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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. Vy'ork 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 (2,527 males and 53 females). Primary trace activities which

commenced prior to my participation in the Radium Hill study yielded a trace rate of 667o 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 747o 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 Vy'ittenoorn Gorge asbestos study cohort in Westem 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 pu{pose of this study.

Only underground workers at Radium Hill were considered exposed to radon progeny. The

I,459 workers who were ever employed underground were all males. Cumulative exposures

to radon progeny ranged from 0.07-112 Working lævel Months (WLM) (mean =7.7 WLMr:

median = 3 \ilLM); 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 compnsed 9Vo

of all deaths and 437o of the deaths from malignant neoplasms.

The average male cohort member entered the study cohort at the age of 31 when he

coÍrmenced work at Radium Hill, worked for a total of L7 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 stratif,rcation and standardization techniques.

These factors were identified as confounders of the relation of radon progeny and lung cancer

mortality a¡rd therefore controlled for in all further analyses.
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Standardized mortality ratios showed a signifrcantly 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 moftality 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 ye¿ìrs. 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 intemal references and a linear additive excess relative risk model

estimated an excess relative risk of 4.37o per WLM for all workers and 5.47o 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 tíme

since exposure windows showed that recent radon progeny exposures (5-15 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 monality 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 identif,red 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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Age at first exposure was not a significant modifrer of the exposure-response relationship in

this cohort. Ages at flrst exposure varied little amongst the Radium Hill cohort; therefore, in

its cu:rent 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 sunogate 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

sunogate 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

signihcant 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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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. [-o.rg 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 V/LM was estimated to

increase exponentially by 67o with each additional pack-year of smoking; this modiffing 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 6¡¡ 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 signifrcant 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 settin g.
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LIST OF ABBREVIATIONS

AFE Age at First Exposure - to Radon Progeny at Radium Hill

AFEG Age at First Exposure - to Radon Progeny at Radium Hill - Group

AMFIT Procedure for Person-Years Based Analyses in EPICURE

BEIR Biological Effects of Ionizing Radiation (Committee)

BEIRIV Committee on the Biological Effects of Ionizing Radiation - Fourth Reporr

BEIRV Committee on the Biological Effects of Ionizing Radiation - Fifth Reporr

Confidence Bounds

Cumulative (Relevant) Duration of Exposure to Radon Progeny at Radium Hill

Cumulative (Relevant) Exposure - to Radon Progeny at Radium Hill

Conf,rdence Interval

Degrees of Freedom

EPICURE Risk Regression and Data Analysis Software

ERR Excess Relative Risk

ERR/WLM Excess Relative Risk per V/orking Level Month

Intensity of Exposure - Radon Progeny Exposure Concentration at Radium Hill

JEM Job Exposure Matrix - Matrix of Radon Progeny Exposure at Radium Hill

Likelihood Ratio

CDE

CE

CI

DF

IE

LR

LRB

LRT

Likelihood Ratio Bounds

Likelihood Ratio Test

NCC
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PYRS

RH

Rn

RR

SAS

TSE

TSLE

TSLEG

Abbreviations

p, p-value Statistical Significance lævel

PCC Perth Chest C1inic -'Western Australia

PECAN Procedure for Nested Case-Control Analyses in EPICURE

Person Years at Risk

Radium Hill

Radon or Radon Progeny

Relative Risk

Statistical Analysis System - Data Management and Statistical Software

Time Since Exposure - to Radon Progeny at Radium Hill

Time Since Last Exposure - to Radon Progeny at Radium Hill

Time Since Exposure - to Radon Progeny at Radium Hill - Group

W'ittenoom Gorge - Asbestos Study -'Western Australia

Working Level

Unit of Radon Progeny Concentration Used in Occupational Epdemiology

Defined as: any combination of short-lived Rn_progeny in one liter of air, that

will ultimately result in the emission of 1.3x105 MeV of potential cr pafücle

energy (see chapter 2,page3L).

}VLG Working l,evel Group

Categorical Variable Representing Inensity of Exposure

u/LLO5 Working Levels Lagged by 5 years

Continuous Variable Representing Intensity of Exposure

WG

WL
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WLM

Abbreviations

Working Level Month

Unit of Radon Progeny Exposure Used in Occupational Epdemiology

Defined as: the exposure accumulated by a miner exposed to lWL over one

working month (WM) 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) (see

chapter 2,page3l).

Working Level Month Group

Categorical Variable Representing Cumulative @elevant) Exposure

Working Level Months Lagged by 5 years

Continuous Variable Representing Cumulative Relevant Exposure

Working Month

Defined as: 170 Hours

Working Month Group

Categorical Variable Representing Cumulative Duration of Exposure

Working Months Lagged by 5 years

Continuous Variable Representing Cumulative Relevant Duration of Exposure

WLMG

WLMLO5

WM

WMG

WMLO5
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x

Z,V

COMMONLY USED NOTATION

Exposure

Modifier (Potential)

Confounder (Potential)

Also used to denote a Joint Confounder and Effect ModiFrer @otential)

Abbreviations

S Surrogate Measure

5 Time Since Exposure Window - Exposures Prior to 5 year Lag

15 Time Since Exposure V[indow - Exposures Prior to 15 year Lag

515 Time Since Exposure Window - Exposures 5 to 15 years Prior

r52s Time since Exposure window - Exposures 15 to 25 years prior

25 Time Since Exposure Window - Exposures Prior to25 yearLag
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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 goups (Harting and Hesse

1879). In the early nineteen hundreds, radon exposure was identifred as the causative agent

for lung cancer amongst mine workers (Ludewig and Lorenser L924). In recent decades,

radon progeny have been identifred as the largest single component of radiation exposure in

the natural environment. Concem 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.
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L.2 Overvie\il of Radiation

Radíoactiviry is the transformation process through which unstable nuclides - radionuclides -

reach stability. During the process of radioactive decay, radionuclides tend towards stabilry

by emitting excess energ.y, which is known as radíation. Tlte 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 thar 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 a¡e 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 togerher

with its decay products makes only a small contribution (less than 207o) 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.

R.adon-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 arc, alpha (a)

particles, beta (þ) particles and gamma (y) rays (NRPB 1986). Alpha particles comprise rwo

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 Íavel 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 línear

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 a-particles in the lung which

can cause cell damage and can ultimately lead to lung cancer (BEIR IV 1938). This work will

therefore concentrate on the risk of exposure to low levels of internally deposited cr 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 a¡

understanding of radiation dose quantification, the biological effects of ionising radiation, the

temporal stages of radiation carcinogenesis and methods for studying radiation relared health

effects. These topics will now be addressed in tu¡n.
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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 activíty. The basic unit for measuring radio-activity in the international

system of units - Systeme Internatíonal d'Unites (SI 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

I Jlkg medium of absorption. The biological effect of radiation however, also varies with the

type of radiation (cr, Þ, y, and type of LE ). 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 tn 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 fatai

cancer in the lung than in the thyroid. Therefore, dose equivalents that are appropriately

weighted for the different pafis 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 fa¡ 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 or 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 intemal 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 extemally.

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

iradiate 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. Ionisation of DNA molecules may result directly through

interactions with charged radioactive particles or indirectly through free radicals which a¡e

generated in the cytoplasm (water) of the cell, diffuse to the DNA and produce biological

lesions.
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Exposure to charged G and B 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 result 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 high LET a and B emitters

are substantially more effective with regards to cell killing, mutagenicity, cell transformation

and carcinogenic potential, than the weakly ionising low LET radiations such as X and y rays.

T1ne qualiry 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 specif,rc 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 Q, RBE is not constant for a specific type of radiation. Furthermore,

though conceptually, Q has a similar meaning to RBE, by virrue 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 govemed 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 wirh

perhaps the most feared somatic effect beittg carcínogen¿sis, the induction or cancer. Radio

biological aspects of carcinogenesis are comprehensively described in an article by Adams er

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.

8II/8/93 2:30 PM Arul



Chapter 1: Radiation and Health

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

artd biologicøl processes. T\e physical stage of irradiation includes ionisation, electonic

excitation, molecular vibrations and dissociation, and rotational relascation, all of which take

a very small fraction of a second, ranging from 10-16 seconds to 10-12 seconds. This is

followed by the physico-chemical and chemical stage which include free radicøl 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 ñndings on ca¡cinogenesis (Kaldor and Day 1939). 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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I.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 ca¡cinogenesis 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 frrlly

malignant; second, that the transitions between these stages are a random process and the rate

of transitions rnay 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 fîrst stage ate

referred to as inítiators 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, promotíon 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 ttris work due to recent experimental evidence that has thrown the

functional definitions heretofore accepted into question (Hennings et aI. 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; epidemiologrcally, multistage models are capable of

drawing a wide a:ray 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 et 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 diffrculty 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 epidemiologrcally 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 specifrc

tenns 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 (Armitage 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-

Dollmodelproposesthattheincidencerateofcancer-l-atagivenage-t-isproportional

to a power of the age, the porwer representing one less than the number of stages - k -

underlying the specifrc carcinogenic process, which can be represented by the following

expression:

I (t) * ¡k-t

where, the parameter fr can be estimated from the slope coeffrcient - as the slope + 1 - in a

linear fit of the logarithm of age against age-specifrc incidence rates. The assumptions on

which the model are founded are that transitions benveen stages of the carcinogenic process

are rare, vary little with time and that transition rates are constant (Moolgavkar 7978; Breslow

and Day 1987). Under these assumptions, this model had been found to frt 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, implyrng 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 L979) - 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 - tbe three-stage model (Thomas 1990).
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As discussed by Breslow and Day @reslow and Day 1987), epidemiologically, data are

seldom extensive or detailed enough to frt precise multistage models that enable estimation of

specifrc transition rates and their interpretation. In epidemiology therefore, such models are

generally used in a heuristic \ilay to examine the phenomena predicted by the Arrritage-Doll

model and to draw biologrcally plausible interpretations from the epidemiological data @ay

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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l-.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 specif,rc

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

(ÉIornung 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;

Homung 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

faling relative risk with increasing time since last exposure, with the opposite being ffue for

early stage carcinogens (Hornung and Meinhardt 1987; Breslow and Day 1987). Such

interpretations rnay also be extended to address the modiffing effect of attained age. If such

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

health.
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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 @reslow 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 frtting multistage models. Holvever, attempts will be made to explain

the implications of the study findings in the general context of the multistage theory.
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I.6 Radiation Related Lung Cancer Risk

1..6.1 Methods of Study

Methods for characteizing 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.9., assumptions as to breathing rates, the disposition of Rn

progeny in the respiratory tract, the tyf)e, 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 animat 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 'naturaf 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-conffol studies (within the cohort).

i
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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 worþIace and there is, currently, rto information

available on tissue or body dose of radiation. In such situations the use of the terrn dose ß

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 identifi.able systematic effects ol 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-related variables from those due to the other identifiable effect modif,rers. 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 modif,rers. Statistical modelling techniques enable the simultaneous

adjustrnent for multiple confounders, and demonstration of the role of effect modif,rers.

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 modifrers 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 ¿t 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 1985),

dose and exposure (Thomas 1987), and difficulties in analysis including, incorect handling of

time-dependent exposures (Enterline and Henderson 1973), failure to account for multiple

time dimensions (Chu 1987), Iatency 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 quantitâtively oriented cancer epidemiologists and

epidemiologcally oriented statisticians in an attempt to develop clarify issues that lacked clear

defrnition 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).
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L.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 v|tz, the cell multiplying effeü 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 suff,rciently 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

1e6s).

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

Iinear 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 (lhomas

1987), dual theory of radiation does not attempt to explain this phenomenon (fhomas 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 appea.rs capable of explaining both the

decreasing effects of protracted low-LET radiation and the increasing effect for high-LET

radiation; ttris 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 linea¡ linear-quadratic formulations were based on the biophysical model that

predominantly characteized 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 specifrc

action of repair mechanisms (IAEA 1986). Though some tolerance level is considered likely,

it is yet not kno'wn what ttneshold 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 summañzed 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 fu¡ther 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 witl be examined in

turn by frtting an additional quadratic term to the linear model and also by fitting separate

exponential and power models.
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L.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 sensitiviry

analyses to investigate the signifícance of uncertainties in the models used and the

parameters estimated. These aspects are described in the Fifttr 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 summarizedby Crouch (Crouch 1987).

Cancer risk may be estimated in various \ilays. 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-iradiated 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

7987; Lundin et a[. 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 relativ¿ 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 multþlicative 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. \992) - the GSF model - which considers the age-

specif,rc 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 frve

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 biologicatly appropriate in view of the declining

risk with time since exposure (BEIR IV 1988; Hornung 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 specifrc 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.L 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 reaJized 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 IV

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.
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I.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 anal¡ical 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 best analytical

methodology, but at examining the research questions without being constrained by the

shorfalls 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 modif,rers 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 anal¡ical 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 5 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 modiFrers and

surrogate measures of exposure. The final analytical chapter of this work - chapter 7 - is

based on anal¡ical 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 anat¡ical 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 sunìmary 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 d¡awn 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 atrnosphere (IARC 1988).

'When the gaseous Rn is released into the air, (e.9., 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 activiry concentration of every short-lived Rn progeny

present in air is at the same level as that of Rn. Individual activities of Rn prcgeny 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 ventilared

surroundings therefore poses a greater health haza¡d.

I
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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 G energy

concentration of the Rn decay product mixture present in afu. Tlte potentíal u energy of a

decay product atom is defined as the total cr, 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 cr 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 equilibríum equivalent concentration

(EECpn). Non-equilibrium mixtures of Rn and Rn progeny can be defined in terms of an

equilíbrium factor (F), which is defined as the ratio of potential a energy concentation of

the decay product mixture to the corresponding concentration if they were in radioactive

equilibrium with Rn. EECR, is therefore equal to the product of F and the activity

concentration (aR) of Rn. With the activity concentration (aRn) of Rn generally being

expressedinterms of Bqlm3 of air, EECprisalsomeasured inBqlm3.

Tlte cumulative potentíal energy exposure (E) to short-lived Rn progeny is def,rned as the

product of a conversion factor between potential ü energy and the equilibrium equivalent

activity in air (fr), the time spent in the area (Q, the equilibrium factor for the decay producr

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

t.€., B = þ*f xffin - þ*l* EEC R,
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Cumulative exposure to inhaled Rn progeny is measured by the potential ct 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 Jhlm3 tnSI 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 rn working-levels (WL). Consequently, cumulative

exposures over time are measuredtnworking-level rnonths (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 1.3x105 MeV of potential cr particle energy. A WL is

equivalent to 2.08x10-5 ll^3 of air in SI units and in terms of pCi, the originai unit of

measurement for activity, a WL equals l))pCill (activiry concentration of Rn at equilibrium).

