order linear interaction term AFE*WLM. The LRT result of fitting
separate slopes for each AFEG was not statistically significant (p = 0.1860) and the single

slope coefficient appeared to provide an adequate fit at this level.

In the second stage of fitting interaction models, separate slopes were first fitted for each
exposure category after removing the main effects and the first order interaction term based on
categorical exposure and continuous age at first exposure. The purpose of fitting this effect
was to examine the modifying effect of AFE for a given level of exposure. This was done by
including the categorical interaction term in the existing model. Results of this fit were not
statistically significant (p = 0.1524) and failed to show any further evidence of effect

modification.
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In the third stage of modelling interactions, the categorical interaction effect was found to be
highly significant (p = 0.0151), when it was included in the model after fitting separate slopes
for each AFEG category with exposure treated as a continuous variable. This finding implied
that within a given category of age at first exposure, the risk was found to be significantly
heterogeneous - increased with exposure - and could therefore, not be summarized by a single
parameter. There remained a significant exposure-response effect even after accounting for

the main effects of exposure and age at first exposure, and the first order interaction.

Finally, an interaction model with separate slopes for each AFEG, WLMG interaction was
fitted after removing the main effects WLMG and AFEG. Though the statistical significance
of this interaction effect was marginal (p = 0.1096), it showed some indication of effect

modification after accounting for main effects.

It may be concluded that the above findings based on multiplicative log-linear models fail to
confirm age at first exposure as a significant effect modifier after accounting for the main
effects; the interaction effect seen here could have been due to chance alone and is further
examined in sections 6.3.3-6.3.6 using parametric models of variations in ERR/WLM with age

at first exposure.
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Table 6.3.2b: Results of Fitting Log-Linear Models to

Examine the Modifying Effect of Age at First Exposure

Source of Deviance DF Pearson Likelihood Ratio Test
Variation X2 Statistic DF  p - Value
NULL 189.62 1910 1392.64
WLMG 175.99 1907 1016.17 13.6300 3
AFEG 175.19 1905 897.21 0.7959 2 0.6717%
WLM*AFE 173.59 1904 984.58 1.5980 1 0.2062%2
WLMG*AFEG 164.81 1898 1042.10 878 6 0.1860%&
WLMG*AFE 169.06 1900 938.53 45330 4 03386%4
WLMGH*AFEG 159.67 1894 925.41 93970 6 0.1524%82
WLM*AFEG 168.68 1901 857.45 49270 3 0.1772%4
WLMG*AFEG 152.90 1895 749.39 157600 6 0.0151%2&
WLMG*AFEG 164.81 1899 1046.75 103800 6 0.1096%%
NOTE: a

LRT based on model with WLMG main effect removed.

LRT based on model with WLMG and AFEG main effects removed.
LRT based on model with WLMG, AFEG and WLM*AFE removed.
W48 LRT based on model with WLMG, AFEG and WLM*AFEG removed.

wa
wal
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Parameter estimates of ERR/WLM were also obtained by fitting common and separate slopes
using log-linear models both before and after removal of the main effects (tables 6.3.2¢ -
6.3.2f). Results of fitting a common slope to the interaction term (tables 6.3.2c - 6.3.2d)
showed little difference in slope estimates before and after removal of main effects. The slope
coefficient of 1.001 indicated that the ERR increased by 0.1% per WLM per year of first
exposure. When separate slopes were fitted without main effects being removed, estimates of
ERR/WLM obtained were 1.026, 1.008 and 1.038 respectively for each increasing category of
AFEG (table 6.3.2e). These estimates were not significantly heterogeneous (p = 0.3856) and
did not provide a significantly better fit than the common slopes model. However, these
estimates of ERR/WLM changed considerably after the removal of main effects; the resulting
AFEG specific ERR/WLM estimates were 0.9674, 0.9507 and 1.012 respectively (table
6.3.2f). These estimates were significantly heterogeneous at the 10% level of significance (p
= 0.0852). It was also seen that after accounting for the overall effect of exposure and AFE,
the direction of the ERR/WLM changed in the first two categories of AFEG, with their
magnitude becoming less than 1.0. Confidence intervals for each of these risk estimates show

however that these estimates were not significantly lower than the constant RR of 1.

It could therefore be concluded that a mild degree of effect modification existed due to AFE,
with the exposure-response relationship declining for those who commenced exposure before
the age of 40, and increasing among those who commenced their exposure at later ages.
Furthermore, after adjusting for the overall effect of exposure, the risk of lung cancer

mortality was seen to decrease with AFE i.e. for a fixed level of exposure, risk decreases with

AFE.
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Table 6.3.2c-d: Output From Log-Linear Relative Risk Modelling to
Examine the Modifying Effect of Age at First Exposure
Common Slope Models Before and After Removing Main Effects

Table 6.3.2c: Before Removing Main Effects

1 %CON

............ DR

EXP (estimate)

3 WLMLO5 * AFE
EXP (estimate)

...... CRC R

Deviance
Pearson Chi2

LR statistic
P

95% Confidence Bounds

Estimate Std. Error Lowar Upper
-0.2230 Aliased
—-0.4343E-02 0.4431E-01 -0.9120E-01 0.8251E-01
0.9957 1.045 0.9128 1.086
0.9333E-03 0.1202E-02 -0.1423E-02 0.3289E-02
1.001 1.001 0.9986 1.003
= 180.376 df = 1908
= 1242.42
= 0.6443 df = i
= 0.4222

Table 6.3.2d: After Removing Main Effects

Parameter Estimates

95% Confidence Bounds

# Nama Estimate std. Error Lower Upper
Log-linear term 0
1 3CON mwnswwe evnisism saiaip ole 1.147 Aliased
3 WLMGE 2 ...viinnnnnn ornin i -1.141 0.4883 -2.099 -0.1843
EXP (estimate) 0.3194 1.630 0.1226 0.8317
4 WIMG4_3 ....... S e T et -0.5247 0.6294 -1.758 0.7089
EXP (estimate) 0.5917 1.877 0.1723 2.032
5 WIMG4 4 . .iiiiinnnnnnnnnn -0.3182 1.242 -2.753 2.117
EXP (estimate) 0.7275 3.464 0.6372E-01 8.306
7 AFEG3_.2 ‘wuwisijas e e +evs —0.5483 0.6257 -1.775 0.6781
EXP (estimate) 0.5780 1.870 0.1696 1.970
8 AFEG3_3 |4ivem wmin suswaje s ... =—0.9883 0.9611 -2.872 0.8954
EXP (estimate) 0.3722 2.614 0.5659E-01 2.448
9 WLMLO5 * AFE ............ 0.6329E-03 0.4598E-03 -0.2684E-03 0.1534E-02
EXP (estimate) 1.001 1.000 0.9997 1.002
Deviance = 173.594 df = 1904
Pearson Chi2 = 984.279
LR statistic = 1.598 df = 1
p = 0.2062
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Table 6.3.2e-f: Output From Log-Linear Relative Risk Modelling to
Examine the Modifying Effect of Age at First Exposure
Separate Slopes Models Before and After Removing Main Effects

Table 6.3.2e: Before Removing Main Effects

Paramaeter Estimates 95% Confidaence Bounds
# Name Estimata std. Error Lower Uppear
Log-linear term 0
1 SCON ....cneeu. vivaie sevesss —0.1952 Aliased
2 AFEG3 1 * WLMLOS5 ........ 0.2543E-01 0.1327E-01 -0.5799E-03 0.5143E-01
- EXP (estimate) 1.026 1.013 0.9994 1.053
3 AFEG3_2 * WLMLO5 ........ 0.7625E-02 0.2101E-01 -0.3356E-01 0.4881E-01
EXP (estimate) 1.008 1.021 0.9670 1.050
4 AFEG3_3 * WLMLO5 ....... . 0.3747E-01 0.1102E-01 0.1587E-01 0.5908E-01
EXP (estimate) 1.038 1.011 1.016 1.061
Deviance - 179.115 df = 1907
Pearson Chi2 = 1364.22
LR statistic B 1.906 df = 2
p - 0.3856