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

progeny that are in radioactive equilibrrium with a concentration of 3.7x103 Bq radon/m3 of

air; i.e., 1'WL = 3.7 x lo3aqm3 1nøCpn¡.

A WLM is def,rned as the exposure accumulated by a miner exposed to lWL 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

reconsffuction 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 worþlace

averaged measurements and the duration of exposure. Estimation techniques and averaging

techniques varied considerably bet'ween 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 benveen 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

exposures.
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2.3 Occupational Radon Epidemiology: Overview

Since the identifrcation 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 difftcult to obtain accurate risk

estimates from these studies. Furthermore, since these fi.ndings 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 exfrapolations 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 modifrer 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 cha¡acteristics 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 Intemational C.ommission on Radiological

Protection, (ICRP 32198I; ICRP 50 1987); the National Council of Radiation Protection and

Measurements, (NCRP 78 1984); Thomas et al., (Thomas et al. 1985); the United States

Deparrnent of Energy (US DOE 1988 and 1992), SENES Consultants (SENES 1984;

SENES 1990), Lundin et al. (Lundin et al. L97I) 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 summa¡ized elsewhere; therefore, repetition of these details is

minimized in this work. For each of the sftdies reviewed in this work, study characteristics

are briefly outlined in section 2.4 wtttch concludes with a presentation of anal¡ical 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

I. Preliminary Investigations

Canadian studies on occupational radon epidemiology have centered around three distinct

populations viz., the Bldorado 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 7942; the

Beaverlodge mine started operations n 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 mtios for workers by three exposure goups based on the location and duration of

work, itz.,surface,undergroundfor < 5 years andundergroundfor > 5 years (Graceet 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 er al.1985).

These studies were followed by several detailed studies which are summarized below

'a
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tr. 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 7967 were estimated from Rn gas measurements from air samples that

rlere taken for ventilation control pu{poses and annual equilibrium factors; concentrations

were estimated on a worþlace basis from November 1 1966, and on a mine average basis

prior to that. Annual median Rn progeny estimates rwere then used to evaluate individual

exp'osures, 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 (77.57o 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 linea¡

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 3.287oper WLM and an attributable risk coefficient of 20.8 per WLM per 106

PYR. Age at f,rst 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; Chambens et al. L992). Consequently, the revised risk estimates - a

1.37o increase in excess relative risk of lung cancer mortality per WLM (95Vo CI: 0.597o-

2.98Vo)- are lower than those previously published.
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m. Port Radium Study

The Port Radium cohort studied using similar methods of selection and analysis as the

Beaverlodge study was reported in 1987 (Howe et al. 1987). The stud.y included Z,IO3

workers (787o of the initial cohort) and 57 lung cancer deaths.

Exposure measurements were reconstructed from 261 Rn gas samples collected be¡ween 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 yeüs. Measures of

annual average concentration were obtained by using estimators appropriate for each type of

distributioni ví2., arithmetic means for normal distributions, geometric means for log normal

distributions and medians in instances where no clea¡ distribution could be discerned.

Equilibrium factors were estimated based on ventilation rates and weighted according to the

labor distribution, type of worþlace and season (summer and winter). Individual exposures

were then calculated in WLMs based on a 48-hour week and 48 weeks per ye¿ìr. Due to the

unavailability of employment records for workers at Port Radium prior to Ig40, estimates of

exposure experienced during this period were not available for those who worked there before

as well as after L940. 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 linea¡ regression estimates of relative and

absolute risk coeffrcients of 0.277o 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 d.ue 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 conìmenced 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 n 1974

(Muller and Wheeler 1974), with several studies being reported subsequently (Ham 1976;

Chovil 1981; Muller et a|.1981, 1983 and 1985; Kusiak et a|.1991).

T\e 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 ttris cohort revealed that cases had worked for a

signifrcantly longer duration in mining (average duration of employment: 43.2 months for

cases, 25.6 months for controls) and had been exposed to signifrcantly 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 confrrmed. 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. L98L, L983 and 1985), were based

on a cohort of 15,984 Ontario uranium minen; 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 L967. 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 O.57o and L.37o; a range of values was provided for risk

estimates to account for the uncertainty of cumulative exposure estimates which averaged

between 40-90 ÌWLM 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 aI. (l[4ulket et a|.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 l0 to 14 years before the time of observation" (MuIIer et

al. 1989). They also concluded using a relative risk mod.el, 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. I99l); the cohort mainly comprised gold, nickel and uranium miners. This

report concentrated on lung cancer mortality amongst gold miners and excluded mi¡ers 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;95Vo CI: 115-145). Closer examination showed that the

excess lung cancer mortality was mainly amongst those who began mining gold before 1946

(SMR=141;957o 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 6.57o tncrease in lung cancer mortality after a

latency period of 20 years or more from cornmencement of employment (95Vo CI: L6Vo-

ll.47o). 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.I7o (95Vo CI:

l.7%o5.lVo) for each year of employment; the risk of lung cancer mortality associated with Rn

progeny exposure increased by 1.27o per WLM (957o CI: 0.027o-2.47o) alter a period of five

or more years following f,rst 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 ttris 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 et al.

1991), table 2.4.8 presents an estimate previously (Muller et 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 cornmence 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

L960 reduced the levels of Rn progeny to well below the permissible standards of the time.

A cohort study of 1,772 underground miners and352 surface workers from the Newfoundland

fluorspar mines was reported by Morrison ¿f a/., (Morrison et a/. 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

L969. The average exposure for underground workers \üas 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 48Vo 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 sea¡ch 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. Anributable and relative risks were computed

based on stratifled analyses using indirect standardization methods.
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Results showed that SMRs increased with increasing cumulative dose, the trend being higtrly

significant. Statistically signifrcant SMRs were repofted in atl 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 f,lrst

exposure did not significantly improve the fit of models, the relative risk coefficients were seen

to decline with increasing age at flrst exposure.

Compilation of smoking data revealed that only 1.37o of underground workers had never

smoked andTOVo were curent 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 a¡ising from the increased prevalence of smoking amongst underground miners as

compared with the reference population (1LVo), was thought to possibly inflate the SMRs for

smoking related cancers. Another source of possible bias was identifred 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

L 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 and740 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 di¡ectly 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

seH-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 et al. 197 7). 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 \ilere compiled from information collected at the survey

examinations, annual censuses of miners and mailed questionnaires between 1950 and 1969

(Lundin et al. 1971; V/hittemore and McMillan 1983). Cohort mortality was determined

periodically and cause of death was ascertained from death cefrificates. 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

stratif,rcation (lMagoner et al. 1965; Lundin et al. L969; Archer et al. 1973 1976; Hornung

and Samuels 1981; 'Waxweiler et al. 1981; V/hittemore and McMillan 1983; Hornung 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-Iinea¡ functions. Several lag periods were examined and the optimal fit was

obtained using a four year lag period followed by linear pafüal 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 yeff 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 add.itive.

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

frtting model.
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Examination of time-related factors and other modihers of effect showed that all else being

eg,ual, 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 fust

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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tr. 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 198L, each being matched with two

population based controls (Samet et al. 1984). The prevalence of uranium mining experience

was 727o amongst cases, whilst none of the controls had documented uranium mining

experience. Smoking data was available only for 2l 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 be¡ween uranium mining and lung cancer which

could not be suffrciently attributed to selection or information bias, and that uranium mining

without cigarette smoking increased the risk of lung cancer (Samet et 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. L988). The study comprised 4,048 miners who had undergone ar leasr

one mining company physical examination between L957 and !976, 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 DeparÍnent 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 Regisny, 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 lgg2), based

on the follow-up of 3,469 miners (87.37o of whom had complete data on cigarette smoking)

are summarized in secrion 2.4.8 (tabLe 2.4.9) 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 15971; Lundin ¿r

al.797l). The disease 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; Schuttrnann 1993).

Mining of uranium ore conìmenced 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 goups studied independently of each other

and recently, in combination with each other. The group most studied comprised2,433 miners

(Sevc et al. l97I) 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 L0 years; another two goups 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 197 5; and two orher 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 werç exposed to an avera ge of 25 WLM over 1 1 years. The essential

characteristics of these study groups were summanzedby Sevc et al., (Sevc et al. 1988), who

refer to the first group as study S - comprising groups A and B (uranium miners commencing

exposure between 1948 and t957), the second as study N (uranium miners commencing

exposure after 1968) - comprising groups B and C, and the last t'wo 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

worþlaces; full measurements of t{n 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 higtrly, due to the extent of detail on

which mine exposure levels and time spent in worþlace 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 obtai¡ed

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 aI., (Sevc et aL 1988) reported that the attributable lung cancer

risk per IVLM 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 flrst exposure and with age at death in all cohorts. Anaþses included examination

of the cha.racter 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. \ù/ith regards to cigarette smoking, in a previous analyses,

Sevc et a/., (Sevc et aI. 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 cr radiation from

Rn progeny were nearly additive.

More recent findings from the Czechoslovakian (Sevc et al. L993) relevant to this thesis are

summarized in table 2.4.8. Analyses included in this repoft (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 exposue;

the slope being steeper for exposures below 100 V/LM. However, the authors suggested that

this non tinearity 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 frndings. Another major finding reported was the protracted exposure effect

similar to that reported in the Colorado Plateau study (Hornung and Meinha¡dt 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 yeil benveen 1897 and 1976 who were considered eligible for selection into the

study. These individuals were identifred 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 bi¡th date; the

birth code appe¿ìrs 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 afu. 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 worþlace in each underground section.
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Calenda¡ yeils 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 emploSrment 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 n 1972-1973, and to pensioners in the study population n 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 whomT subjects were lost to follow-up (6

due to emigration), leaving 1287 who were followed-up further to the end of 1976, at which

Îjme 532 were dead and 755 alive. Analyses were based only on follow-up during the period

1951-t976.
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The study reported a total follow-up duration of 24,083 person years accumulated by t}re 1294

cohort members who were alive at the beginning of 1951. The average exposure estimate was

81.4 WLM per person year, averagl.r:'g93.7 WLM total cumulative exposure, both computed

using a five year lagged exposure. Fifty lung cancer deaths that occuned more than 10 years

after working at the mine were observed during 195I-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

trme 707o 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.9.,

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 ll,l43 male workers followed-up from 1976

tot987, 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 n L976; the L976 survey covered

almost 20,000 of approximately 44,000 current and retired YTC employees. The YTC

provides retirement and medical benefrts to retired workers and identifres 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 crurent and retired employees until their

death; furthermore, the YTC also intitated a lung cancer registry n 1913 and a registry of all

cance s 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 snce 1972 and through 4I3 measurements obtained from

simulation exercises involving the recreation of working conditions for the period 1953-7972

in the YTC mines, and from similarly conf,rgured 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.1931). 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-ye¿ìrs-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 2,597 deaths occurred in the study cohort

during the follow-up period, which included 981 lung cancer deaths. Further details of results

are summarizedtn 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 74l:ur¡,g cancer cases; the prevalence of non-smokers was 77o. 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 - l9T2,wasreported by Tirmarche et al. in 1984 (Tirmarche et at. 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 individuat identification. Vital status and cause of d.eath ascertainment in

this cohort study was therefore performed through altemative 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 fuom 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 ttris cohort. Smoking histories were not available in this

study, and the report did not address exposure-response relationships (IARC 1988).

Verif,rcation of data on exposure estimates and further analyses were reported to b€

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).

rU8/93 2:32PM 56 A¡ul



Chapter 2: Radon Epidemiolory

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 et al.

1981). The scope of this 1939 population register study was extended in 1983 by att

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 bet'ween I94l 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 .6Vo

(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 Nationat Radiological Protection Board

(Strong et al. 1975) based on measurements of Rn concenffarions 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 classifred 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 arrd intermediate jobs. Only those who strictly had worked underground

were included in the analyses; those having worked tn intermediate jobs alone were excluded

from analyses.

Results showed a highly significant excess in lung cancer deaths (57.7Eo) 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 modif,rers, which

resulted in highly significant dose-response relationship, but failed to identify any significant

modiFrers 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 durin g 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 (957o CI: 8.3-13.5 years), a

rising time period of 0.8 years (957o CI: 0-7.8 years), and an effect half tife period of 4.3 years

(95Vo CI: 1.3-15.5 years). The dose function thus defined - which the authors refer to as

effective dose - was a signifrcantly 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: rndividual and Joint Analyses

Major findings of specific relevance to ttris thesis from the studies reviewed above are

summarized in table 2.4.8. Table 2.4.8 shows that the estimates of ERR/ìVLM obtained from

the various studies reported range fromO.16To to 9.47o. 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 largesr number of lung

cancer deaths in other cohorts included 574 amongst the Czech miners and 378 amongsr 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 - 297o (Ontario) and.425Vo (Newfoundland). In the absence

of the coresponding 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 69 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

Follow Cohort Cases

up Slze Ca.
Perlod Lung

ERR/WLM
Ca. Lung
Mortality

SMR
Ca. Lung
Mortaltty

PYRSStudy CommentsMean
Expo-
sure

Doub-
llng
Dose

z,tu 110e 3g,50ge 392.4 trz
113

1.2 Iag:5 yn.
(0.02-2.4) Smk: Assessed.

Mean Exp. NR.

Lag: Estimæed.
Smk: Risk Rep.

Canada:
Beaverlodge 1948-80
(Howe
et al.1986;
SENES 1991)

et al.1987)

Newfoundland f933-84
(Morrison
et al.1988)

8,487 54e 56,942e
65 tll4,t7ol

(BErR rV 1988)

1.90 3.28 D-R: Linea¡
(I.43-2.49) (2.084.48) Lag:10 yrs.

U.3ls Smk NotRep.
(0'59-2'98)s SSENES 1991'

2.I0 0.27 D-R: Linea¡
(I.55-2.79) (0.11-1.43) Iag: t0 yrs.

Smk NotRep.

5.25u 0.9 D-R: Linea¡
(4.33-6.32) (0.6-t.2) Iag9t0 yrs.

Smk RiskRep.

20.2 31c

[44]s

Radium 1942-80 2,103 48e 34,673e 183.3 370c
57

(Kusiak
et al. l99l)
United States:
Colorado 1950-82
(Hornung and
Meinhardt 1987)

(Samet
et al. l99l)
Czech.:
Srudy S

(Sevc

et al.1993)

Sweden:
(Radford and

1984)

(Tirmarche
et al.1993)

UK:
(Hodgson and
Jones 1990)

China:
(Xuan
et al.1993)

1955-86 54,t28 378 1,706,103 [4G9or] 83c

Mnllu
et at. 1985)

r.29
(1.15-1.45)

Mexico 1957-85 3,469 65 NR 111 55.6c

3,346 256 Iß,642t 834.0
(BErRM988)

1946-85 1,785 45 44,005 70 58.8c

1941-86 3,082 105
3,010t

7l- l4.Z31c 0.9-r.4r
I 1 lcr 1nErR rv r98s)

4.0
(3.1-s.1)

3.9
(3.0-4.e)

1.8
(0.7-5.4)

3.6
(2.s-4.8)

Smk:
Synergistic
with Rn Exp.

lag: 5 years.
D-R: Supra-
linear, linea¡

Lag: 5 years.
CI:907o.
Smk: Risk Rep.

Interim Report;
Analyses Cont.
Smk: No Data

Lag: Not Used;
Esr 10 yrs.

Smk No Data.

Lag: 5 yrs.
Smk Risk Rep.
a Adjusted for

Arsenic Exp.

1948-80 4,M2 574 97,9t3 227.0 95 4.7
NR

0.6
NR

195I-76 1,294 50 2/1,093 93.7 zgc

NR NR NR 1.58
NR

9.4
NR

1.91

NR

NR
NR

0.59
(0-1.6)

0.62
(0.s-0.8)

0.164
(0.1-0.2)a

1976-87 r7,t43 981 t75,405 275.4 161c

625c4

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

D-R Dose-Response Relationship.u Unlagged data.c Compured from published findings.
Smk. Smoking; Rep.: Reported.
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I. The BEIR fV 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 reporr (BEIR IV 1938).

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, indepåndently

reanalysed each cohort using the same broad principles in an effort to resolve differences in

study design and previously adopted anal¡ical 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

modiñed 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 intemal comparisons

and a constant relative risk model were: 0.67o for colorado Plateau (957o cI: o.3vo-I.37o),

1.47o for Ontario (95Vo CI: 0.6Vo-3.37o), L.47o for Malmberget (95Vo CI: 0.3Vo-g.9%) and,

2.67o for Eldorado (957o CI: 1.37o-6.07o). The risk estimate for the Swedish Malmberget

miners was subject to greater variabitity than other estimates (multiplicative standard error of

2.6Vo compared with L.57o-I.67o). 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,3TI 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 1.347o (957o CI: 0.87o-

2.3Vo). It is interesting to note at this point, that the recent reanalyses of the Onta¡io 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 fV 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 liketihood ratio rests for

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

. Analyses based on internal comparisons showed no def,rnite dependence of the relative

risk on age at risk, whereas extemally 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 fust exposure had a significant effect on the excess

relative risk for the Eldorado and Colorado cohorts with the risk increasing with increasing

age at f,lrst exposure, these findings were not supported by the extemal analyses.

However, in view of findings from studies on Japanese atomic-bomb survivors amongsr

whom there appeared to be no age at first exposure effect before the age of20 (preston et

al. 1986), the committee stressed the importance of the age at flrst 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 suffícient power to

detect a real effect" (BEIR IV 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 I protracted effect of duration of exposure was observed only in the Colorado data;

no consistent patterns in excess risk estimates \ryere 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 exposu¡e 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.

o { 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 signifrcant

in the Eldorado and Ontario cohorts.

The BEIR IV committee concluded that "there is substantial evidence that the relative risk of

lung cancer mortalíty depended on age at risk andlor time since exposure, and there is ltnle

clear evidence that it depends on the otherfactors 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:

r(a) = ro@) I | + y(a) þ (Wt + 02W2+ 03lïz3 )l (2.r)

where, a - age at risk,

r(a) - age-specif,rc lung-cancer mortality rate,

ro@) - age-specific background lung-cancer mortality,
y(a) - a function of age at risk categorized as:

a<55 years, 55 <a < 65 years, anda > 65 years

w1 - lagged cumulative expos're incurred 5-10 years prior to age a,
w2 - lagged cumulative exposure incurred 10-15 years prior to age a,
wj - lagged cumulative exposure incured >15 years prior to age a.
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The BEIR IV committee described the term within parentheses in equation 2.1 as art "effective

cumulatíve 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 ql and q2; the

committee therefore decided to combine these two windows of time since exposure i¡to 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 mÐdmum likelihood methds. Mærimum likelihood

estimates were obtained for each of the parameters wittr the analyses being repeated using

internally and externally referenced data. Tlte 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 b¿.çtpilameter estimates) was defined as follows:

r(a) = ro@) l,1 + 0.025 y(a) (Wt + O.5W)l (2.2)

where,a -a5eatrisk,
r(a) - age-specific lung-cancer mortality rate,

ro@) - age-specific background lung-cancer mortality,
y(a) = 7.2 when a < 55 years

= 1 when 55<a<65years

= 0.4 when ø > 65 years

W1 - lagged cumulative exposure incured 5-15 years prior to age a,

W2 - 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/V/LM. Estimates of ERR/WLM obtained from internal

analyses using the BEIR IV model were: 0.97o for Colorado, 1.87o for Ontario, 3.6Vo for

Malmberget and 5.l%o for Eldorado. The estimated ERR/V/LM for the combined data from

all these cohorts obtained from internal analyses was2.2Vo.
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The rationale behind the approach of a combined analysis undertaken by the BEIR tV

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 dosimeury 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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tr. Findings from Other Recent Joint Analyses

A meta analysis presented in a recent ICRP draft (ICRP Draft 1993) summarized the excess

relaúve 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-ye¿rs-at-risk) estimate of ERR/WLM: I.33% (95To

CI: 0.87o - 2.I7o); these estimates bore a remarkable closeness to the BEIR IV estimate of

ERR/WLM derived from the constant relative risk model - l.34Vo (957o CI: 0.8Vo - 2.37o)

(BErR rV 1988).

The 1990 (SENES 1990) update to the 1984 SENES (SENES 1984) repofi focused on risk

projection models from epidemiological data while payrng 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 1.984), the Ontario

model - which included an expression of cumulative exposure in the three time since exposure

windows defined in model 2.l,b:ut excluded the age at exposure function y(a) nmodel 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-yeffs of follow-up and help to refine lung-cancer risk coefficients;

provide more information on the interaction bet'ween smoking and Rn exposure; and, with

improved dosimetry, narrow the uncenainties 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 flrst 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

(BErR 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 charactenze 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 deparnrres 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 rnay 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 ir 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 ín radon

epidemiolog). As for statistical respectability,lt is stressed that this is yet a relatively young

cohort capable of becoming more statistícally 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 kilomerers 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 Hitt (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 n 1954, as having comprised a higtúy

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 soruce 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 diffrcult

and expensive (SADM t954). 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

sowce of nuclear power. Investigations into the feasibility of uranium mining at RH

coÍrmencedlr:, 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 Departnent of Mines and the Commonwealth

Scientific and Industrial Research Organization, with a view to developing an eff,rcient 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 rwere 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 t952 and the RH mine was formally

opened on 10 November L954, by which time the mine was fully operational.

The 'Radium. Hill uranium mine' was owned by the South Australian Govemment and

operated by the South Australian Depafirnent of Mines from 1948 to L962. 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 (U:Og) per ton - and was exported

to the United States and the United Kingdom (SADM L952). Uranium production activities

were terminated at the end of 1961 with the expiration of the seven year production conffact,

during which time the concentration of ore had steadily deteriorated from 3.6 pounds U¡OS

per ton to 2.3 pounds U:Og 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.

't
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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 L980'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 Híll uraniummíne'.

The initial phase of the study included (i) identification of the study cohort through the

compilation of a nominal roll of ex-RH workers; (ü) determination of vital status of workers;

and (iü) 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 FormerWorkers at Radíum Hill - Anlnterim Assessmenr'(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 conelate 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 smolcers". The excess of lung cancer deaths identified in this study could therefore, not

confrdently 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

approximat ely 2I 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 Híll pilot study' was then

expanded to the entire cohort of former RH workers and catled the 'main-study' - henceforth,

referred to as the 'Radium Hill study' or the 'P*Hstudy'.

3.2.2 Aims

The primary aims of the RH Study as listed in the original study protocol were:

1. "to determíne whetlrcr uranium mine workers employed at the South Australian p¡ÍI

mine during 1952 to 196l are experiencing an increased incidence of lung cancer as

a result of radíation exposure at the mine";

2. "to determíne the nature of any dose-response relatíonship between exposure to

radiation ct 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;

ü. describing the exposure-response relationships pertaining to radon progeny related

lung cancer mortality amongst former RH workers;

üi. studying the effects of potential confound.ers, effect modif,rers 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 Departrnent of

Community Medicine at the University of Adelaide as a Research Officer. At this rime, a

sunìmary 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 cornmenced 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

initiat 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 19g9

onwards, I organized secondary fface 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. A1l

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. et al.

1991; Mylvaganam et al. 1992; Mylvaganam 1993; Mylvaganam and Woodward, I993a;

Mylvaganam and 'Woodwa¡d 1993b; Mytvaganam et al. I993a; 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 epidemiotogical ñndings

from the RH study population are presented in chapter 4. Analytical epidemiotogical findings

are reported in chapters 5, 6 and 7. Imptications 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 ìvas a historical cohort study that included a concurent 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 summanzed employees' identification particulars and work histories

pertinent to the processing of their remuneration. Individual work histories included calenda¡

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

Estimates of individtial 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 trvo 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 caried our by Dr. Phil Clouch and Ms.

Claire Corani of the Radiation Protection Branch, South Australian Healrh Commission

(Crouch and corani 1986), is summarizú,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 es¡mated at 2 r# 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 equilíbríumfactors 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 1evels of the mine were

estimated. Equilibrlum factors were derived from these estimates for each location of the

fnme.

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 calenda.r year of 1955 is therefore demarcated into two

exposure periods - those prior and subsequent to the installation of fan - viz.,lst January to

31st Ma¡ch 1955 and 1st April to 31 December 1955..

A total of 721 routine radon measurements were made at the mine from 1954 to 196L.

Estimates of radon concentrations prior to L954 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, tbree 'regions, of mining

operations. These 'regions' comprised drives, stopes and shafts.

'a
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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 amine localiry exposure matix.

Table 3.4.2a2 Number of Locations Measured and Measurements By Mine Level

Table 3.4.2b: Average Radon Concentrations By Mine Level

a

Through

March 1955

After March 1955

Level Drives Stopes Shafts

Locations Measures Locafions Messures Locations Measures Locations Meas¡res

1

t
J

4
5
6
7
8

9
1

6
2

18

I
2
2

8
J

40
1

2
t

4
4

26
T4

t9
11

4
2

4
4

163

109

88
63
46

,)

1

3

9
8

6

I
4

t2
t4
9

8

8
I
I

70

69
1

1

1 I

1
1 4

Through

March 1955

After March 1955

Level Drives Stopes Shafts

1

2
J
4
5
6
7
8

9
1

18.0
15.5
6.9
3.7
6.3
2.r

4.8
J.5
3.9
3.1
2.9
2.3
r.9
1.3

2.4
7.9
4.9
7.1
3.1

1.8

t.4
0.1
0.4

1.1
1 3.4
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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 estimateÅ, equílibrium factors. Since there were no

measurements of radon concentration available prior to 1953, radon daughter concentrations

for this period were assr¡med 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'regíon' 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 merhds. Mining plans

were examined to determine the calenda¡ 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+ime-

location occupancy factors. Estimates of average radon progeny concentration by

underground job category and calenda¡ 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 3.4.4a2 The Job Exposure Matrix - Average Radon Progeny Concentrations

By Underground Job Categories and Catendar Time (1953-1961)

UndergroundJob Category l9S3 tgi4 1956 l9S7 1958 1959 1960 ts6l

2.I
2.1
1.3

r.7
2.r
2.1
2.1
2,7
1.3
2.1
2.1
2.1
1.1

r.5
2.1
2.t
2.1
2.1
2.r
2.1
2.1
2.r
2,7
0.6
1.1

t.2
r.2
0.7
1.0

t.2
1.2
1.2
r.2
0.7
t.2
t.2
t.2
0.6
0.8
t.2
t.2
1.2
r.2
t.2
t.2
1,2
t.2
t.2
0.4
0.6

1955

<Mar
t.4
1.4

0.8
1.1

t.4
1.4

t.4
t.4
0.8
1.4

1.4

t.4
0.7
1.0
t.4
1.4

r.4
1.4
r.4
r.4
1.4

r.4
1.4

0.4
0.7

195s

Mar-
0.34
0.26
0.18
0.23
0.23
0.32
0.25
0.20
0.17
0.26
0.2t
0.23
0.16
0.13
0.23
0.23
0.23
0.r1
0.15
0.11
0.11
0.11
0.11
0.10
0.16

0.39
0.30
0.20
0.27
0.28
0.37
0.30
0.25
0.20
0.30
0.u
0.28
0.18
0.16
0.28
0.28
0.28
0.14
0.18
0.14
0.14
0.14
0.t4
0.ll
0.18

0.48
0.38
0.25
0.33
0.32
0.46
0.36
0.30
o.25
0.38
o.32
0.32
0.23
0.20
0.32
0.32
0.32
0.20
0.24
0.20
0.20
0.20
0.20
0.14
0.23

0.55
0.4r
0.28
0.37
0.35
0.52
0.40
0.31
0.28
0.41
0.33
0.35
0.36
0.20
0.35
0.35
0.35
0.r7
0.22
0.17
0.r7
0.r7
0.17
0.16
0.26

0.62
0.50
0.33
0.44
0.49
0.60
0.51
0.44
0.33
0.5r
0.41
0.49
0.30
0.28
0.49
0.49
0.49
0.25
0.32
0.25
0.25
0.25
0.25
0.18
0.30

0.58
0.47
0.31
o.4r
0.49
0.56
0.50
0.44
0.31
0.49
0.40
0.49
0.28
0.28
0.49
0.49
0.49
0.25
0.32
0.25
0.25
0.25
0.25
0.r7
0.28

0.59
0.46
0.31
0.41
0.43
0.56
0.46
0.39
0.30
0.47
0.38
0.43
0.28
0.25
0.43
0.43
0.43
0.21
0.28
0.2r
0.2t
o.2I
o.2r
0.r7
0.28

Miner
U-G Mine Labourer
U-G ShiftForeman
U-G Shifr Boss
Loader Operator
Scraper Operator
U-GTimberman
Trucker/Loco Operator
U-G Sampler
U-G Pipe Fitter
Greaser
U-G Air Hoist Operator
U-G Chainman / Surveyor
U-G Sanitary Man
Platelayer
Driller / Driller's Assistant
Snapman
U-G Storeman
U-G Fitter
Platman
Pumpman
Sinking Miner
Skipman
Geologist
Mining Engineer
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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 binh 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 enors in matching fields. Occasionally, matches

were accepted even when these criteria twere 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 lilere 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 vitat status included searches of electoral rolls in all Australian States and

Territories, drivers'license records and motor vehicle registrations, Australian'Workers Union

f,rles, and Health Insurance registers. Other sources included Departrnent of Immigration f,les,

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 repofted in further detail

elsewhere (Woodward et al. 1988; V/oodward et al. 1991; SAHC 1986). These sources

yielded a trace rate of 6O7o ùtrtng the pilot study and to 66Vo 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 to747o with secondary trace activities.