Table 6.3.2f: After Removing Main Effects

Parameter Estimates 95% Confidenca Bounds
# Namae Estimate Std. Error Lowar Upper
Log-linear term O
1 %CON gt aime s aswss 2 1.297 Aliased
3 WIMG4 2 .uieeerannnnons _ -1.038 0.4875 -1.993 -0.8206E-01
EXP (estimate) 0.3543 1.628 0.1363 0.9212
4 WIMG4 3 .....nnn. i e 0.4623 0.7050 -0.9195 1.844
EXP (estimate) 1.588 2.024 0.3987 6.322
5 WLMG4_4 .......... “ v e e sa 2.344 1.741 -1.069 5.757
EXP (estimate) 10.43 5.705 0.3435 316.5
7 AFEG3_2 ....... e Jae R -0.4517 0.7451 ~1.912 1.009
EXP (estimate) 0.6365 2.107 0.1478 2.742
8 AFEG3 3 .....iiviinnannnn -1.456 1.013 -3.440 0.5293
EXP (estimate) 0.2333 2.753 0.3205E-01 1.698
9 AFEG3_1 * WLMLO5 ........ -0.3318E-01 0.3373E-01 -0.9928E-01 0.3293E-01
EXP (estimate) 0.9674 1.034 0.9055 1.033
10 AFEG3_2 * WLMLO5 ........ -0.5056E-01 0.3676E-01 -0.1226 0.2149E-01
EXP (estimate) 0.9507 1.037 0.884¢6 1.022
11 AFEG3 3 * WLMLO5 ........ 0.1232E-01 0.1903E-01 -0.2499E-01 0.4962E-01
EXP (estimate) 1.012 1.019 0.9753 1.051
Deviance = 168.668 df = 1902
Pearson Chi2 = 858.777
LR statistic = 4.926 df = 2
p = 0.0852
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6.3.3 Examining The Modifying Effect of Age at First Exposure
Using Linear Additive Excess Relative Risk Models

Examination of the modifying effect of AFE commenced by fitting the linear ERR model with
a common slope model, where the exposure-response was assumed to be constant across the
range of AFE values. Results of fitting this model are presented in table 6.3.3a. The ERR of
lung cancer mortality increased by 0.15 % per WLM and increasing year of AFE (i.e. per
WLM*AFE), after accounting for the effect of exposure alone. However, this modifying
effect was not statistically significant (p = 0.7255). Therefore, based on this linear ERR
model, AFE did not have a significant continuous modifying effect on the exposure-response

relationship.

Independent exposure covariates were then fitted for each age at AFE category (AFEG), using
the separate slopes model (3b). Results of this fit are given in table 6.3.3b. Estimates of
ERR/WLM thus obtained were 7.0%, 1.3% and 10.1% respectively for each AFEG (table
6.3.3c). Likelihood Ratio Bounds of these estimates showed a marginally significant increase
in the ERR/WLM amongst those aged between 30-40 years at first exposure; those in the
highest AFEG (>40 years at first exposure) were at significantly higher risk with each
increasing unit of exposure. The ERR of lung cancer mortality was lowest amongst those who
commenced their exposure between the ages of 30-40 years; compared to them, those aged
below 30 years at first exposure were at 5.6% greater risk, and those aged 40 years or more at
first exposure were at 8.9% greater risk. The proportional change in ERR per WLM was
5.2% and 7.7% respectively for these groups. The RR of these categories were 1.06 and 1.09.
The heterogeneity of these estimates was not statistically significant at the 5% level of
significance. Age at first exposure considered as a categorical variable could therefore not be
identified as a statistically significant modifier (LRT: p = 0.3593) of the effect of Rn related

lung cancer mortality based on this linear additive ERR model.
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Table 6.3.3a-c: Results of Linear Additive Excess Relative Risk Modelling to Examine
the Modifying Effect of Age at First Exposure

Table 6.3.3a: Common Slope Model

Parameter Summary Table

# Nama Estimate std.Err. Score Status

Log-linear term 0

1 3CON tivvnnnncnnnnsnsnnnas -0.9239 0 0 Aliased
Linear term 1
2 WIMLOS ... iuiiernnnnnanns 0.002090 0.1866 -0.000892 Free
3 AFE * WLMLOS .......c00.. 0.001532 0.005777 -0.00282 Free
Deviance = 182.691 df = 1908
Pearson Chi2 = 1204.41
LR statistic = 0.1233 df = 1
p = 0.7255

Table 6.3.3b: Separate Slopes Model

Parameter Summary Tabla

# Name Estimate Std.Errx. Score Status

Log-linear term O

1 ICON .........ewvaeeEese -0.4136 0 0 Aliased
Linear term 1
2 AFEG3_ 1 * WLMLOS5 ........ 0.06974 0.06513 0.00258 Free
3 AFEG3_2 * WLMLOS ........ 0.01340 0.03182 0.000319 Free
4 AFEG3_3 * WLMLO5 ........ 0.1011 0.1069 -0.00258 Free
Deviance = 180.767 df = 1907
Pearson Chi2 = 1386.71
LR statistic = 2.047 df = 2
P = 0.3593

Table 6.3.3c: Parameter Estimates and LR Bounds

ERR Parameter Estimates

Function Parameter ERR 95% CB

bw b 5.4% 1-11%
b;w + buz b, 0.21%

b, 0.15% 0-0.5%

b; wz» b, 7.0% 0-32)%

b, 1.3% 0-12)%

b 10.1% (1-46)%
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Departure from linearity was examined by adding an additional interaction term with a
quadratic AFE component to this model. This linear-quadratic model in AFE had a model
deviance of 181.99. The LRT contribution of the quadratic term in AFE failed to detect a
significant departure from linearity at the 5% level of significance (p = 0.6969). The goodness

of fit results of this linear-quadratic modelling are presented in table 6.3.3d.

Table 6.3.3d: Results of Fitting Models to Examine Departures from Linearity to

Examine the Modifying Effect of Age at First Exposure

Source of Deviance DF Pearson Likelihood Ratio Test
Variation c2 Statistic DF p- Value
NULL 189.62 1910 1392.64
WLM 182.81 1909  1191.79
WLM*AFE 182.69 1908  1204.24 0.1234 1 0.7254%
WLM*AFE2 181.99 1907 1286.12 0.6969 1 0.4038M

NOTE: W [ RT based on model with WLM main effect removed.

wl LRT based on model with WLM, and WLM*AFE removed.
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6.3.4 Examining the Modifying Effect of Age at First Exposure
Using a Log Excess Relative Risk Model

When AFE was modelled as an exponential function in the linear ERR model, the model was
found to have a better fit than the previous model. Results of this fit, given in table 6.3.4a,
show that for a fixed level of exposure, the ERR was found to multiply by 1.04 with each
increasing year of age at first exposure. However, this multiplicative ERR was not significantly
different from 1 and AFE modelled as a continuous exponential variable was not found to be a

significant modifier of the exposure-response relationship (p = 0.6764).

Once again, as seen in the previous linear additive models, fitting separate exponential slopes
for each AFEG category resulted in marked changes to the patterns of ERR (table 6.3.4D).
Estimates of ERR parameter estimates were almost identical to those obtained with linear
additive models; estimates of ERR/WLM were 7.0%, 1.3% and 10.1% respectively in each of
the AFE categories. The goodness of fit characteristics of the log ERR model were also
extremely similar to those in the linear additive ERR model. Therefore, it was concluded that

the log ERR model did not offer any great advantage over the simple linear model.
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Table 6.3.4a-b: Output From Log Excess Relative Risk Modelling to
Examine the Modifying Effect of Age at First Exposure

Table 6.3.4a: Common Slope Model

Parametar Estimatas

95% Confidence Bounds

# Namae Estimate Std. Error Lower Upper
Log-linear term 0
1 %CON ...... W e e e 8.340 Allased
Linear term 1
2 WLMLOS ..... T O e 1.000 Fixed
Log-linear term 1
3 %CON ...... i S B e eveie -4.300 3.844 -11.83 3.235
EXP (estimate) 0.1357E-01 46.72 0.7253E-05 25.40
4 AFE .t.uiveun. o SRR R 0.3962E-01 0.1091 -0.1742 0.2535
EXP (estimate) 1.040 1.115 0.8401 1.289
Deviance = 182.640 df = 1908
Pearson Chi2 = 1213.04
LR statistic = 0.1742 df = 1
P = 0.6764
Table 6.3.4b: Separate Slopes Model
Parameter Estimates 95% Confidence Bounds
# Name Estimate std. Error Lower Upper
Log-linear term 0
1 %CON ... .iiiinnnnnn - uaiere 16.57 Aliased
Linear term 1
2 WLMLO5 ...... A . 1.000 Fixed
Log-linear term 1
3AFEG3 1 ....iiinnnn. ol b -2.662 0.9337 -4.492 ~0.8324
EXP (estimate 0.6979E-01 2.544 0.1119E-01 0.4350
4 AFEG3 2 ...... o erumTERS b ot -4.312 2.374 -8.965 0.3409
EXP (estimate) 0.1341E-01 10.74 0.1278E-03 1.406
5 AFEG3 3 ...... « W ST -2.292 1.057 -4.363 -0.2201
EXP (estimate) 0.1011 2.878 0.1274E-01 0.8025
Deviance = 180.767 df = 1907
Pearson Chi2 - 1386.61
LR statistic = 2.047 df = 2
P = 0.3593
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6.3.5 Examining Variations in ERR/WLM With Age at First Exposure

Using Smooth Parametric Functions

Finally, in the analyses of AFE as a modifier of the exposure-response effect, variations of the
ERR/WLM were modelled using two smooth parametric functions viz., the exponential
function and the power function. As expected, findings from the exponential function fit were
similar to the model fitted in section 6.3.4; the only difference being that the exposure
parameter was now freed and estimated by the model. The results of fitting this model are

presented in table 6.3.5a and correspond to findings in table 6.3.4a.

The exponential model was also fitted after centering AFE at 30 years (table 6.3.5b). This
changed the exposure coefficient to 0.0456, but did not change the model fit or the
exponential parameter. With this fit, above 30 years of age at first exposure the RR is

multiplied by a factor of 1.04 for each increasing AFE, and is reduced below the age of 30.

The power model was fitted by fitting the log of the AFE as an exponential term in EPICURE
(EPICURE 1992) and using its untransformed parameter estimate as the maximum likelihood
estimate of the power parameter. Results of fitting this model presented in table 6.3.5¢ show a
maximum likelihood estimate of a power of 0.6168 with extremely wide confidence intervals
(-6.5 - 7.8). The exposure coefficient from this model was 0.0058. The deviance of this
model was 182.725 which was slightly higher than that of all other models examined thus far.

Examination of the role of AFE as an effect modifier was therefore, concluded at this point.
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Table 6.3.5a: Output From Modelling the ERR/WLM as an
Exponential Function to Examine the Modifying Effect of Age at First Exposure

95% Confidence Bounds

# Name Estimate Std. Error Lower Upper

1 BCON . .iiienecnnnnnnn saea —0.5112 Allased

Linear term 1
2 WLMLOS ... s smmmee e on e 0.1350E-01 0.5197E-01 -0.8836E-01 0.1154

Log-linear term 1

3 AFE s ame siewom amswien s 5 0.3970E-01 0.1092 -0.1744 0.2538
EXP (estimate) 1.040 1.115 0.8400 1.289
Deviance = 182.640 df = 1908
Pearson Chi2 = 1213.06
LR statistic = 0.1742 df = 1
p = 0.6764

Table 6.3.5b: Modelling the ERR/WLM as an Exponential Function
With a Change of Location Transformation for the AFE
(AFE30 = AFE - 30)

95% Confidence Bounds

# Name Estimate Std. Error Lower Upper

Log-linear term O
1 %CON ..ttt i i iennnnns +... =0.4513 Aliased

Linear term 1
2 WLMLOS ..... R T —— 0.4456E-01 0.4113E~-01 -0.3606E-01 0.1252

Log-linear term 1

3 AFE30 ......... SRl 0 e 0.3963E-01 0.1091 -0.1742 0.2535
EXP (estimate) 1.040 1.115 0.8401 1.289
Deviance = 182.640 df = 1908
Pearson Chiz2 = 1213.04
LR statistic = 0.1742 df = 1
p = 0.6764
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Table 6.3.5¢c: Output From Modelling the ERR/WLM as a

Power Function to Examine the Modifying Effect of Age at First Exposure

Parameter Estimates 95% Confidence Bounds
{# Name Estimata Std. Error Lower Upper
Log-linear term O
1 $CON ..ot iinnnas veeesss —0.4689 Aliased
Linear term 1
2 WIMLOS . .iiitencnnnnnnnns 0.5798E-02 0.7413E-01 -0.1395 0.1511
Log-linear term 1
B3 IAFE sevcevensnansanene - 0.6168 3.642 -6.522 7.755
Deviance = 182.725 df = 1908
Pearson Chi2 = 1198.79
LR statistic = 0.8904E-01 df = 1
p = 0.7654
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6.3.6 Summary of Findings on the Role of Age at First Exposure

The crude risk of lung cancer mortality was seen to increase with AFE, However, this trend
was found to be an artifact of confounding and disappeared when controlled for age at

observation and calendar time of observation.

Of all the exposure-modifier-response models examined, multiplicative log-linear models
provided the best fit; AFE could not be identified as a statistically significant effect modifier
which was possibly due to the limited variation observed in AFE amongst the RH cohort.

However, there was a indication of increasing ERR/WLM with age at first exposure.

From multiplicative log-linear modelling a common overall slope coefficient of 1.001 was
found to provide an adequate explanation of the interaction effect between continuous
measures of AFE and exposure when compared with fitting separate slopes for each AFEG
and WLMG cross-classification categories. However, it was found that within each AFEG
category, the separate slope coefficients for each WLMG category could not be summarized
into a single slope coefficient viz., 0.0.9674, 0.9507 and 1.012. The main contributor to this
heterogeneity was identified as the exceptionally high RR coefficient of 6.0 in the highest
cross-classification category. This heterogeneity was however not strong enough to indicate

any effect modification overall.

Findings from mathematical modelling to examine variations in ERR/WLM with AFE are
summarized in tables 6.3.6. Modifier-response relationships for a given level of exposure
obtained from the various models fitted, are plotted in figure 6.3.6. All models fitted showed
a clear pattern of increasing ERR with AFE, but no significant heterogeneity could be detected
between the AFEG specific estimates of ERR/WLM. The ERR/WLM was lowest amongst
those aged between 30-40 years at first exposure. No significant departures from linearity
could be detected. For a given level of exposure, ERR/WLM was highest amongst those in

the highest AFE category (i.e., those commencing exposure after 40 years of age).
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Table 6.3.6: Summary of Results From Fitting Models to
Examine the Modifying Effect of Age at First Exposure

ERR Parameter Estimates Model Fit LR Test
Function Par ERR 95%CB | Dev DF | %2 DF p

Linear:

Bw B 5.4% 1-17% |182.8 1909

Biw + Bowz B1 0.21% 182.7 1908 |0.123 1 0.7255
By  0.15%

Biwz, B1 697% (0-32)% |180.8 1907 |2.047 2 0.3593
By 1.34% (0-12)%
B3 101% (1-46)%

Exponential:

Biwe P2+yz B1 1 Fixed
eB2 001 (0.0-254)
eY 1.04 (0.8-1.3)

Bwetizc B1 1 Fixed 180.8 1907 [2.047 2 03593
el 0.07 0.0-0.4)
e’2 0.01 0.0-1.4)
el3 0.10 0.0-0.8)

Exponential:

BweYz B 0.01 182.6 1908 |0.174 1 0.6764
eY 1.04 0.8-1.3)

Bw e¥(z-30) B 0.04 182.6 1908 [0.174 1 0.6764
eY 1.04 (0.8 -1.3)

Power:

Bw z¥ B 0.006 1827 1908 |0.089 1 07654
Y 062 (-6.5-17.8)
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Figure 6.3.6: Modelling Variations in ERR/WLM
With Age at First Exposure

008 T
0.07 +
0.06 +
E
R 005 +
R
/ 0.04 +
A%%
L 003 - -~ Linear
M A= — — Exponential
002 + - - = - Power
001 +
0 : : | : | : : !
15 20 25 30 35 40 45 50 55
Age at First Exposure (years)
Note:
Risk Functions Fitted: Linear: ERR/WLM = 0.0021 + 0.0015 z
Exponential: ERR/WLM = 0.01 * 1.04 2
Power: ERR/WLM = 0.006 * 7 0-62
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6.4 Examining the Effect of Time Since Last Exposure
6.4.1 Describing The Crude Effect of Time Since Last Exposure

Characteristics of the study cohort identified by categories of cumulative exposure (CE) and
time since last exposure (TSLE) are presented in tables 6.4.1a - 6.4.1c. As expected, the
mean age at follow-up increased with TSLE categofy (TSLEG). The lowest TSLEG had the
highest level of mean CE and mean CE levels were seen to decline steadily with TSLE
categories. The crude risk of lung cancer mortality increased steadily with TSLE, overall and
in each CE category with the exception of the 10-40 WLM category. However, this pattern in
lung cancer mortality risks was found to be an artifact of confounding, which disappeared after

adjustment for confounding effects (table 6.4.2).