Analyses of the characteristics of traced and untraced workers are detailed in the results

section below.

3.5.3 DifrÏculties 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 fulInames 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 diff,rcult, 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 1997. These secondary trace

activities included: matching of the RH study cohort with the Wittenoom Gorge flilG) 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 reuníon '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 towa¡ds the occupational health

risks of uranium mining and their impressions of our study. Each of these secondary trace

activities are described below.

I. 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 amongsr

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 cornmon to both studies, the WG study provided the initial contact

sonrce for the RH study. Furthermore, lor 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.

tr. 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 med.ical

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 minen' tickets issued prior to the mid L950's, after which the

format of the registration ca¡ds was altered and data on smoking habits excluded.
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m. Consultation with Ex-Radium Hill Workers

In mid-1990, we learned that an association of former RH workers - 'The Radium Hitt

Association' - had been formed, that the'Radium Hill newsletter' (apopular newsletter during

the operation of the RH mine) was revived, and that a reunion of former RH workers was

beittg 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

Deparrnent 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 were 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-roll 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 resid.ents 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 retrun 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 Hilt 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 31.st of March. The reunion coincided. with the release of a book

entitled We Were Radium HíU' (Ílarrrngton 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 \ilas 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 stud,y, who provided

general assistance to the organizers and manned a 'Míssing 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.I- Follow-up Activities

Data collection activities commenced with the identification of the status of cohort memben

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 (append.ix B)

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

I. 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 certif,rcates or extracts of death

certiflcates 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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tr. Questionnaire Survey

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

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

Questionnaires were administered to cohort memben 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, questionnafues 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. T\e 'Rad,íum Hilt 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 'quesîíonnaire dataset', the ,death

dataset' and the 'job-exposure matrix'. These raw data sets were used to derive several

anal¡ical data sets which will be described in conjunction with their use. The most basic

anal¡ical dataset used in this work was the iob exposure dataset containing job-speciñc

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 summari zed 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 Toots

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 statisrical 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 gtaphics, 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

l-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 linea¡ modelling package GLIM
which was initially used for analyses before the availability of EPICURE. The use of several

other epiclemiological packages was also explored prior to the final choice of softwa¡e 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 Deparunent 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 Deparfnent of Mines and Energy;

they therefore did not include sala¡ied 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 Departrnent of Mines and Energy, and not of
the entire cohort of ex-RH workers. The nominal roll thus compiled inctuded the records of
2,574 ex-RH workers, 2,52I (9BVo) males and 53 (2To) 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 includ,ed 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 (74Vo) 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 (987o) men and 44 (zEo) women. A similar sex-rario existed

amongst those untraced to this date,67I (997o) men and 9 (1,7o) women. The trace rate was

737o amonsst males and837o 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 lgï7, 615 (3280)

cohort memben were known to be dead, 1,1 13 (597o) were known to be alive and 13:. (7Vo)

were censored for other reasons at various times during the follow-up period of the study.

The status of a further 29 (zEo) 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 acriviries, 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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Trace Status

Untraced Number

OveraJlTo

Row 7o

Column 7o

Gender

Males All

67r

26.07

98.68

26.62

680

26.42

Traced Number

OveraJITo

Row 7o

Cohxnn To

1850

71.87

97.68

73.38

44

T.7L

2.32

83.02

1894

73.58

Alr Number

7o

252r

97.94

53

2.06

2574

100.00
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Table 3.7.22 Distribution of Trace Rates by Gender

3.7.3 Questionnaire Survey Data

Some questionnaire data were obtained for 1,582 individuals who compised, g4To of those

traced and 617o of the entire cohort. Of these, I,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 thtd
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 príor to completíon of follow-up.
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Questionnaire data were obtained in varying degrees of completion with 1,115 being fifly
completed, 456 partty 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 memben 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 2l4orhers.

Initial contact particulars for the majority (936) of respond.ents 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, g 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 tlrough 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 (987o) 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 (6gEo) of these individuals.

Detailed death information - extracted from death certificates - was obtained in the case of a

further I33 (22Eo) cohort members from data collected during the RH pilot study. particulars

of the remaining 57 (97o) deaths were obtained from other sources including friends and

relatives. Details of cause of death were available in 600 (98Eo) instances. Ilnderlying cause

of death was coded by a medically qualifred epidemiologist (Dr. A. Woodward) using the ICD

9 classification (ICD 9 1973).

No detailed information was available in the case of 15 (2Vo) 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 I97B) code799.9.
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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 (49Eo) 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 (477o) 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

I. 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 6IVo of the male cohort. This included

about half of the 606 (2480) males who were know to have died during the study follow-up

period. Vital status ascertainment could not be made on 671 (27Vo) males who were

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

Table 3.7.6a2 Trace characteristics for Traced Male workers

Death Questionnaire Data

Data Yes 7o No Total

Yes

No

Total

295

t233

1528

497o

657o

617o

311

67r

982

606

t904

25tO*

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

The analyses data sets included only the 2,527 males in the study cohort, of whom 671

(26.67o) were untraced. The I,849 males traced comprised l,ll2 (60Vo) who were alive, 606

(33Vo) who were dead by the end of the study, and 131 (77o) ndtwduals 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
czur 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 3.7-6bz Birth Cohort Profile For Males in Respect of Study Trace Status

Year of
Birth

Mean

Median

Range

I-Q Range

SD

N

7o

Alive Dead Censored-

Prior-To-

Completion

of-Follow-up

1928

1929

1898-1946

t924-1933

7.6 years

trt2
44.2

t9t6
1918

1888-1945

1909-1925

11 years

606

24.1

1926

1929

t894-1942

1922-1933

10 years

t31
5.2

Ail
Traced

t924
1926

1888-1946

191.9-r93t

10 years

1849

73.5

Untraced

1926

t929

1883-1946

1923-1932

9 years

667

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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Itr. Trace Rates By Radon Exposure Status

Of the male workers at F.ÍI59Vo worked underground sometime during their employment at

RH (and hence are def,rned 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 3.7.6c2 Trace Rates for Male workers By Exposure status

Ever

Exposed

Traced

Yes Vo No Total

Yes

(Mean BC)*

No

(Mean BC)*
Total

1100

(te2s)

750

757o 359

(1e28)

312

(Le2s)

671

(1927)

r459
(re26)
ro62

(1923)

2521

TLVo

(1

1

(1

923)

850

924)

747o

Note: * Mean Birth Cohort Year

The trace rate was higher among those ever exposed to Rn at RH (75Eo) compared to those

never exposed (7[Vo);59Vo of those ffaced had worked underground at RH. Table 3.7.6c also

lists the mean bi¡th 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 undergrowd (exposed to Ftn) at RH was younger than

the cohort fraction of surface workers (urwxposed).
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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.e) 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., suwivors and those untraced.

Table 3.7.6d2 Deaths Traced for Male workers By Exposure status

Ever Dead

Exposed Yes 7o No Total

Yes

(Mean BC)*

No

(Mean BC)*

Total

327

(1e19)

279

(1e1s)

606

(te17)

22Vo rl32

(re28)

783

(re26)

1915

(1e27)

1459

(te26)

L062

(1923)

2521

267o

24Vo

Note: * Mean Birth Cohort Yea¡

It was also found that 54Vo of those who died during the study period had worked

underground at RH.

rr/8/93 105 Arul



Chapter 3: Study Design

3.7.7 summary of Findings on study Participation and Follow-up

Anoveralltracerate of 747o wasachievedinthefollow-upof theRHstudycohort. Atthe
end of the study period,31 December 1987,247o of the cohort (337o of those traced) were

dead and 57o of the cohort (77o ofthose traced) were censored-prior-to-completion-of-follow-

up. Approximately 447o of the RH cohort were eligible for further follow-up, should, the

study be extended beyond the cut-off date identiñed Though the term 'completed follow-up,
is used in epidemiological temrs 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 e5a/ù and underground

(7 LVo) workers was statisrically signifrcanr (p < 0.05) based on a 742 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 fi.rdirrg

has to be addressed with some caution. Statistical significance based on the a 12 statistic

tends to be influenced by large cell frequencies such as those in table 3.7.6c, 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 beittg 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 b¿øs in epidemiological study design, selection, losses-to-follow-up and

information has been widely discussed in the literature (Greenland l9i7: Criqui et al. I97g;

Kleinbaum et. al. 1981; Checkoway et al. 1939). Kelsey et al., (Ketsey et al. 1936)

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 fractions differ according ro rhe

presence or absence of a risk factor (exposure) the resulting bias may þg contolled by

methods similar to those used in controlling confounding (Vliettenen and Cook 19g1); the

more serious bias results when selection fractions vary according to specific combinations of

exposure and disease status. Greenland (Greenland L977) examined bias in cohort studies

where he defined study /oss 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 partícipation was defrned as the complement of
study /oss, and comprised response bías and follow-up bías. Greenland (Greenland Ig77)

refers to some of the earliest reports on bias in cohort studies (Berkson 1955; White and

Baila¡ 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 stud,ies 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 frilIevaluation 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 paragaph (the answer is, most probably not);

ü. could trace rates have been influenced by the disease outcome beirg studied? -

Several issues arise here; fustly, there is a greater likelihood that those who d1ed. 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 rrace

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, globat

unbiasedne.ts, where even locally biased, avenues of tracing could produce globally unbiased,

results if they eventually enable complete trace.
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Concerns may b 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 a¡e by no means

complete; they were emba¡ked 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 tace - an end that justifies the means.
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4. DescriptiveEpidemiologicalFindings

4.1 Overview: Population Profïle

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 85Vo (l,l2l out of I,32O) of male

workers used tobacco products sometime in their lives. Detailed smoking information was

obtained for 84Vo of those who ever smoked regularly, Amongst males for whom detailed

smoking information was available,510 (547o) reported they were currenr smokers and.433

(467o) were ex-smokers at the time of interview.

The average female employee at RH was 27 at the cornmencement 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 60vo (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 summa¡ized tn tab\e 4.2.\. 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 I

woman, commenced work at RH in L952 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 (I87o of total male intake) and 10

women (L97o of total female intake) commenced employment. Nineteen fifty five was also the

median year of employment for men wíth 537o 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 Hitt

Calendar

Year

Males Females Total Cohort

N Cum Vo N Cum Vo N Cum Vo

1948

1949

1950

1951

1952

1953

1954

1955

1956

1957

1958

1959

1960

t96l

1962

5

3

35

80

234

246

280

453

226

136

224

222

253

t22

2

+

+

27o

5Vo

L47o

247o

357o

537o

62Vo

677o

767o

857o

957o

I00Vo

l00Vo

5

3

35

80

235

247

288

463

232

r42

23r

225

259

r27

2

+

+

27o

57o

L4Vo

24Vo

357o

537o

627o

67Vo

767o

857o

957o

I007o

I00Vo

1

1

8

10

6

6

7

3

6

5

2Vo

47o

19Vo

38Vo

49Vo

6OVo

74Vo

79Vo

9l7o

7007o

IOOVo

Overall 2521 l00Vo 53 l00%o 2574 l00Vo
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4.2.2 Termination of Employment at Radium Hiil

Terminations of employment at RH occurred from 1951 through ¡ll 1962; one male employee

left the occupational cohort in 1951. By 1958, about half the cohort (53To) had ended their

employment in RH. Annual exits from the RH worldorce a¡e summarized,intable 4.2.2a.

Table 4.2.2a2 Termination of Employment at Radium Hill

The largest exits from employment were registered during 1953 (I3Eo) - soon after the mine

commenced its production activities, in 1955 (L47o) - when the new ventilation system was

installed, and in L96l (L67o) - when the mine stopped production of ore. The final exodus in
L962 comprised 35 male workers and 1 female worker.

Calendar

Year

Males Females Total Cohort

N Cum Vo N Cum Vo N Cum Vo

1951

7952

1953

7954

1955

1956

7957

1958

1959

1960

7961

1962

1

3t

338

225

353

236

162

201

234

290

4t5

35

+

lVo

L57o

247o

387o

47Vo

537o

6lVo

Tl%o

827o

997o

7007o

27o

9Vo

26Vo

34Vo

45Vo

57Vo

68Vo

877o

98Vo

1007o

1

3I

339

229

362

240

168

207

240

297

424

36

+

7Vo

l47o

237o

377o

47Vo

537o

617o

7 17o

82Vo

997o

I00Vo

1

4

9

4

6

6

6

7

9

1

Overall 2521 l00Vo 53 100Vo 2574 l00Vo
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Employment terrrination codes obtained from papoll 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 (94Vo) terminated their

employment with the South Australian Departnent 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 lilomen, \ilere transferred to other sections of the

South Australian Department of Mines and Energy. A further 32 males (l7o) weretransferred

to other government departments. Anomalies in payroll record included 64 employment

records (37o) for which termination codes \pere not available. Furthermore, five men who

were included in the RH payroll did not actually coûrmence work at RH and were therefore

classifred as'non- starters'.

Table 4.2.2b: Radium Hill Employment Termination status

Males Females Total

Termination Status:

Death

Discharged

Transferred To:

Dept. of Mines

Other Govt. Depts.

MM - Missing

Did not start work

N Vo N Vo N Vo

11

2365

+

947o

11

24t4

+

49 92Vo 947o

46

32

62

2Vo

lVo

3Vo

+

2 4Vo 48 27o

IVo

3Vo

+

2

5Z

4Vo 64

5 5

Overall 2521 l00Vo 53 t00Vo 2574 t00%o
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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 worldorce. A total of

357 (147o) workers, including L woman, were employed at RH in Ig52 - the f,1st year of

uranium ore production. During 196I, the last year when uranium ore was produced. at RH,

458 (187o) - 448 men and 10 women - worked at the RH. A rotal of 36 workers - 35 men and

1 woman - remained employed sometime n 7962, 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

N

Total Population

N Cohort Fraction N Cohort Fraction
1948

1949

1950

1951

1952

t953

1954

1955

1956

1957

1958

1959

1960

196r

1962

5

8

43

r23

356

572

513

74r
614

514

576

596

6t6
448

35

+

+

27o

5Vo

l4Vo

23Vo

2LVo

30Vo

257o

217o

237o

247o

257o

l87o

LVo

1

2

9

15

72

t4
15

12

T2

10

1

5

8

43

r23

357

574

522

756

626

528

591

608

628

458

36

+

+

27o

5Vo

74Vo

22Vo

2OVo

29Vo

247o

2lVo

237o

247o

24Vo

ISVo

l7o
Overall 252L l00Vo 53 2574 L00Vo
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Figure 4.2.3a shows the cumulative percentages of male workers commencing and terminating

emplo¡nnent at the RH mine over time; the vertical distance bbtween the two curyes give the

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

described in figure 4.2.3b.
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4.2.4 Duration of Employment

Job classifrcations showed that a total of 401 person years was allocated to 'ínactive' 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 flrst commencement and frnal termination of emplo¡rment at RH.

The distribution of duration of employment for male workers was extremely skewed; duration

ranged from a foruright to 11.5 years. The mean duration was 17 (957o CI: 16-18) monrhs,

and the median duration was 7 months. The inter-quartile range was 3 - 21 months. Only 5%

of the male cohoft were known to have worked at RH for over 6 years.

Distributions of duration of employment for RH workers are presented in frgure 4.2.4. plots

of duration of emplo5rment by exposure status at RH show very little difference between those

exposed and unexposed to Rn at RH.
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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, 447o of the study cohort (comprisin g 607o

of those traced) were known to be alive at the end of the study period. Those censored before

the end of the study included 247o who were censored at the time of their death.
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Table 4.2.52 End of Study Follow-Up

'a
Calendar

Year

Males Females Total Cohort

N CumVo N CumVo N Cum Vo

1951
1952
1953
1954
1955
1956
1957
1958
1959
1960
1961
1962
1963
L964
1965
1966
1967
1968
1969
r970
r97t
r972
r973
1974
r975
t976
r977
7978
r979
1980
1981
1982
1983
1984
1985
1986
1987

1

L2

94
56
95
73
62
73
89

100
t27
28
L4

10
11

23
18

16

24
26
11

22
23
38
28
22
29
20
29
28
28
34
37
26
33
22

t39

+
1,Vo

47o

77o

l07o
137o

l67o
197o

227o

26Vo

3tVo
327o

33Vo

33Vo

347o

34Vo

357o

36Vo

37Vo

387o

387o
397o
407o

427o

43Vo

44Vo

457o

457o

477o

487o

49Vo

507o

527o

53Vo

547o

557o
1007o

1

t2
94
57
98
75
62
74
9T

101
130
28
T4

10
11

23
L9

16

24
26
13

23
23
39
28
22
29
2t
29
28
29
34
37
26
34
23

170

+
lVo

47o

67o

7O7o

137o

I67o
L87o

22Vo

26Vo

3l7o
327o
337o

33Vo

337o

347o

357o

367o

377o

387o

387o

39Vo

407o

4L7o

427o

437o

447o

457o

467o

477o

49Vo

507o

5l7o
52Vo

547o

55Vo

l00Vo

1

3

2

1

2
1

3

2Vo

87o

LIVo

13Vo

lTVo
L9Vo

257o

| 27Vo

30Vo

32Vo

347o

L 36Vo

I 387o

4OVo

427o

7O07o 11

2
I

1

1

1

3t
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4.2.6 Duration of Follow-Up

Duration of follow-up ranged from a fortright to 39.8 ye¿ìrs. The mean duration of follow-up

was 19.6 years (95Vo CI: l9.L-20.1 years) - 19.5 years for men and 21.5 years for women.

The median duration of follow-up was 26.7 yeas - 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

(957o CI: t9.2 - 20.6) years and L9.0 (95Vo 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.

trlgure 42.6a: Cumulatiræ Fbeçency Distribution of
Duration of Follow-up
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Figure 42,6b2 Distrihrtion of Duration of Follow-up
(Fbr l\lales OnIy)
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4.3 Demographic Characteristics

4-3-l age at commencement of Employment at Radium Hill

The mean age of males at commencement of work in RH was 31 years (957o 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 195 1 .

Female members of the RH workforce cornmenced work at the mean age of 2g years

(standard deviation: 12 years). Ages at cortmencement for females ranged from 14 to 54

years; half the female work force commenced employment at RH by the age of 27 yeas

(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 Catendar Year

(For Males Only).

Note: N - Frequency; CI - Conf,rdence Interval; I-e - Inter-euar:tile

Year N Mean & 95Vo Cl Median

(years) (years)

5 34+9 36

3 33+9 29

35 32+4 27

80 34+3 29

233 33+l 30

245 33 +l 3t

279 31+1 29

453 30+1 28

226 30+ I 27

135 31+1 30

224 29 +t 2g

222 29 +t 26

253 30+ 1 Zg

\22 29 +L ZB

r48_

Range

(years)

I-Q Range

1948

1949

1950

1951

1,952

1953

1954

1955

1956

1957

1958

1959

1960

196r

1962

L9-42

28-43

20-60

t4-62

L6-63

15-59

L7-71

r6-63

15-60

L5-63

14-58

\4-62

14-58

L4-63

29-42

28-43

23-42

25-43

26-39

26-40

25-37

24-35

23-34

25-35

23-33

22-33

22-34

23-34

Overall 2516 31r 0.4 29 t4-7t 24-36
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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 (95Vo CI: 30.4 -

31.2) yeats, and 29 (95Vo CI 24.6 - 30.8) years for females. Half the male cohorr 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 4.3.22 Age at Termination of Work at RH - Males Only

Year N Mean &95Vo CI Median Range I-e Range

(years)* (years)* (year* (years)*

1951

1952

1953

t954

1955

1956

1957

1958

1959

1960

T96T

1962

1

37

336

224

353

236

161

201

234

290

415

34

59

35+ 4

34x I

33+ 1

31 + I

32+ |

33+ 2

32+ I

30+ 1

32+ I

32+ I

.59

29

32

31

29

29

30

30

28

30

3T

38

s9-59

22-63

18-60

19 -71

18-64

18-63

15-65

18-69

14-6r

t5-62

t4-64

17-65

59-59

26-43

27-4r

26-38

25-36

24-37

26-37

26-36

23-35

24-37

26-37

32-4839 4

Overall 2516 31.8 a 0.4# 30 t4 - 71 25 - 37

Note: * Rounded to the nearest integer
# Rounded to the nearest decimat place.
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4.3.3 Age of Population Emptoyed 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 andZ7.7 years for females.

Table 4.3.32 Age Distribution of working cohort at Radium Hitl

(For Males Onty).

Year N Mean Median Range I-Q Range

(years) (years) (years)

1948

t949

1950

1951

t952

1953

1954

1955

1956

1957

1958

1959

1960

t96t

1962

5

8

43

123

356

572

513

741

61,4

5t4

576

596

616

448

35

34

35

34

33

33

34

34

32

32

33

32

32

32

33

39

36

37

29

28

29

3L

30

29

29

30

30

30

30

31

36

18-43

19-44

20-6r

13-63

14-64

15-65

16-70

16-67

14-68

15-69

L4-69

t4-62

14-63

74-64

l6-64

30-42

29-43

22-44

24-43

25-40

26-40

25-39

24-37

24-37

25-36

25-35

24-36

24-36

26-36

3t-47

Overall 2516 32.7 30 t3-70 25-37
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4.4 Radium Hitl 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.Ib 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 refened 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 l37o 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 aÍe 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 yeaß of employment), and under-

ground Labourers and Pumpmen (315 person years of cumulative employment). Miners and.

Sinkers contributed 397o of the total person years of employment under-ground and 42Vo of
the cumulative exposure to Rn progeny experienced at RH; their average age was 34 yea¡5.

Underground Labourers and Pumpmen conttbuted. 2IVo of the total person years of
employment under-ground and 277o of the cumulative Rn progeny exposure experienced at

RH; they were aged 31 years, on an average.
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Job Description Cumulative Employment

(Years) 7o

Weighted

Mean Ag.*

Years

Code Category Duration Episodes

01 Motor Mechanic
02 Carpenter
03 Builder's Labourer
04 'Welder, 

Spec. V/elder
05 Fitter, Fitter & Turner
06 Fitter Operator
01 Electrical Fitter, Radio T/I\4an
08 Electrician, Linesman
09 Pipe Fitter
11 Plumber
12 Painter
13 Maintenance'Worker
15 Blacksmith,Metal'Worker
16 Blacksmith's Assistant
17 Sampler, Radiometric Tech.
18 Surface Sampler
19 Cook
20 Cook's Offsider, Mess Sup.
22 Owner Driver
23 Driver
24 DMT Driver
25 Grader, TractorÆIMV Driver
26 Bus Driver
27 Engine Driver
28 Barman
29 Storeman
30 Charge Storeman
3l Store Assistant
32 First Aid attendant
33 NightWatchman
34 Butcher
35 Camp Attendant
36 General Labourer, Handyman
37 Construction Worker
38 Crane Driver
39 Tradesman's Assistant

38
84
93
45

159
1

34
44
10

22
34

6
35

4
36
26
74
75

4
27
t6
26

7
30
t7
69
35

3

18

4
4
3

89
8

72

131

2Vo

47o

47o

ZVo

77o

+
27o

2Vo

+
l7o
2Vo

+
ZVo

+
27o

IVo

3Vo

3Vo

+
17o

lVo

IVo
+

I7o
77o

3Vo

2Vo

+
l7o

+
+
+

4Vo

+
lVo
67o

N

83
146
232

99
286

5

81

87

37
42
67
T4

58
10

103

r07
r54
191

9

39
66
20
51
3l

158

68

5

34
6

10

tl
343

37
29

340

38
38
40
JJ

34
48
^^JJ

34
35
42
39
4T

37
37

40
36
45
47
3I
35

37

35
38
42
45
44
45
54
4l
42
49
63
40
42
39
34

7r
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Table 4.4.laz Radium Hilt Job Categories Unexposed to Radon Progeny

Less than 17o

Duration Weighted Mean Age
Note: +

*
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(Years) Vo

41

46
27
30
2

10

t4
26

5

4t
7

36
73

18

4
32

5

8

20
17

+
6
7

Ĵ

3

2
1

2
5

2
26

401

ZVo

2Vo

7Vo

l7o
+
+

l7o
lVo

+
2Vo

+
2Vo

l7o
77o

+
I7o

+
+

l7o
IVo

+
+
+
+
+
+
+
+
+
+

l7o
1,8Vo

2t4
90

108
66

Years

35
36
3t
35

37
48
44
34
37
19

22
43
40
56
38
JJ
29
46
38
49
27
64
38

66
43
34
36
34
43
30
39
37

40
41

42
43
44
45
46

48
49
50
51
57
58
67

66
75
76
77
80

83
84

8l
89
90

92
93
97
98

Mill Sampler
Flotation Operator
Fitter Operator & Attendant
Heavy Media Operator
Bituminous Operator
Crusher Operator
Crusher Attendant
Ball Mitl Operator
Mill Labourer or Hand
Youth Labourer or Apprentice
Storeman Improver
Winding Engine Driver
Lamp Room Attendant
Change Room Attendant
V/ood Machinist
Braceman
Shop Assistant
Shift Foreman - Surface
Motor Lo.ry Driver
Machinist & Turner
Lamproom Electrical Finer
Tool Storeman
Diesel Fitter
Block Attendant
Brick Layer
Plant Operator
Magnetic Separator Operator
Canvas Worker
Rigger
Mullocker
Transferred to Mines Dept.
Inactive

Overall 2184 I00Vo 5291

73

47

27
34
89
40

712
16

77
24
3L

5

95
11

19

58
J3

1

t2
15

6
9

10

9
2

T2

9
a-
JJ

875

81

86

97

Code Category

Job Description Cumulative Weighted

Mean Ag"*Duration Episodes
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Table 4.4.laz Radium Hill Job Categories Unexposed to Radon Progeny (Continued)

Note: + Iæss than 17o* Dulation V/eighted Mean Age
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Table 4.4.Ib: Radium Hill Job Categories Exposed to Radon progeny

Note: + Less than lVo
* 

Duration V/eighted Mean Age

Code Category Duration Quantity Episodes Ag.*
(Years) Vo WLM 7o

20
7

44
581

83

315

l7o
+

3Vo

39Vo

67o

217o

IVo

27o

47o

3Vo

27o

37o

l7o
l7o
27o

2Vo

lVo

IVo

lVo
27o

27o

+
+
+

IVo

r29
4L

367
4462

360
2250

300
lt4
352
208
111

t76
124
32

125
94
47

310
232
273
384
60
22
2t

110

IVo

+
3Vo

427o

37o

277o

37o

IVo

37o

27o

17o

2Vo

IVo
+

1,Vo

l7o
+

3Vo

2Vo

3Vo

4Vo

1,7o

+
+

lVo

52
25

r39
1202
2r9

1365

39
63

r47
84
77

713
58
23
62
62
26

43
69
70
15

5

T7

18

Years

34
39
34
30
3I

39
30
35

30
32
35
37
38
28
48

50
48
36
47
34
JJ

46

10

74

52
53
54
55

U/G Pipe Fitter
Greaser
U/G Air Hoist Operator
Miner & Sinker
Trucker
U/G Mine Labourer,
Pumpman
Driller, Assistant
U/G Chainman
U/G Timberman
U/G Storeman
Loco Operator
Loader Operator
Plaünan
Skipman
Platelayer
U/G Sampler
U/G Sanitory Man
Snapman
U/G Shift Boss, Trainee
'Winchman

U/G Fitter
V/inch Driver
U/G Machinist
Scraper Operator
Mine Foreman

30

l4
30
65
47
28
4l
22
11

24
27
10
t9
20
24
29

J
2
4

11

56
59
60
62
63
64
65
67
68
69
70
77
72
73
74
78
79
85
88

35

3870

Overall 1480 l00Vo 10703 l00Vo 4063

Job Radon Progeny Exposure at Radium Hilt Mean
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4.4.2 Changes in Job CategorÍes 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 cornmon for male

workers with 527o working in more than one job category - this included 4gg (ZyEo), Zgz

(72Vo) and 1{0 (7Vo) 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. Oily 2lVo 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 oceurred as a means of limiting individual exposure to Rn. Surface workers had

fewer job changes than underground workers. Unexposed workers held,2jobs on an average

whilst exposed workers held 3 jobs.