6.4.2 Describing the Effect of Time Since Last Exposure
Using Multiplicative Models

Lung cancer mortality risk estimates obtained using log-linear models after controlling for the
confounding effects of attained age and calendar year of observation are summarized in table
6.4.2. These estimates showed a steady decline in the RR of lung cancer mortality with TSLE
among those exposed to 10 or more WLM of Rn progeny. A weaker pattern was apparent in
the overall estimates; the RR estimate in the highest TSLE category (25 years or more) was
very slightly higher than that in the middle group (20-25 years) but, had a much wider
confidence interval. Simultaneous adjustment for the main effect of TSLE made little
difference to the marginal estimates of risk in each exposure category. Overall, RR were

found to be reasonably homogeneous across TSLE categories.
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Table 6.4.1a-c: Cohort Characteristics
by Cumulative Exposure and Time Since Last Exposure Categories

Table 6.4.1a: Mean Age and Cumulative Exposure

Characteristic

Mean:

Time Since Last Exposure (Years)
Age at Follow-up (Years)
Cumulative Exposure (WLM)

Time Since Last Exposure (Years)
<20 20-<25 25-> Overall
11 22 28 16
42 52 58 47
8.0 7.6 6.6 7.7

Table 6.4.1b: Lung Cancer Deaths and PYRS
(Number of PYRS rounded to the nearest integer are shown in brackets)

Exposure Time Since Last Exposure (Years)
(WLM) <20 20-<25 24-> Overall
0<1 3 2 3 8
(2946) (847) (742) (4536)
1-<10 1 2 g/ 10
(8982) (2645) (2293) (13920)
10-<40 4 4 2 10
(3093) (857) (592) (4542)
40-> 2 1 1 4
(401) (103) a7 (582)
Overall 10 9 13 32
(15423) (4454) (3706) (23583) .

Table 6.4.1c: Crude Estimates of the RR of Lung Cancer Mortality
(* Reference Category for RR)

11/8/93 7:13 PM

Exposure Time Since Last Exposure (Years)
(WLM) <20 20-<25  25-> Overall
0<1 1* 2.3 4.0 1*
1-<10 0.1 0.7 3.0 0.4
10-<40 1.3 4.6 3.3 1.2

40-> 4.9 9.5 12.7 3.9
Overall 1* 3.1 5.4
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Table 6.4.2: Estimates of Unconfounded Marginal and Interactive Relative Risk by

Cumulative Exposure and Time Since Last Exposure Categories

Exposure Time Since Last Exposure (Years) Overall
(WLM) <20 20-<25 25-> Unadjusted Adjusted 2
0<1 i€ 0.67 0.89 1P 1P
(Fixed) (0.1 -4.6) (0.1-6.6) (Fixed) (Fixed)
1-<10 0.13 0.19 0.54 0.37 0.38
(0.0-1.2) (0.0 - 1.3) (0.1-3.3) 0.1-1.0) 0.1-1.0)
10-<40 1.25 1.11 0.51 1.1 1.11
(0.3 -5.8) (0.2-5.9) (0.1 -4.3) (04-2.3) 0.4-2.3)
40-> 3.6 2.47 2.30 3.39 3.38
0.6-22.0) (0.2-26.1) (0.2 -30.7) (1.0-11.6) (1.0-11.6)
Overall 1 0.66 0.69
Unadjusted (Fixed) (0.21-2.05) (0.16-2.95)
Overall 1¢ 0.80 0.95
Adjusted @ (Fixed) (0.3-2.5) 0.2-4.1)
Note: 2 Simultaneous adjustment for both main effects WLMG and TSLEG

Baseline category for marginal RR estimates among WLMG categories
 Baseline category for marginal RR estimates among TSLEG categories
Baseline category for obtaining interaction RRs

Based on this categorical evaluation using a log-linear RR model, the interaction between Rn
progeny exposure and TSLE was not found to be statistically significant (LRT: p = 0.5753)
with respect to the outcome of lung cancer mortality after removing the main effects of CE
and TSLE. Next, the influence effect of TSLE on the exposure-response relationship
(exposure to Rn progeny and the outcome, lung cancer mortality) is further examined using

continuous data and smooth parametric representations of the exposure-response relationship.
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6.4.3 Examining Variations ERR/WLM With Time Since Last Exposure

Using Smooth Parametric Functions

The effect of TSLE on the exposure-response relationship was further examined using other
mathematical models, results of which are summarized in table 6.4.3 and figure 6.4.3. All
models showed that the ERR/WLM declined with increasing TSLE. However, neither the
log-linear RR model discussed in section 6.4.2 nor the linear additive ERR model identified

any statistically significant effect due to TSLE.

However, when the effect of TSLE was represented as exponential or power functions into
ERR models that were linear in exposure, the models showed evidence of highly significant
variations in ERR/WLM with TSLE. Exponential modelling resulted in a parameter estimate
of 0.72 for TSLE modelled as a continuous variable; this estimate was significantly (p =
0.0375) different from 0 (95% CI: 0.5-1.03). This implied that for a given level of exposure
the ERR declined by a factor of 72% for each increasing year since last exposure. A graph of
this function showed that the ERR dropped steeply till 10 years after last exposure, and then
tapered off to almost zero after the next five years. In interpreting this result, it must be
remembered that all analyses were based on 5 year lagged exposure and therefore, these
results should strictly be interpreted with the 5 year lag subtracted from the time since last
exposure. In this sense, the ERR will be seen to continue to drop steeply till about 5 years
after relevant exposure and taper off to zero from about 10 years after relevant exposure. The
flatness of the curve beyond this point could account for the lack of heterogeneity observed in
ERR estimates for the TSLE categorization chosen. Evaluation of the effect of TSLE as a
categorical variable using linear additive and log ERR functions also showed that ERR/WLM
declined steadily with increasing TSLE categories. These estimates however, were not
sufficiently heterogeneous to establish a statistically significant interactive effect. The lack of
evidence supportive of an interaction effect from these categorical analyses may be due to the

choice of the specific categorizations, as explained above.
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The power model provided an estimate of -2.03; meaning that ERR declined inverse
quadratically each increasing year since last relevant exposure. Since a log transformation of
TSLE was used in fitting the power model, a further change of location transformation was
made for each observation with 0.1 being added to TSLE when modelled continuously. This
power model provided the best fit in the examination of variations of ERR/WLM and the
effect of TSLE. The power parameter estimated from this model was significantly different
from 1 (95% CI: -4.7 to -0.6).

Plots of the functions of variations in ERR/WLM with TSLE (figure 6.4.3) show that the

exponential function tends to overestimate the ERR/WLM for recent exposures (experienced

5-15 years prior to observation).

11/8/93 7:13 PM 228 Arul



Chapter 6: Temporal Effect Modifiers and Surrogate Measures

Table 6.4.3: Summary of Results From Fitting Models to

Examine the Effect of Time Since Last Exposure

ERR Parameter Estimates Model Fit LR Test
Function Par ERR  95%CB | Dev. DF | %2 DF p

Linear:

Bw B 5.4% 1-17% ]182.8 1909

Biw + Bowz B1 13.6% 181.8 1908 |[1.032 1 0.3097
Bo -0.4%

Biwze B1 8.6% 182.1 1907 |1.700 2 0.7048
By  57%
B3 2.7%

Exponential:

Biwe P2+1z B1 1 Fixed 178.5 1908 |4.326 1 0.0375
P2 14.63
eY 0.72 (0.5-1.03)

BweYz B 14.56 178.5 1908 |4.326 1 0.0375
eY 0.72 (0.5-1.03)

Byw eYizc B1 1 182.1 1907 |0.700 2 0.7048
eVl 8.6% (0.0-0.5%
ef2 57% (0.0-0.49)%
eY3 27% (0.0-0.7%

Power:

[3w(z+0.1)Y B 22.44 172.5 1908 |10.34 1 0.0013
Y -2.03  (-4.7)-(-0.6)