4.4.3 Exposure to Radon Progeny at Radium Hilt

A total of 1,459 (597o) 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 2g.

on the whole, the average age at hire amongst the 1,062 ( lTo) unexposed workers was

higher than those who were exposed. Ages at hire for unexposed workers ranged from 14 to

63 years and averaged32 years (standard deviation: 10 years); median age at hire was 30

years.
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Compared to those unexposed, exposed workers had a longer duration of employment. The

duration of employment amongst the unexposed workers ranged from a formight 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 beittg employed for 3

months or less; only one quarter of the unexposed male population was employed for periods

above 19 months (inter quafiile range 3 - L9 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-e range 3-24 months.

The mean duration of exposure to Rn progeny at RH was 12 months. Duration of exposure

for individuals va¡ied 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 \ilLM; individual cumulative

exposures ranged from 0.06 - 111.59 WLM and the inter-quarrile range was 1.0 to 8.0 U/LM.

The average concentration of Rn progeny exposure experienced at RH was 0.g3 WL;

individual exposure concentrations ranged from 0.14 to 2.L4 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 figures 4.4.3a and,4.4.3b.
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Flgure 4.43a: Distribution of Cr¡mulatire Duration of kposure
(Males OnIy)
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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 specifrc queries on

exposure to radioactive material and asbestos. In marìy of the self administered

questionnaires, these questions were either left blank or somerwhat incomplete. For the

purposes of this work, all responses were broadly classifred 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

a¡e summarized tn tables 4.5a-f. Questions on other occupational exposure to radioactive

materials included specific queries on exposures prior to (table 4.5a) and following (tabte 4.5b)

employment at Radium Hill. These questions were combined to form a new composite

variable on any other occupational exposure to radioactive material (tabte 4.5c). euestions

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 4.5Ð. Finatly the two composite

variables on other occupational exposure to radioactive material and any asbestos exposure

were combined to create a new variable representin g any other relevant occupational

exposure (table a.5Ð.

A total of 169 cohort members - constituting l2Vo of the respondents to this query - had

worked with radioactive material other than at RH (table 4.5c);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 Hilt

Prior Radon Progeny Exposure at Radium Hilt

Exposure Unexposed Exposed

36 47o

830 96Vo

830 l00Vo

Total

Yes

No

Total

2t

516

537

47o

967o

l00Vo

57

1346

L403

(47o)

(967o)

l00Vo

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

Subsequent

Exposure

Yes

No

Total

Radon Progeny Exposure at Radium Hill

Unexposed Exposed Total

57

425

482

l27o

88Vo

l00Vo

7T

628

699

lOTo

90Vo

l00Vo

r28

1053

1181

l77o

89Vo

l00Vo

Table 4.5c: Any Occupational Exposure to Radiation Apart From Radium Hilt

Any Other

Exposure

Radon Progeny Exposure at Radium Hill

Unexposed Exposed Total

Yes

No

Total

68

470

538

t37o

877o

l00Vo

101

765

866

l2Vo

88Vo

l00Vo

769

r235

1404

l27o

887o

l00Vo
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Asbestos

Exposure

Exposure to Radon Progeny at Radium Hill

Unexposed Exposed Total

Yes

No

Total

24 5Vo

957o

l00Vo

100

644

744

13Vo

877o

I00Vo

t24

1 108

1181

1ïVo

907o

l00Vo

464

488
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Table 4.5d: Occupat¡onal Exposure to Asbestos Mining or Mitling

Table 4.5e: Other Occupational Exposure to Asbestos

Table 4.5f: Any Occupational Exposure to Asbestos
(Mining, Milting and Other Asbestos)

Asbestos

Exposure

Exposure to Radon Progeny at Radium Hill

Unexposed

38 l37o

258 877o

296 100Vo

Exposed Total

Yes

No

Total

96

441

537

lSVo

827o

l00Vo

t34

699

833

I67o

84Vo

100Vo

Asbestos

Exposure

Exposure to Radon Progen-y at Radium Hilt

Unexposed Exposed Total

Yes

No

Total

42 97o

97Vo

l00Vo

r22

622

744

I6Vo

84Vo

l00Vo

r64

1068

1232

L37o

877o

l00Vo

446

488

rr/8/93 4:35 PM 138 Arul



Chapter 4: Descriptive Epidemiology

Table 4.5g: Any Relevant Occupational Exposure Other Than at Radium Hill
(Radioactive Material or Asbestos)

Other to Radon at Radium Hilr

Exposure Unexposed

Yes LOZ LgVo

No 437 8L7o

Total 488 lÙOVo

Exposed Total

205

655

870

247o

76Vo

l00Vo

307

1102

t409

22Vo

78Vo

l00Vo

Some occupational exposure to asbestos was reported by 164 individuals who constituted

l37o of the respondents to this question (table 4.5Ð. A total of 124 individuals reported

having worked in asbestos mining or milling and 134 reported other occupational exposure to

asbestos, respectively constituting l07o and 167o 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 rhat

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

227o of the respondents to the questionnaire survey component on other relevant occupational

exposure. The prevalence of other relevant occupational exposures was higher zmongst those

who had been exposed to Rn progeny at RH (247o atnongst those exposed versus 19Zo

amongst those unexposed).
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4.6 Other Relevant Exposures: Smoking

Some information on smoking habits was obtained for 1,320 (527o) males and 42 (79Vo)

females. Those who ever smoked - ever smokers - comprised I,t21 (857o) of the males and

25 (607o) of the females.

Amongst male cohort members some smoking information was available on 547o (787 out of

I,457) of those exposed and 507o (533 out of 1,062) of those unexposed. Sixty-one percent

of the smokers were exposed to some Rn (679 out of I,IZI).

The prevalence of smoking amongst the RH cohort is summarized,tn table 4.6a according to

Rn progeny exposure status at RH. The prevalence of smokers was 86Vo amongst those ever

exposed to Rn progeny at RH and 837o amongst those never exposed to Rn progeny at RH.

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

Table 4.6a: Prevalence of Smoking By Exposure to Radon at Radium HiII
(For Males only; Exctuding workers with Missing rnformation)

Ever

Smoker

Radon Progeny Exposure at Radium Hilt
Unexposed Exposed Total

Yes 442

(837o)

91

(r7Vo)

679

(867o)

108

II2T
(85Vo)

199No

I47o) 15Vo)

Total 533

(10O7o)

787

(t00Eo)

1320

(tooEo)

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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Smokin Characteristic Radon

U

19+1
186

37 +2
188

24 +2
185

18 +2
183

19+1
t84

25 +2
184

21 +2
185

15 +2
183

30+3
59

26+4
29

27 +4
27

7.75 + O.4
74

18 + 0.5
324

36+1
328

23+L
323

18+1
317

19+I
249

26 +2
249

22+2
246

18 +2
246

27 +2
77

27 +3
39

29+3
18

2+0.3
36

at Radium Hitl

Ail

18 + 0.5
510

37 +l
516

24+l
508

17 +2
500

19 + 0.5
433

26+I
433

22+l
431

17 +1
429

28 +2
t36

27 +3
68

28 +2
45

1.9 '¡ 0.3
50

Current Cigarette Smokers:

Age Started Smoking Mean + 1.96SE
N

Duration Smoked Regularly Mean + 1.96SE
N

Average Quantity Smoked lDay Mean + 1.96SE
(Currently) N

Average Quantity Smoked /Day Mean + 1.96SE
(At Radium Hill) N

Ex-Cigarette Smokers:

Age Started Smoking Mean + 1.96SE
N

Duration Smoked Regularly Mean + 1.96SE
N

Average Quantity Smoked /Day Mean + 1.96SE
N

Average Quantity Smoked /Day Mean + l.96SE
(At Radium Hill) N

Other Tobacco Products:

Cigars:

Age Started Smoking Mean + 1.96SE
N

Pipes:
Age Started Smoking Mean + 1.96SE

N

Estimated Quantity Smoked:
(Obtained from Proxy Sources)

Cigarettes Mean + 1.96SE
N

Perth Chest Ctinic Estimates:
Ounces / Week Mean + 1.96SE

N

Chapter 4: Descriptive Epidemiology

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

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. Cunent 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 conìmenced smoking a¡ound the ages of 18 or 19. Overall, the majority of users

and ex-users of tobacco products (approxim ately , 64Vo of the cunent smokers and, 58Vo of the

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

Respondents to the questionnaire survey also included 136 cigar smokers and 68 pþ smokers

who were older when commencing smoking pþs or cigars than cigarette smokers. The

prevalence of individuals ever smoking cigars was 67o overall, 3Vo útnng employment at RH

and 27o at the time of the questionnaire survey; the prevalence of individuals ever smoking

pipes was I37o overall,2%o dunng employment at RH and2%o at the time of the survey (table

4.6c). Approximately 59Vo 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.

'a
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Table 4.6c: Prevalence of Other Smoking
(Men Onty)

-a

Smoking Characteristic Radon Progeny Exposure at Radium Hilt
Unexposed Exposed Total

Cigars:

Ever Yes

No

Total

30

448

478

43

648

691

73

1096

tt69

(67o)

At RH Yes

No

Total

11

456

467

8

455

463

20

663

683

t3
669

682

3L

1119

1150

(3Vo)

Current Yes

No

Total

2L

lt24
tL45

(27o)

Pipes:

Ever Yes

No

Total

65

4t4
479

83

608

691

148

ro22

tt70

(13Vo)

At RH Yes

No

Total

11

458

469

11

458

469

t4
666

680

9

670

679

25

tt24
tt49

(2Vo)

Current Yes

No

Total

20

tr28
1148

(27o)
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4.7 Mortality Profïle

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 summa¡izad, n table 4.7a. Circulatory

disorders comprised the leading cause of death (447o) âmongst male cohort memben.

Malignant neoplasms were the second leading cause of death among males (22Vo) and the

leading cause of death amongst females (45Vo). Of the deaths due to malignant neoplasms, 54

were attributed to lung cancer; lung cancer deaths comprised 97o of all deaths and 43Vo of the

malignant neoplasms amongst male cohort members. The average age at death was 58 years

for males dyt"g of all causes and 61 years for males dyrng from matignant neoplasrns or

circulatory disorders.

Table 4.7a: underlying cause of Death Amongst Radium Hill workers

Underl-ying Cause of Death Men Women Total

N Vo Mean Age N Vo N Vo

Malignant neoplasms

Circulatory disorders

Respiratory conditions

Injuries & poisoning

Other causes

AII

127

264

45

95

75

606

2L7o

44Vo

77o

I67o

727o

l00Vo

61

61

65

45

58

58

4

2

2

1

9

45Vo

22Vo

131

266

45

97

76

615

2L7o

43Vo

77o

l67o

13Vo

1007o

22Vo

I7o

100

Tabulations of underþing cause of death for males by their sratus of exposure to Rn progeny

at RH (table 4.7b) showed a slightly higher proportion of malignanr neoplasms âmongst 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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Exposure to Radon Progeny at Radium Hill

Underl.ying Cause of Death U Exposed

N Vo Mean Age N Vo Mean Age

Malignant neoplasms

Circulatory disorders

Respiratory conditions

Injuries & poisoning

Other causes

AII

55

130

26

34

34

279

207o

477o

97o

l27o

727o

l00Vo

63

67

64

48

58

60

72

134

t9

6L

4T

327

227o

417o

67o

L97o

l2%o

l00Vo

60

60

65

43

59

57

Chapter 4: Descriptive Epidemiology

Table 4.7b: Underlying Cause of Death Amongst Males By Radon Progeny Exposure

Data on smoking characteristics were available for 228 deceased male cohort memben of

whom only L4 (67o)had never smoked tobacco products. The proportion of smokers dying of

malignant neoplasms (24Vo) was higher than the overall proportion of males dying from

malignant neoplasms (217o). These findings are summarized,intable 4.7c.

Table 4.7c: underlying cause of Death Amongst Males By smoking status

t

Under Cause of Death

Malignant neoplasms

Circulatory disorders

Respiratory conditions

Ljuries & poisoning

Other causes

Ail

Smoker Non Smoker

NVo Mean Age N Vo Mean Age

52

90

2T

23

28

214

2

7

1

4

14

64

63

35

54

60

247o 63

427o 63

107o 66

ll%o 45

13o/o 64

l00Vo 6l

I47o

507o

7Vo

29Vo

l00Vo
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4.8 Summary of Basic Demographic Characteristics of the
Radium Hitl Study Cohort

Basic demographic characteristics of the RH study cohort are summarizedtntable 4.8.1.

Table 4.8: Demographic Profile of Male Cohort

Note: w Person-Year V/eighted Mean

Characteristic ALL Trace Statr¡s Status

Untraced Traced Unexposed

Mean Year of Birth rezs 1927 1924 t923 1926

Mean Age at:

Start of Employment (Years)

End of Employment (Years)

End of Follow-up (Years)

3L

32

50

30 3r

33

58

32 30

3T

50

3r 34

51

Mean Duration of:

Employment (Months)

Exposure (Months)

Follow-up (Years)

T7

7

19.5

L2 t9

8

26.3

16 t9

12

20

5

1 L9

Mean Rn Exposure:

Mean (!VI-M) 4.2 3.0 4.7 7.3
(7.t¡w

Intensity (WL) 0.83 0.79 0.84 0.83
(o.ss)w
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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.

a

a

a

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.

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 frndings from this chapter include:

The highest cumulative exposures to Rn progeny experienced in RH (607o), 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 cornmon at RH; the

average numbers of jobs worked in were 3 for under-ground workers and. 2 for surface

workers.

a
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Chapter 4: Descriptive Epidemiology

Fifty nine percent of the male worldorce at RH experienced some exposure to Rn progeny

at RH. Approximately gOVo 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,

72Vo reporÍed occupational exposed to radioactive material other than at RH, and 13Zo

reported occupational exposure to asbestos. Overall, 3O7 of the respon dents (227o) had.

experienced some occupational exposure - radioactive material anüor 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 g3Vo

amongst surface workers and 86Vo ÍImongst 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 ar 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 disord.ers 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 9Vo of all deaths and

437o of the deaths from malignant neoplasms. The proportion of deaths from malignant

neoplasms was slightly higher ¿Lmongst those who had been exposed to Rn progeny at RH

(22Vo) compared to surface workers at RH (207o). The proportion of deaths from

malignant neoplasms was observed to be higher (247o) amongst workers who had smoked

sometime during their [ves, compared to the 2IVo obsewed. amongst all deceased ma]es.