Bw(z+0.5)Y B 137.9 -824-1110 | 1727 1908 |10.14 1 0.0015
Y -2.63  (-5.0)-(-0.2)
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Figure 6.4.3: Modelling Variations in ERR/WLM
With Time Since Last Exposure

~ 1
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Note: * Best Fitting Model

Risk Functions Fitted: Linear: ERR/WLM = 0.136 - 0.004 z
Exponential: ERR/WLM = 14.63 * 0.722
Power: ERR/WLM = 22 44 (z+0.1)2-03
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6.4.4 The Role of Calendar Time in the Association Between

Time Since Last Exposure and the Exposure-Response Relationship

Previous analyses of the RH cohort in which only attained age was controlled for as a
confounder, showed no evidence of TSLE being a modifier of the Rn exposure-response
relationship.  Similar analyses performed in this present work, demonstrated a marked
difference in findings between models that controlled for attained age alone, and those that
jointly controlled for attained age and calendar time (year) of observation. For example using
the log ERR model, the LRT statistic for the effect of TSLE on CE after controlling for age
alone was not statistically significant (LRT statistic = 0.0135; df = 1; p = 0.9075). The results
reported in table 6.4.3 show highly significant effect modification after controlling for attained
age and calendar year of observation. Likewise, the LRT for the effect of TSLE based on a
power model after controlling for attained age alone showed no significant evidence of effect
modification (p = 0.1335). The relationship between TSLE and calendar time (synonymous
with birth cohort) is obvious; TSLE increases with calendar time once an individual completes
his exposure; for short exposure durations, TSLE acts as a surrogate for calendar time. Levels
of exposure were also strongly associated with calendar time. Therefore, it is understandable
that unless exposure durations were short, calendar time could influence the association

between TSLE and the exposure-response relationship.
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6.5 Examining the Effect of Duration of Exposure

6.5.1 Describing The Crude Effect of Duration of Exposure

Cohort characteristics cross-tabulated by categories of CE and duration of exposure are
presented in tables 6.5.1a - 6.5.1c. Mean age at follow-up and mean CE increased with
duration of exposure category, implying that those who worked underground longest, were
older and experienced higher CE. The strong association between duration of exposure and
CE is reflected in table 6.5.1b. As described in chapter 3, cumulative exposures were
computed by summing individual exposures which were based on calendar time, estimated Rn
daughter levels at that time, the nature of job and the duration of exposure; individual -annual
job-specific exposure were computed as the multiple of exposure level and duration of
exposure. There are few PYRS amongst those experiencing low CE over long durations of

exposure, and vice versa.

Crude lung cancer mortality rates showed an increasing overall trend with duration of
exposure. This pattern was sustained in all but the highest exposure category.  Those
exposed to CE of 40 WLM or more were seen to be at twice the crude risk if they acquired

their exposure within 24 WM, than over a longer duration.
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Table 6.5.1a-c: Cohort Characteristics
by Cumulative Exposure and Duration of Exposure Categories

Table 6.5.1a: Mean Age and Cumulative Exposure

Characteristic Duration of Exposure (WM)
Mean: 0<3 3-<24 24-> Overall
Duration of Exposure (WM) 1.7 8.5 43.9 10.7
Age at Follow-up (Years) 47 46 48 47
Cumulative Exposure (WLM) 1.7 6.9 27.2 7.7

Table 6.5.1b: Lung Cancer Deaths and PYRS
(Number of PYRS rounded to the nearest integer are shown in brackets)

Exposure Duration of Exposure (Working Months)
(WLM) 0<3 3-<24 24-> Overall
0<1 7 1 0 8
(4381) (155) (V)] (4536)
1-<10 2 8 0 10
(4464) (9243) (212) (13920)
10-<40 0 2 8 10
0) (2081) (2461) (4542)
40-> 0 1 3 4
(V) (81) (501) (582)
Overall 9 12 11 32
(8846) (11561) (3175) (23583)

Table 6.5.1c: Crude Estimates of the RR of Lung Cancer Mortality
(* Reference Category for RR)

Exposure Duration of Exposure (Years)
(WLM) 0<3 3-<24 24-> Overall
0<1 1* 4.03 - 1*
1-<10 0.28 0.54 - 0.41
10-<40 - 0.60 2.03 1.25
~40-> - 7.67 3.74 3.89
Overall 1* 1.02 3.4
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6.5.2 Describing the Effect of Duration of Exposure
Using Multiplicative Models

After controlling for confounding effects of attained age and calendar time, the overall risk of
lung cancer mortality was found to increase steadily with duration of exposure and stratum
specific estimates of risk were found to be significantly heterogeneous; those exposed to
durations of over 24 WM had over a three-fold increase in RR compared with those in the
lowest duration of exposure category (<3 WM). After accounting for the effect of CE
however, though the duration-specific estimates of RR were found to increase by two-fold,

they were no longer heterogeneous enough to be statistically significant.

Patterns of risk among CE categories changed considerably after simultaneously accounting
for the main effect of exposure duration. Though CE still had a significant effect on lung
cancer mortality after accounting for duration of exposure, those in higher categories of CE

were now seen to be at lower risk than those exposed to less than 1 WLM of CE.

Examination of interaction effects in this categorical evaluation based on log-linear models

showed no significant effect modification arising from duration of exposure.
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Table 6.5.2: Unconfounded Marginal and Interactive Relative Risks

by Cumulative Exposure and Duration of Exposure Categories

Exposure Duration of Exposure (Years) Overall
(WLM) 0<3 3-<24 24-> Unadjusted * Adjusted 2
0<1 19 436 - 1 b
(Fixed) 0.5-37.2) (Fixed) (Fixed)
1-<10 0.23 0.53 - 0.37 0.18
0.0-1.1) 0.2-1.5) (0.1-1.0) 0.0-0.7)
10-<40 - 0.47 1.96 1.1 0.26
(0.1 -2.3) (0.7 - 5.5) (0.4 -2.8) (0.0- 1.5)
40-> - 4.73 3.53 3.39 0.65
(0.6-40.0) (0.9-14.2) (1.0-11.6) (0.1-5.0)
Overall * 1° 1.07 3.59
Unadjusted (Fixed) (0.5-2.5) (1.5-8.8)
Overall 1° 2.74 6.24
Adjusted @ (Fixed) 0.7-11.0) (1.0-37.3)
Note: # Simultaneous adjustment for both main effects WLMG and WMG
b Baseline category for marginal RR estimates among WLMG categories
¢ Baseline category-for marginal RR estimates among WMG categories
d

Baseline category for obtaining interaction RRs
Significant Heterogeneity (p = 0.0106).

*
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6.5.3 Examining Variations in ERR/WLM With Duration of Exposure

Using Smooth Parametric Functions

Results of further examination of the role of DE by modelling variations in ERR/WLM are
summarized in table 6.5.3 and figure 6.5.3. Assessment based on a linear ERR model with
exposure and duration of exposure modelled as continuous variables showed that duration of
exposure had a significant modifying effect on the exposure-response relationship (p =
0.0350). The ERR/WLM was seen to increase with duration of exposure. For a fixed level of
exposure, each increasing WM added to the ERR by 0.27%. Though the linear additive ERR
model provided the 'best fit' of all models fitted, this model indicated a negative ERR/WLM
from exposures experienced in less than 18 WM (figure 6.5.3), which implied a possible

'protective effect’ in this range.

Evaluation based on a power model showed a reasonably significant modifying effect (p =
0.06) due to duration of exposure. The power parameter estimated (0.946) implied a very

nearly linear modifying effect and a reasonably close fit to the linear additive ERR model.

Though exponential models based on continuous variables failed to detect any significant
effect modification, when duration of exposure was evaluated as a categorical variable, the
model showed significant effect modification (p = 0.0496), with the ERR/WLM showing a
ten-fold increase amongst those exposed for 24 WM or more compared to those exposed to
between 3-24 WM. Those exposed to less than 3 WM were seen to have a negligible (5.1x10"
52) ERR/WLM.