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 ¿ìmongst surface workers at RH.
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5. Identifîcation 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 anal¡ical findings presented in this chapter are based only on the male cohort of RH

workers. The cohort analysed comprised 2,5L6 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 Øcposure 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 biotogical outcome being studied. This implies rhat 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 pefiaining to a five year lag period.

This choice of five year lagged exposures is made on the assumption that "increments ín

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 categonzation was performed in two stages. Firstly, workers were broadly

classified as those unexposed and exposed to relevanf 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, LO<-20, 2O<-4O WML. The choice of exposure categories could either have

been arbitrary or been based on biological plausibitity and sratisrical sensibility. Exposure

categonzation 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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5.2.2 construction of analyses Dataset: PYRS and Event Tables

All analyses presented in this chapter are based on person years at risk fPYRS) 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. Variabtes 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

categonzation of the cumulative exposure va¡iable.

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 approprtate 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 øbulating 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 c/ass 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 specifrc models used to estimate risk, after identifþg and controlling for confounders.

Relevant epidemiological background underlying the concept of confounding and methods of

identifying and controlling confounding are summarized,tn appendix c.

Risk estimation was based on relative nsft (RR) models defined below (models 1 - 3). Unless

otherwise specified, multiplicative logJinear models (modet 1) were used for RR evaluation

when exposure was treated as a categorical variable. Variations in excess relatíve 4sl< (ERR)

were modelled using the linear additive Øccess relative risk model (model 2) arñ,a time-since-

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

Muttiplicative Log-Linear RR Models: RR = ,þn (1)

where, w - is a measure of Rn progeny exposure

p - measures the RR of exposure

Linear Additive ERR Models: RR = [1 + þw] e)
Time-since-Exposure Model: RR = [1 +þp5"5 + þ2w6J (3)

where, p - measures the ERR/WLM

w5-15 - measures Rn progeny exposures accumulated 5-15 years previously

w15- - 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 esrimates (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 anal¡ical methods of increasing degrees of complexity.

A crude estimate of mortality were first obtained for the enti¡e 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 potenrial

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 adjusünent for confounders.

Internal adjustrnent for confounders was performed using the simplest Poisson regression

models in EPICURE, based on PYRS denominators with the confounders beiog 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 adjusrnent for confounders was followed by methods of external adjustrnent for

confounders. External adjustnent for confounders was based on standardization techniques

using the Australian National Population as the source of external reference.
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Standardized analyses \ryere 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 estimares 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 liketihood 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 pro$amming 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

(modet 2). Effects of departures from linearity were tested by comparison with models with

non-linearity patameters. Unless otherwise specihed, categorical modelling was based on log-

linear models.

The basic concepts underlying methods of stratification, standardization and statistical

modelling are summarizedn 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 2,521males in the study population, 606 were known to have died by the end of

1987. These deaths included 54 lung cancer deaths which comprised 9Vo of all deaths and

437o 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 cohoft was I,Og7 per 106 person-

years-at-risk which lay within a957o 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 relatíve rust (ERR) of lung cancer mortality per unit exposgre 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 gTo

per 'WML 
exposure was estimated within a 957o CI of O.02Vo - I6Vo per WML. This crude

estimate of ERR per WML implied a doubling of risk ar a expos¡r e of 12.5 WML.

'When exposure was modelled as a log linear function of lung cancer mortality the ERR

increased by 3.7Vo per WML within a 95Vo CI of 2.27o - 5.3Vo. The effect of exposure was

found to be signifrcant 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 signifrcant 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 signiflcant effect on crude lung cancer

mortality at the IOVo level of significance Qt = O.O942). 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

NOTE: * PYRS V/eighted; & rounded to the nearesr integer;
# Per 10o PYRS; @ rounded to the nearest decimal
LR test for Exposure Effect:
LR Statistic = 0.801; DF = l; p = 0.0942

The crude mortality rate amongst those unexposed was 858 (957o CI 565 - l,3OZ) per 106

person years at risk, and 1358 (957o CI 960 - I,979) 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 signifrcantly different from a RR of 1; the 95Vo conftdence interval for the crude RR was

O.92 - 2.72. The person-year weighted mean exposure amongst those exposed was 7.69

WML.

ExPoSURE

GNoup MEAN

(*)

PYRS Casps R¡.rn 95Vo Cf

(Fon Rlrn)

RR 95Vo CI

(Fon RR)

& (@) @)

Overall 3.68 4924t 54 ro97 840 _t432

Unexposed

Exposed

0.00

7.69

25657

23584

22

32

858

1358

565 - 1302

960 -1919

1 Fixed

1.59 .92 - 2.72
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Estimates of crude lung cancer mortality rates and risk by further categoizations 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 Mortatity by Exposure categories

NOTE: * PYRS Weighted; & rounded to the nea_rest integer;
# Per 106 PYRS; @ round.ed to the nearesr decimal
Test for Homogeneity of Stratum Specifrc Exposure Effects:
LRT Statistic 17.73; DF = 5; p = 0.0033

Exposunp

Gnoup Mn¡,N

(*)

PYRS CIsns RIrn

(t

95Vo Cl

(Fon Rlrn)

(#)

RR 95Vo CI

(Fon RR)

(@) (@)) (#)

565 - 1302

882 - 3526

387 - 1335

6t0 - 4327

7296 - 642r

2575 - 18280

0

0<-1

1<-10

10<-20

20<-40

>40

0.00

0.59

3.84

13.94

27.53

57.46

25657

4537

13921

2463

2080

583

858

1763

7t8

r624

2885

6861

22

8

10

4

6

4

1

2.1

0.84

1.90

3.36

8.00

0.9 - 4.6

0.4 - 1.8

0.7 - 5.5

t.4 - 8.3

2.8 - 23.2
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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 Mortatity

*PYRS Weighted; @ nearesr integer approx.; # per 106 pyRS;
Ì¿2Testfor Homogeneity: LR Statistic = L15.7; DF = 15; p = 0.0000

NOTE:

Acn
Gnoup

<15

75 -<20

20 -<25

25 -<30

30 -< 35

35 -< 40

40 -<45

45 -< 50

50 -< 55

55 -< 60

60 -< 65

65 -<70

70 -<75

75 -< 80

80 -< 85

>85

MpnN PYRS C¡,sps R¡.re
Acp
(*) (@) (#)

I4.O 10

17.6 256

22.6 t69r

27.2 3920

32.t 5588

37.O 66t3

42.0 7105 1, t4I

47.0 7218 6 831

51.9 6433 7 1088

56.8 4859 6 1,235

6r.7 2872 15 5223

66.7 1589 10 6716

7r.7 737 8 10853

76.6 318 1 3148

81.5 109

86.6 24

95Vo CI
(Fon R¡,rn)

95Vo Cl
(Fon RR)

(@)

RR

(@)

20 -999

374 - 1850

5r9 - 2283

555 - 2749

3149 - 8664

3614 - 12480

5428 - 21700

444 - 22350

Fixed

2-r33

3-t7l
3-198

13 -763

r7 - t0r3

26 - 1676

4-972

1

16

2T

24

101

130

210

61
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Yn¡.n MEIN PYRS

Ynrn
(*)

C¡,sps Rlrp 95Vo CI
(Fon RlrB)

6t - 979

60 - 954

340 - 1686

1031 - 3059

1245 - 3550

1792 - 4637

95Vo Cl
(Fon RR)

(#)

Fixed

.4 - 18.8

1.7 - 4r.7

4.5 - 87.4

5.3 - 102.7

7.4 - 138.5

RR

(#)

t948 - 1952

1953 - 1957

t958 - 1962

1963 - 1967

1968 - 1972

19 73 - 1,977

1978 - t982
1983 - t987

1951.6

1955.5

1960.1

1965.0

1970.0

r975.O

1980.0

1985.0

365

4527

8170

8382

7924

73r8
6659

5897

2

2

6

3

4

7

1

I
1

245

239

757

t776

21,02

2883

1

2.7

8.4

19.1

23.3

32.0
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Table 5.4b: Calendar Year Speciflrc Lung Cancer Mortality

NOTE: * - PYRS lVeighted; # - Per 106 pyRS
y2Testfor Homogeneity: Deviance = 47.08: DF = 7i 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 surogate 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).

a
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5.5 Internat Adjustment for Confounders

5.5.L 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 adjusnnent 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 8.07o for each increasing WML of exposure. After controlling

for the background effect of age only, the estimated increase in ERR was 4.BVo per WML.

When controlled for the background effect of calendar year alone, the increase in excess RR

per WML was estimated as 5.37o. After controlling for the confounding effects of both, age

and calendar yea.r, the excess RR was seen to increase by 4.3Vo per WML. Likelihood ratio

bounds (LRB) (table 5.5.1) confrmed 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 rncrease in Excess RR per wML of Exposure

Enrecr ERR/WLM 957o LRB LRT
P.VALIJE

SconnTnsr
P-VALUE(vo ) (Vo )

Crude

Age Adjusted

Calendar Year Adjusted

Age and Cal. Yea¡ Adjusted

8.04

4.78

5.30

4.34

2.4 - r8.2

0.9 - 11.9

r.L - 12.9

0.7 - 11.1

0.0004

0.0064

0.0041

0.0102

0.0000

0.0003

0.0000

0.0007

Risk evaluation based on a log-linear model showed that the ERR of lung cancer mortality

increased exponential by 2.6Vo with each increasing WLM after controlling for the

confounding effects of attained age and calendar year.

a
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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 adjusünent for confounders based on dichotomous classification of exposure

are presented in table 5.5.2.

Table 5.5.2: RR of Lung cancer Mortatity From Radon Exposure

After fnternal Adjustment for Confounders

Ennpcr RR OF

Exposunn

95Vo CI

FOR RR

LRT

P.VALIJE

Crude

Age Adjusted

Calendar Year Adjusted

Age and Cal. Year Adjusted

1.58

1.36

L.O4

t.25

092 - 2.72

0.79 - 2.34

0.60 - 1.80

0.72 - 2.16

0.0942

0.2661

0.8856

o.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 signifrcant. 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 benveen 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 conrolled 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

1

(Fixed)

2.06

(0.02 - 4.62)

0.84

(0.40 - 1.77)

1.89

(0.6s - s.50)

3.36

(1.36 - 8.30)

8.00

(2.76 - 23.22)

1

(Fixed)

1.95

(0.87 - 4.40))

o.73

(0.3s - l.ss)

1.59

(o.ss - 4.62)

2.34

(0.9s - s.78)

4.87

(1.68 - 14.13)

1

(Fixed)

r.33

(0.5e - 3.00)

0.55

(0.26 - r.L7)

t.27

(0.44 - 3.7O)

2.t6
(0.87 - s.33)

5.47

(1.88 - 1s.88)

1

(Fixed)

r.75

(0.77 - 3.e7)

0.66

(0.31 - 1.40)

1.56

(0.s3 - 4.s6)

2.09

(0.84 - 5.18)

4.38

(1.46 - 13.16)

0<-1

1<-10

10<-20

0

20<-40

>40

(95Vo CDcÐ (95vo

Exposunn

CarBcony
IN

WMLs

Cnurn
UNanJusrpn

RR
(957o CI)

Acn & C.lr. Yeln
Anrusrpn

RR
(95Vo CI)

Acp

Artusrpn
RR

C¡¡,. Yn¡,n

Antusrpo
RR

0.0106 0.03360.0246LRT P.YALUE O.OO33
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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

exposnre. These periods of elapsed time were termed 'time since exposure' (TSE) and the

constructions,'lime 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

sp¿ìrseness 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 frndings. Other classifications explored included two

separate categorizations of three TSE windows: 5-10, 10-15 and 15 years or more; and 5-15,

L5-25 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

(model3) are summarized in table 5.5.4.

Table 5.5.4: Percentage rncrease in ERR/WLM Based on TSE windows

Enracr Evlr,unrpn :

TSE WINDOWS
ERR/WLM 95Vo LR

Bouxos
Sconn Tpsr

P.VALUEVo

5-15 years

15 years or more

8.5

3.9

0.0-#
0.3 - 10.0

0.1096

0.0015

NOTE: # - No feasible likelihood rario 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

¡wice as high (8.5Vo) for exposures sustained betrveen 5-15 years previously when compared,

with the ERR (3.97o) for exposures experienced 15 years or more in the past. Though recenr

exposures indicated gleater 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 resulred in a LR

statistic of 6.842 on 2 degrees of freedom which implied a highly signifrcant effect of exposure

expressed under TSE windows of 5-15 years and 15 years or more (p = O.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 RWWLM obtained from log_

linear modelling were 1.033 (957o CI: 0.9778 - 1.092) and 1.025 (957o CI: 1.00g - t.O4Z)

respectively in the two TSE windows, which corresponded to estimates of ERR/WLM of

3.3Vo arñ 2.5Vo. 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 \ilas 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 frtted 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 Externat 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 adjusünent 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

flve 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 mtes 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.
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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 specifrc estimates.