It may be concluded that duration of exposure had a significant linear modifying effect on the
exposure-response relationship. Even though duration of exposure is closely associated with
CE, the significance of this result cannot be attributed to multicollinearity; because of the
complex multi-stage nature of CE computations, there was no evidence to suggest a 1:1

relationship or any specific linear association between individual duration of exposure and CE .
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Table 6.5.3: Summary of Results From Fitting Models to

Examine the Modifying Effect of Duration of Exposure

ERR Parameter Estimates Model Fit Likelihood Ratio
Function Par ERR  95% CB Dev DF | x2 DF p

Linear:

Biw + Bowz B1  -4.8% 178.1 1908 |4.681 1 0.0305
By  0.27%

Exponential:

Bwe ¥z B 0.23 180.8 1908 |2.02 1 0.1553
e¥ 1.02 (0.98 - 1.07)

BiweP2+yz By 1 Fixed [180.8 1908 [2.032 1 0.1540
eB2 0021  (0.00-0.47)
e? 1.024 (0.98-1.07)

Biw e Yizc B1 1 Fixed 179.0 1908 |3.855 1 0.0496
e¥l 0.000t
e¥2 0.009 (0.0-13.8)
e’3 0.090 (0.0-0.3)

Power:

Bw(z) Y B 0.002 179.3 1908 |3.491 1 0.0617
Y 0.946 (-1.0)- (2.9

Note: * Greater than 0 but very nearly zero.
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ERR/WLM = -0.048 + 0.0027 z
Exponential: ERR/WLM = 0.0 * 0.722

Power: ERR/WLM = 0.002 7 0-946
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6.6 Examining the Effect of Intensity of Exposure
6.6.1 Describing The Crude Effect of Intensity of Exposure

Cohort characteristics summarized in table 6.6.1a-c show that those exposed to the highest
intensity of exposure (IE) category - of 1.0 WL or more - were older than others, and
experienced a higher level of cumulative exposure (CE). Mean CE increased with IE
categories. The distribution of lung cancer deaths (table 6.6.1b) showed that all lung cancer
deaths that occurred amongst those exposed to 40 or more WLM of CE were restricted to
those in the highest IE category. This category comprised the highest crude mortality rate
(table 6.6.1c), which was five-fold greater than the risk in the baseline reference category, who
| were exposed to the lowest CE and IE. Overall estimates of exposure intensity specific crude

risk showed a decline in risk with increasing intensity.

6.6.2 Examining the Effect of Intensity of Exposure
Using Multiplicative Models

These overall patterns of declining risk with increasing intensity of exposure were sustained
after controlling for confounders and also after simultaneous adjustment for CE. After
simultaneous adjustment for both - the main effects of IE and CE - patterns of risk became
more pronounced amongst categories of CE and less pronounced with intensity of exposure
(table 6.6.2a). Estimates of RR showed that those in the highest intensity group faced only
half the risk of others. After adjusting for CE the risk amongst those in the highest intensity
group dropped a further 10%. These categorical analyses based on multiplicative RR models
revealed a significant (p < 0.05) modifying effect due to intensity of exposure (the interaction

effect was statistically significant after removing main effects).
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Table 6.6.1a-c: Cohort Characteristics
by Cumulative Exposure and Intensity of Exposure Categories

Table 6.6.1a: Mean Age and Cumulative Exposure

Characteristic

Intensity of Exposure (WL)

Mean:

Intensity of Exposure (WL)
Age at Follow-up (Years)
Cumulative Exposure (WLM)

0<04 04-<1 1.0-> Overall

0.03 0.53 1.72 0.63
46 45 49 47
2.5 8.7 10.1 7.7

Table 6.6.1b: Lung Cancer Deaths and PYRS
(Number of PYRS rounded to the nearest integer are shown in brackets)

Exposure Intensity of Exposure (Working Levels)
(WLM) 0<0.4 0.4-<1.0 1.0-> Overall
0<1 5 2 1 8
(2612) (1478) (445) (4536)
1-<10 5 2 3 10
(2823) (5698) (5399) (13920)
10-<40 1 8 1 10
(310) (2480) (1751) (4542)
40-> 0 0 4 4
) 21D 371 (582)
Overall 11 12 9 32
(5747) (9869) (7967) (23583)

Table 6.6.1c: Crude Estimates of the RR of Lung Cancer Mortality
(* Reference Category for RR)

11/8/93 7:13 PM

Exposure Intensity of Exposure (WL)

(WLM) 0<0.4 0.4-<1 1.0-> Overall

0<1 1* 0.71 1.17 1=

1-<10 0.93 0.18 0.29 0.41

10-<40 1.68 1.69 0.30 1.25

40-> - - 5.63 3.89
Overall 1* 0.64 0.59
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Table 6.6.2a: Unconfounded Marginal and Interactive Relative Risks

by Cumulative Exposure and Intensity of Exposure Categories

Exposure Intensity of Exposure (WL) Overall
(WLM) 0<0.4 0.4-<1.0 1.0-> Unadjusted  Adjusted @
0<1 1d 1.28 1.0 P 1P
(Fixed) 0.2-6.7) (0.1-8.6) (Fixed) (Fixed)
1-<10 0.81 0.35 0.22 0.37 0.51
(0.2-2.8) (0.1-1.8) (0.1 -0.9) (0.1-1.0) 0.2-1.9)
10-<40 1.80 2.09 0.24 1.1 1.60
0.2-15.7) (0.7 -6.6) (0.0 - 2.0) 0.4-2.8) (0.5-4.8)
40-> - - 6.68 3.39 5.32
- - (1.7-26.6) | (1.0-11.6) (1.3-21.5)
Overall 1 1.06 0.50
Unadjusted (Fixed) 0.4-25) 0.2-1.2)
Overall 1 0.74 0.41
Adjusted @ (Fixed) (0.3-2.0) (0.1-1.2)
Note: Simultaneous adjustment for both main effects WLMG and WLG

b Baseline category for marginal RR estimates among WLMG categories
 Baseline category for marginal RR estimates among WLG categories
Baseline category for obtaining interaction RRs

LRT Results: Effect of Interaction After Removing Main Effects:-
LRT Statistic 2= 11.59; DF = 5; p = 0.0409.
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The role of intensity of exposure was examined further using Log-linear modelling based on

continuous exposure variables (table 6.6.2b).

Table 6.6.2b: Summary of Results From Fitting Log-Linear Models

to Examine the Effect of Intensity of Exposure

Risk Function Parameter Estimates Model Fit LR Test

RR Function | Par RR 95%CB | Dev DF | %2 DF p

eBw B 1.029  (1.01-1.05) [181.0 1909

eBw oYz B 1035 (1.02-1.05) [174.1 1908 |6911 1 0.0086
e¥ 0440 (0.23-0.85)

eBw eYize B 1039 (1.02-1.06) [1747 1907 |6304 2 0.0428
eYl 1 Fixed

e¥2  0.652 (0.26 - 1.63)
e¥3  0.308 (0.12-0.82)

Analyses based on both categorical and continuous evaluation identified the intensity of
exposure as a significant multiplicative modifier of the exposure-response relationship. In both
cases, for a given level of CE, the risk of lung cancer mortality was seen to decline with
increasing intensity of exposure. Categorical estimates showed that compared to those in the
lowest exposure intensity category, the RR dropped to approximately two-thirds in among
those exposed to medium levels of exposure intensity (0.4-<1.0 WL), and to a third among
those exposed to higher levels (table 6.6.2b). Estimates obtained from continuous evaluation
showed that for a fixed level of exposure, the RR declined by a factor of 0.44 for each

additional WL (table 6.6.2b).

The role of intensity of exposure was further examined through variations in ERR/WLM with

IE in the next section.
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6.6.3 Examining Variations in ERR/WLM With Intensity of Exposure

Using Smooth Parametric Functions

Variations in ERR/WLM with intensity of exposure were further examined using smooth
parametric models. Results summarized in table 6.6.3 showed that an ERR model based on a

power function provided the 'best fit' in describing variations in ERR/WLM with IE.

When variations in ERR/WLM were examined using a linear model, parameter estimates
indicated that the ERR/WLM became negative beyond 2.4WL; thus, implying a protective
effect due to exposures at Rn progeny concentrations beyond 2.4WL. In the absence of any
demonstrated mechanism for such a protective effect, this finding should be interpreted with

caution. It may be a manifestation of other contributing causes such as smoking.

Results summarized in tables 6.6.2b and 6.6.3 show that log-linear multiplicative RR models
provided the best fit in describing the association between intensity of exposure and the
exposure-response relationship.  Log-linear modelling based on both categorical and
continuous variables identified the intensity of exposure as a significant multiplicative modifier
of the exposure-response relationship. Though evaluation based on multiplicative RR models
showed a highly significant modifying effect due to IE, evaluation based on models of smooth
parametric functions of ERR/WLM could not confirm as significant a modifying effect.
Despite its lack of statistical significance, results of fitting a power function showed substantial
decrease in ERR/WLM with increasing IE (figure 6.6.3) - a pattern that cannot be ignored in

view of the findings from categorical examination.

Hence, it is concluded that the relationship between cumulative Rn progeny exposure and
lung cancer mortality was significantly modified by intensity of exposure. The role of IE on
the exposure-response relationship was best described by categorical evaluation based on a
multiplicative RR model and the best description of variations in ERR/WLM with IE was

given by a power model.
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Table 6.6.3: Summary of Results From Fitting Models to
Examine Variations in ERR/WLM With Intensity of Exposure

Risk Function Parameter Estimates Model Fit LR Test
ERR Function | Par RR 95% CB Dev DF x2 DF p
Linear:
Biw + Bow*z B1 13.9% 180.9 1908 |1.897 1 0.1684
B> -5.7%
Biw*z B1 29.7% 181.4 1907 |1.449 2 04846
B> 9.7%
B3 5.1%
Exponential:
Biwe B2+yz B1 1 180.7 1908 |2.114 1 0.1460
B2 022  (04-12
eY 0.35 0.1-1.9
Bwe ¥z B 0.22 180.7 1908 [2.114 1 0.1460
eY 0.35 (0.1-1.9)
Power:
Bw (@)Y B 0.07 180.6 1908 |2.221 1 0.1361
Y -0.98  (-2.3)-(0.3)
Bw (z+1) Y B 0.33 180.6 1908 |[2.207 1 0.1374
Y 220 (-5.4)-(1.0
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Figure 6.6.3: Modelling Variations in ERR/WLM
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Risk Functions Fitted: Linear:
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ERR/WLM = 0.139 -0.057 z
Exponential: ERR/WLM = (.22 * 0.35 2

Power: ERR/WIM = 0.07 z -0.98
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6.7 Modifiers of Effect Under Time Since Exposure Windows

Risk evaluation under time since exposure (TSE) windows showed once again that the risk of
Rn progeny related lung cancer mortality declined with increasing TSE and that the major
component of risk arose from more recent exposures than more distant exposures (table

6.8.1).

The modifying effects of cumulative duration of exposure (CDE) and intensity of exposure
(IE) on TSE were then examined using log ERR models (4); tests of significance were based
on LR tests for improvement in model fit. Results of these analyses which are summarized in
table 6.7.1 show that neither CDE nor IE had a significant modifying effect on the exposure-
response relationship when examined under TSE windows. No distinctive patterns could be
observed in the modification parameters. Deviances for both TSE windows effect
modification models fitted were very slightly smaller than their non-windows corollaries
(sections 6.6.2, 6.6.3); the only major difference in these findings was the disappearance of the

significant modifying effect seen in section 6.6.2.

Despite this lack of statistical significance under TSE windows, variations of ERR/WLM
should not be ignored and deserve further examination (see chapter 2). Though the current
data are too sparse to draw firm conclusions, with further follow-up, distant windows of TSE
will have more data and may provide greater power for the examination of effect modifiers

under TSE windows.

It is also noted that the choice of three TSE windows may have resulted in sparse distributions
of PYRS and events in each window. Evaluation based on two windows of TSE viz., 5-15
years and 15 years or more did make any difference to the overall findings on effect
modification. Therefore, the three window classification of TSE which provided greater

elaboration of the variations in risk was adopted for the presentation of results in this section.
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Table 6.7.1a-b: Modifiers of Effect Under Time Since Exposure Windows

Table 6.7.1a: Examining the Modifying Effect of Duration of Exposure

Cumulative Exposure Duration of Exposure Goodness of Fit
ERR/ RR Under TSE ERR/ | ERR/WM Under TSE | Dev- | Likelihood Ratio
WLM| Windows (years) WM Windows (years) iance

* | 5_15 1525 25_ 5 .15 15.25 25_ x2 DF p
86% | 0.06 0.04 179 | 406 2 0.13
23% 1 0.07 0.08 | 1.02 177 129 1 0.27
42% 1 0.08 0.02 1.02 101 104 )| 177 | 072 2 0.70

Note: * ERR/WLM Coefficient in Reference Category: 5-15 years TSE Window

Table 6.7.1b: Examining the Modifying Effect of Intensity of Exposure

Cumulative Exposure Intensity of Exposure Goodness of Fit
ERR/ RR Under TSE ERR/ | ERR/WL Under TSE | Dev- LR Test
WLM Windows (years) WL Windows (years) iance

* 1515 1525 25 515 1525 25 x2 DF p
86% il 0.06 0.04 179] 406 2 0.13
157% I} 0.08 0.08 | 0.41 178 1.16 1 0.28
174% 1 0.08 0.06 042 029 044 177 011 2 095

Note: * ERR/WLM Coefficient in Reference Category: 5-15 years TSE Window
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6.8 Surrogate Measures of Exposure

The relationship between other indicators of exposure and lung cancer mortality were
examined as alternative means of evaluating the risk of Rn related lung cancer mortality at the
RH mine. Surrogate measures of exposure considered comprised cumulative duration of
exposure (CDE) and intensity of exposure (IE). Some subtly different additional roles of
surrogate measures were also examined. The association between IE and lung cancer
mortality is examined mainly for the purpose of establishing how good a predictor IE is,
compared to CE. Use of CDE as a surrogate measure of exposure, does not require specific
estimates of exposure levels obtained from the job exposure matrix (chapter 3), but depended
nonetheless on the starting and stopping dates that were recorded. Examination of the
surrogate role of CDE therefore enabled not only the evaluation of the predictive role of CDE
on lung cancer mortality, but also provided a means of measuring the closeness between the
risk estimates provided by CDE and CE, which may be regarded as an indication of the
efficacy of measured exposures. The role of surrogate measures was examined using log-
linear multiplicative RR regression models; their efficacy was judged from surrogate model
goodness-of-fit characteristics relative to the CE exposure-response model - the baseline

reference model.

Individual exposure estimates were based on job category, duration worked in that job
category and calendar time - an indicator of the geographic level of mining and exposure levels
in the mine. Therefore, a more complete examination of surrogate measures of exposure
would ideally involve these factors being modelled as multiplicative risk factors in a multiple
regression model. A simple application of this approach to longitudinal individual data is
presented in chapter 7. Since such analyses are essentially exploratory techniques, description

of more detailed methods are delayed till the final chapter of this work.
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6.8.1 The Surrogate Role of Cumulative Duration of Exposure

Findings on the surrogate role of CDE are summarized in table 6.8.1. The effect of CDE was
first examined by fitting log-linear (multiplicative RR) regression models (2) based on
categorical variables. Cumulative duration of exposure was found to be a significant
explanatory factor of lung cancer mortality, with the RR increasing by over three fold amongst
those exposed over periods of 24 WM or more. The model deviance with only the main
effect of CDE fitted in the model was 180.52. When CE was entered into this model, also as a
categorical variable, the model showed a significantly improved fit (p = 0.0311) with the
deviance dropping to 171.66. The joint effect of CE increased the RR estimates among the
categories of CDE, with almost a doubling of the effect seen before. Next, the model was
refitted with CE entering the model first; this resulted in a model deviance of 175.99 which
was considerably smaller than the deviance when CDE was fitted by itself. It was therefore
concluded from this categorical evaluation that even though CDE was seen to be an effective
predictor of lung cancer mortality, CE was a slightly better predictor. However, it was noted
that the percentage increase in RR between the higher two categories of exposure were very

nearly the same for CDE and CE.

When this analysis was repeated with both CDE and CE used as continuous variables, CDE
alone provided a slightly better fit than CE alone. Neither factor was seen to have any
significant multiplicative modifying effect on the other. Furthermore, ERR estimates obtained
were also very similar; the ERR/WLM for a given CDE was 1.4%, whilst the ERR/WM for a
given level of exposure was 1.7%. It can therefore be concluded that when considered as
continuous variables, exponential functions of CDE and CE were found to be equally good
predictors of lung cancer mortality. Cumulative duration may therefore be considered as a
reasonable surrogate measure of exposure, for the purpose of estimating Rn progeny related

risk of lung cancer mortality in the RH cohort.
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Table 6.8.1: Examining the Surrogate Role of Duration of Exposure

Risk Parameter Estimates Model Fit Likelihood Ratio
Function | Par RR 95% CB Dev DF | x2 DF p-value

Constant 189.6 1910
elisc efl 1 Fixed 180.5 1908 |9.097 2 0.0106
ef2  1.071  (0.45-2.55)
ef3  3.59 (1.47 - 8.78)

eBiwe eB1 1 Fixed 176.0 1907 |4.536 1 0.0332
eB2 037  (0.15-0.95)
eB3 1.1 (0.43 - 2.82)
eP4 339  (0.99-116)

ePiwc evisc |1 1 Fixed 171.7 1905 [8.869 3  0.0311S
eP2 018  (0.04-074)
eB3 026  (0.04-1.51)
eBd .65 (0.08 - 5.0)
el 1 Fixed

e¥2 274  (0.68 - 11.0)
e¥3 624  (1.05-37.3)

ez el 1.027  (1.01-1.04) |180.6 1909 [9.069 1 0.0026
ePw eB  1.029 (1.01-1.05) [181.0 1909 |8.600 1 0.0034
ePw e¥z B 1.017 (0.99-1.05) [179.8 1908 |0.778 1 0.37798

eY 1.014  (0.98 - 1.05)

Note: s Surrogate Measure - Cumulative duration of exposure
w Cumulative relevant Rn progeny exposure
$ Residual effect of cumulative exposure after accounting for duration of exposure.
Unless otherwise specified, all LR Tests are made against the null model.

Though no further examination of the surrogate role of CDE is undertaken here, it should be
noted at this stage that CDE was identified as having a significant modifying effect on CE, as
detailed in section 6.6. Therefore, the importance of CE cannot be discounted merely on the

grounds of the relative predictive role of CDE.
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6.8.2 The Surrogate Role of Intensity of Exposure

The role of intensity of exposure as a surrogate measure for cumulative exposure was
examined using similar methods to those described above in the examination of the surrogate
role of duration of exposure. Findings from this analysis are summarized in table 6.8.2 below.
Categorical analyses showed that intensity of exposure alone was a poor predictor of lung

cancer mortality.

When intensity of exposure was considered as a continuous variable, the risk of lung cancer
mortality was seen to decline significantly with a halving of RR for each increasing WL of
exposure. However, there was still a substantial amount of residual variation that was
explained significantly by the introduction of CE (p = 0.0006). Therefore, it can be concluded
that the intensity of exposure alone did not provide an adequate strong predictor of the risk of
Rn related lung cancer mortality. However, the importance of intensity of exposure cannot be
discounted on these grounds alone, since it is a significant modifier of the exposure response
relationship (section 6.6.3) and therefore, an important factor in describing the exposure

response relationship.
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Table 6.8.2: Examining the Surrogate Role of Intensity of Exposure

Risk Parameter Estimates Model Fit Likelihood Ratio
Function | Par RR 95% CB Dev DF | %2 DF p-value
Constant 189.6 1910
eYisc e¥l 1 Fixed 186.0 1908 [3.609 2 0.1645

e2  1.063  (0.45-2.52)
e¥3 0.498  (0.21-1.21)
eBiwe eP1 1 Fixed 176.0 1907 |13.63 3 0.0035
B2 037  (0.15-0.95)
eB3 1.1 (0.43 - 2.82)
ePd 339  (0.99-11.6)
eBiwe elisc [Pl 1 Fixed 1727 1905 [1331 3 0.0040*S
eP2 051  (0.19-1.39
eP3 160  (0.53-4.83)
B4 532 (1.32-21.5)
e¥l 1 Fixed
e¥2 074  (0.27 - 2.00)
e¥3 041  (0.15-1.15)
vz &Y 057 (0.32-1.03) [185.8 1909 [3.782 1 0.0518
ePw B 1.020 (1.01-1.05) |181.0 1909 |8.600 1 0.0034
ePwerz B 1035 (1.02-1.05) [174.1 1908 [11.73 1 0.0006*S
e 0440  (0.23-0.85)

Note: s Surrogate Measure - Intensity of exposure
w Cumulative relevant Rn progeny exposure
*S Residual effect of cumulative exposure
after accounting for intensity of exposure.
Unless otherwise specified, all LR Tests are made against the null model.
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6.8.3 Conclusions on Surrogate Measures of Exposure

Cumulative duration of exposure was found to be a better predictor of lung cancer mortality
than cumulative exposure when modelled as continuous variables. However, estimates of
ERR obtained per unit of exposure (i.e. per WM or per WLM) were very close. Note that in
previous analyses CDE was identified as having a significant (linear additive) modifying effect
on CE (section 6.6). Therefore, the importance of CE cannot be undermined by the predictive
power of CDE on lung cancer mortality. Implications of this finding in terms of measurement

error in Rn exposure levels are discussed in chapter 8.

Intensity of exposure alone could not be identified as a stronger predictor of lung cancer
mortality than cumulative exposure. Despite its poor singular predictive power, IE appears to

act as a significant modifier (section 6.6.3).

The examination of surrogate measures of exposure based on PRYS data is concluded at this
stage. Further examination of surrogate measures of exposure is undertaken in chapter 7
using proportionate hazards modelling under nested case control analyses. Interpretation of
the findings on surrogate measures of exposure and the implications of these findings are

discussed in the final chapter of this work - chapter 8.
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7.1

Chapter 7: Nested Case-Control Analyses

Further Issues of Risk Evaluation Using
Exposure-Time-Modifier-Response Models:
Nested Case-Control Analyses

The purpose of the work presented in this chapter is to use the nested case-control (NCC)

approach to cohort analyses to examine the following issues:

The risk of radon progeny related lung cancer mortality amongst the Radium

Hill cohort.

The effect of other occupational exposures to radiation and asbestos on radon

related lung cancer mortality amongst the Radium Hill cohort.

The of smoking on the risk of lung cancer mortality associated with radon

progeny exposure at Radium Hill

The effect of exposure extrapolation assumptions using sensitivity analyses.
The use of surrogate measures of radon exposure in the suited of lung cancer
mortality amongst the RH cohort. Surrogate measures examined include

duration of employment, duration of exposure and job category.

The effect of protracted exposure on the risk of lung cancer mortality related to

Rn progeny exposure at RH.
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7.2 Methodology

7.2.1 Overview on Nested Case-Control Studies

Poisson regression techniques used so far assumed that the rate of lung cancer mortality was
constant throughout the follow-up described by each cell. To justify this assumption it was
necessary to partition the PYRS into bands that were sufficiently small, resulting in large data
sets which restricted more complex multivariate analyses. These restrictions may be avoided if
analyses are based on algebraic expressions for the time effect, and a profile likelihood is
calculated for the other parameters in the model. Cox's method for the analysis of follow-up

studies provides such a method.

Cox’s method is based on a multiplicative model that represents the rate for exposed subjects
as a constant multiple of the rate for unexposed subjects across all time bands; rates among
unexposed are regarded as baseline rates and for most purposes, treated as nuisance
parameters. The general form of this model introduced by Cox in 1972 (Cox 1972) was
named the proportional hazards model. With this approach to analysis, time need no longer
be divided into intervals and can be analysed as a continuous variable allowing rates to vary
continuously over time. This is achieved by a generalization of the profile log-likelihood,

referred to as the partial likelihood for historical reasons when applied to Cox's approach.

The adaptation of Cox's method to deal with confounders based on further stratification of
confounding factors closely resembles a matched case-control analysis in which controls are
matched to cases with respect to the confounder. The small number of subjects in each risk
set - matched case-control set - resulting from such stratification reduces the computational
intensity of the analysis; thus stratification results in simplifying the analysis rather than
complicating it. The extent of stratification is limited by the fact that over stratification can
leave few or no controls for each case. Risk sets with cases and no controls do not contribute

to the analysis and are therefore lost events. Hence, compromise has to be made.
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Study methods based on risk sets extracted from the cohort for all cases arising during follow-
up are known as nested case-control (NCC) designs. The computational burden of nested
case-control analyses is further reduced by sampling the risk set. In sampling the risk set, the
risk set is replaced by a set containing the case and a random sample of all the remaining
subjects in the original risk set. Analytical techniques are the same as conditional logistic
regression analysis of individually matched case-control studies. Provided the sampling of
different risk sets are independent and have a sufficient number of contro