Table 5.6a: Age Specific SMRs for Lung Cancer Mortality

AGE

Gnoup

EveNrs

(Ons)

ANNUALWnrcrrrs 5 Yenn Gnoupnn WnrcHrs
Exp SMR 95Vo CÍ E>rp SMR 95Vo CI

>15

L5-<20

20-<25

25-<30

30-<35

35-<40

40-<45

45-<50

50-<55

55-<60

60-<65

65-<70

70-<75

75-<80

80-<85

>85

0

0

0

0

0

0

1

6

7

6

15

10

8

1

0

0

0.00

0.00

0.01

0.00

0.08

0.22

0.72

2.20

4.19

6.t4
5.93

4.48

2.99

1.56

0.54

0.11

0.00

0.00

0.0 1

10.0

0.08

0.22

0.75

2.r3

4.16

5.95

5.88

4.52

2.96

1.56

0.53

0.11

r.39

2.73

r.67

0.98

2.53

2.3r

2.68

0.64

0.20 - 9.87

1.23 - 6.07

0.80 - 3.51

o.44 - 2.17

1.53 - 4.20

7.20 - 4.15

t.34 - 5.35

0.09 - 4.56

r.34

2.8r

1.68

1.01

2.55

2.2r

2.71

0.&

0.19 - 9.50

r.26 - 6.26

0.80 - 3.53

0.45 - 2.24

r.54 - 4.23

t.tg - 4.r2

1.35 - 5.41

0.09 - 4.55

Total 54 29.17 1.85 r.42 - 2.42 28.86 1.87 1.43 - 2.44

Note: All figures rounded to nearest second decimal.
Homogeneity Test for Age Specifrc SMRs:-
Based on Annual Weights: LRT Statisric = 11.gg DF
Based on 5-year Grouped V/eights: LRT Statistic = 11.75 DF

='1,4 p
=I4 p

= 0.6158

= 0.6264
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Clr,n¡mln
Yn.ln

Evsxrs
(ons)

Axxu¿,r-WErcHTs 5 YBan Gnouppn Wprcurs
ExP SMR 95Vo CI Exp SMR gSVo Cl

1948-1952

1953-t957

1958-1962

1963-1967

1968-r972

t973-r977

r978-1982

1983-1987

Overall

0

0

2

2

6

t3
t4
t7

54

0.05

0.49

t.o7

2.t4
3.68

5.44

7.37

8.93

L.87

0.93

r.63

2.39

1.90

1.90

1.85

0.05

o.49

1.r2

2.r7

3.66

5.35

7.38

8.65

r.79

0.92

1..64

2.43

1.90

1.97

o.47 - 7.47

o.23 - 3.73

o.73 - 3.63

1.39 - 4.t2
t.Iz - 3.21

1.18 - 3.06

L.42 - 2.42

o.45 - 7.r5
0.23 - 3.68

o.74 - 3.65

l.4t - 4.19

L.Lz - 3.21

1.22 - 3.16

1.87 1.43 - 2.44

Chapter 5: Confounding

Table 5.6b: Calendar Year Specific SMRs for Lung Cancer Mortality

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 = 03l.01
Based on 5 year grouped weights: LRT Statistic 4.268 DF = 7 p = 0.74g4

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 confrrmed 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 a¡e

summarized in table 5.6c, 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

85Vo was observed in the overall rate of lung cancer mortality amongst the RH cohort (SMR

= 1.85); this excess was statistically significant at the 5Vo tevel (95Vo 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.O9); however, though the risk was 327o gïeater

in those exposed this increase was not statistically significant (RR = L32;957o CI:0.08-2.3).

Estimates of SMRs and RR obtained by more detailed exposure categories (table 5.6c)

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

Results of resting for Homogeneity of Exposure-speciflrc Risk Estimates:
Based on Annual Weights:- Dichotomous Categories: LRT X2 = 1.01; DF = 1; p = 0.3130

Multiple Categories: LRT X2 = 12.83; DF = 5; p = O.0250
Based on 5-Year'Weights:- Dichotomous Categories: LRT X2 = 7.Og; DF = 1; p = 0.2997

Multiple Categories: LRt 1z = 12.j4; DF = 5; p = 0.0260

Exposunn

Gnoup SMR 95Vo CI RR 95Vo Cl SMR gSVo CI RR 95Vo CI

Overall

Unexposed

Exposed

0

0<-1

1<-10

IO<-20

20<-40

>40

7.4-2.4

1.0-2.4

1.5-3.0

r.o-2.4

1.5-6.1

0.6-2.r

0.9-6.6

r.7-8.2

2.8-19.6

Fixed

0.8-2.3

Fixed

0.9 - 4.3

0.3 - 1.5

0.5 - 4.5

0.9 - 5.8

1.6 - 13.5

1.4-2.4

1.2-2.4

1.5-3.0

1.t-2.4

r.5-6.2

o.6-2.1

0.9-6.7

1.7-8.3

2.7-t9.5

Fixed

0.8-2.3

Fixed

0.9 - 4.4

0.3 - 1.5

0.5 - 4.6

0.9 - 5.8

t.6 - t3.3

1.85

1.59

2.O9

1.59

3.04

1.13

2.46

3.70

7.37

1

1.32

1

r.92

0.71

1.55

2.33

4.65

r.87

1.60

2.t2

1.60

3.10

r.t4
2.50

3.73

7.30

1

1.33

1

t.9

0.7

t.6
2.3

4.6

Anm;rr- WprcHrs 5 Yp¡,n GRouppn Wnrcnrs
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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 virnre of the differences in age distributions between the study and reference

cohorts. Directly standardized rates @SRs) therefore answer the question: what would, the

mortaliry rarc be if the study population hnd 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

national 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-

specifrc relative frequencies for the Australian national population, obtained from the 19g6

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 \vas also explored. Computation of

DSRs then proceeded using the formulae given in section 5.7.1.
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5.7.1 Computation of Direct Standardized Measures

I. Nomenclature

Symbols

E

Var

ln

Notation:

Legend

Distributed

Expectation

Va¡iance

Natural Logarithm

i th age-group

Variable

Number of stratum specific deaths:

Number of stratum specific PYRS

Stratum specifrc death rate

Total number of deaths

Total number of PYRS

Overall crude death rate

Stratum Specific Weights

Target Poputation Reference Poputation

ri

ni

p¡=r¡/n¡

lqi= Q - p¡)l

, =zr,
ì

n =lrn,

Pc=rln

R¡

N¡

Pi=Ri/Ni

lei=(1 _pÐl

, =+r,

"=ì",
Pc=R/N

wi=Ni/N
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tr. Direct Standardization Measures

The Direct Standardized Rate:

DSR = po=2l'/Ø,0,

Var(P ) =2W,'(p,e, / n¡) If N¡is known without error;

SE(PD¡ =,tVarçPr)

The Comparative Mortality Figure:

cMF ="1"=
\w¡Pt

W,P,

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 rnay brg obtained. directly from the

standard error of its numerator.

Thus,

sE(cMF) = SE(Pù/Pc

Statistical Significance:

Once a DSR has been computed for a target population it is necessary to confrm its

significance i.e., to test that any difference observed between the target and the standard

populations may not tle attributed to chance alone. The statistical significance of the DSR can

be tested under the assumption that the DSR is distributed normally, with anZ-test.

95Vo Confidence Interval for DSR: pDt I.96 SE(7D)
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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

signifrcance requiring an assumption of normality, be based on a log transþrmation of the

CMF. The log ffansþrmartonhelps 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(/nCMF¡ = SE(CMÐ/CMF

= ISE(Pù / pcl I (pD I pc)

= SE(pù /pD

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

Test statistic for CMF: /nCMF I SE(lnClvfF) -N(0,1)

Direct Standardized Rate Ratios:

The ratio of two similarly standardized DSRs provides an estimate of relative risk be¡çrreen 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(CNIF¡/CW¿) = lnClvIpt - lnClvlpB

SEln(ClvlF ¡/CMF.B) = SE(lnClvIFt - lnClvlF e)

= lVar( lnClvlF ¡) + V ar (l nCÌtvIF r¡lr 2

Te st s tati s ti c : ll n( ClvlF ¡/CMIB ) / S E I n( CtvtF ¡/ CMF.B ) I - ¡(0, I )
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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

lates 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 5.7.22 Directly standardized Estimates of Lung cancer Mortality

Exposunn DSR*

(UNrnuNcATED

RnrrnnNcE PoPN.)

DSR*

(rnuNcnrnn
RprsneNcE PopN.)

RR Esrrvr¡,rn
(BEsm oN CMF

Rarros)
C.rrpcony R¡,rn 95Vo CI R¡,rr gSVo CI RR gSVo Cl

Overall 955 66t-1249 1252 866-1638

Unexposed

Exposed

O }VML
0<-1 wML
1<-10 WML
10<-20 wML
20<-40 \vML
>40 }VML

423-1149

655-r665

423-t149

273-208t

t49-t432

-30-1635

246-5066

127-7743

556-1506

859-2183

556.1506

359-2729

195-1879

-50-2r43

322-6640

1,67-t0149

Fixed

0.78-2.78

Fixed

0.6r-3.67

o.40-2.56

0.32-3.r9

t.22-9.34

7.7r-t4.6t

786

1160

786

7t77

790

798

2656

3935

1031

752r

1031

1544

1036

to46

348r

5158

1

1.48

1

1.50

1.01

1.01

3.38

5.00

NOTE: * 
Rares 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 r,252per 106 pyRS (95vo cr: g66 - 163g).
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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 (957o CI: 859 - 2,183) per 106 PYRS for those exposed, and 1,031

(95Vo 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 106 PYRS.

Estimates of rate ratios obtained using the Comparative Mortality Figure (CMF) showed a

48Vo 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 5Vo level (957o CI:

0.78 - 2.78).

Examination of directly standardized rates by various categories of exposure showed an

overall increasing trend in DSRJ with increasing exposure. Estimates of RR obtained from

rate mtios and comparative mortality figures showed a signifi.cantly 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, 957o 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 conrolling for confounders are summarized in table 5.8.1 for

further examination. Though the standard enors of estimates obtained by using external

indirectly standardized rates are slightly smaller than those obtained by internal adjustnent,

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 adjustrnent for confounders.

Table 5.8.L: Methods of Controlling for Confounders - Comparative Findings

Exposure

Category

Internally Adj Indirect STD Direct STD
RR 95Vo Cl RR 95Vo CI RR gSVo CI

Unexposed

Exposed

OWML

0<-1 wML
1<-10 WML
10<-20 wML
20<-40 wML
>4O IVML

Fixed

o.7 - 2.2

Fixed

0.8 - 4.0

o.3 - t.4
0.5 - 4.6

0.8 - 5.2

1.5 - t3.2

Fixed 1

1.5

Fixed

0.8 - 2.8

Fixed

0.6 - 3.1

0.4 - 2.6

o.3 - 3.2

1.2 - 9.3

1.7 - t4.6

1

1.3

1

1.8

0.7

1.6

2.1

4.4

1

t.9

o.7

1.6

2.3

4.7

1

1.5

1.0

1.0

3.4

5.0

1

Fixed

0.9 - 4.3

0.3 - 1.5

0.5 - 4.5

0.9 - 5.8

1.6 - 13.5
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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 Modeiling
With Internal Adjustment for the Confounders: Attained Age and Calendar Year

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

4-67o 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 2.6Vo per WML.

Model Risk Estimate Goodness of Fit
Deviance DF X2

794.93 1139 883Null Model: RR = eÞ

Constant Slope Models (Continuous Exposure):

Linear: RR=1+þw ERR/WLM =4.37o

Linear TSE Model: ERR/U/LM þt = 8.5To

RR = I + þy5-1s + þzwts- ERR/WLM þz= 3.97o

Log-Linear: RR = "þ* ERR/WLM = 2.67o

188.32

188.09

1 138

rI37

603

569

Separate Slopes Models (Categorical Exposures):

Dichotomous Categories: RR¡unexposed) = |
RR = ¿þitc RRqexposed) = I.25

187.05 1138 611

194.32 1138 81 1

t82.84 tr34 462Multiple Categories:
RR= ¿þ*,

RR¡owura¡ = l
RR¡0.-r wr-u¡ = 7.75

RR¡r.-rowru¡ = 0.66
RR¡ro.-zowLM) = 1.56
RR¡zo.øowru,) = 2.09
RR¡xowr-ul = 4.38
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Flgure 582: kposure-Response llbdels
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Since models fitted in table 5.8.2 arc 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 frt the

categorical risk estimates better than the linear model, particularty 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 loglinear fit over the

linear fit because of the small difference in deviances and its, closeness in frt 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 8.5Vo

increase in ERR/V/LM for exposures the 5-15 year TSE window and a 3.9Vo tncrease in

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

Findings summarized in tabte 5.8.1 and figure 5.8.1 also provide an example of the influence

of the artif,rcial 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 et. al (Thomas et al.1992) who assribe it to the uncertainty that stems from the base-

line reference group (Breslow and Day 1930). 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

significantþ 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 contolling for the confounding effect of attained age and

calenda¡ 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 signifrcantly greater risk (over 4 times) of

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

a

a

a

a 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 4.37o per WML, or exponentially, by 2.67o per IVML; both the

linear and log-linear trends in the exposure-response relationship were statistically

significant at the 57o tevel 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 8.5Vo and 3.9Vo, 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 adjustrnent for confounders alone.

Risk evaluation continues in chapter 6 where the roles of several risk modifiers will be

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

6.I 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 modifrcation, 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 a¡e 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

modif,rers.

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 a¡e examined in this chapter.
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6.2 Methodology and Preliminary Analyses

This section conìmences 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-classifîed by each of the potential confounders,

effect modifiers, other relevant covariates and exposure va¡iables. Potential effect modif,rers

and other temporal cova¡iates 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 modi$ing 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 modiffing 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 expos¿d 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 n¿ìmes ascribed to them in the specific context of their use, i.e. whether continuous or

categorical. These variable narnes are summarizeÃ, n table 6.2.ta. 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 sp¿ìrse when tabulated across

categories of effect modifiers; cumulative exposure classifrcation was therefore compressed

into four categories of relevant exposure, with a combination of exposures in the ranges of

10-20 WLM and20-4} WLM. Details of categorizations are summarized,intable 6.2.lb.

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

Factors Studied and Abbreviations

Exposure Variable:

Cumulative Relevant Exposure (CE)

Potential Effect Modifiers :

Age at First Exposure (AFE)

Time Since Last Exposure (TSLE)

Cumulative Duration of Exposure (CDE)

Intensity of Exposure (IE)

Units

WLM

years

years

WM

WL

Variable Names

Continuous Grouped

U/LMLO5
or WLM

AFE

TSLE

WMLO5

wLO5

WLMG

AFEG

TSLEG

WMG

WLG

Table 6.2.1b: Summary of Categoricat Variable Groupings

Variable Unit Categorization

WLMG
AFEG

TSLEG

WMG

WLG

\ryLM

Years

Yea¡s

\ryM

\ryL

0<1

<30

<20

0<3

0<0.4

1-<10

30-<40

20-<25

3-<24

0.4-<1

10-<40

40->

25->

24->

1->

40->

rU8/93 7:28PN.f 190 A¡ul



Chapær 6: Temporal Effect Modif,rers and Surrogate Measu¡es

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 f,rtting 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@), and factors -

potential effect modif,rers - 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 modi$ing 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 R,R Models: r(x,zrw) = ro(x) RR(z,w) (1)

The relative risk component of this model viz., RR(zrw), 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 add.itive 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 modif,rer of the exposure-response effect

cornmenced 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 modif,rer on the expos're-response

relationship. After accounting for the presence of potential confounders, main effects and

interactions rwere examined using simple relative risk models for categorical data; main effects

were examined for their roles as component effecs and the residual effect of interactions after

removing main effects were used to examine the extent of effect modifrcation 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 19g1;

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 unít exposure

were examined using va¡ious parameric representations of the exposure-modif,rer-response

and exposure-time-response relationships. Variation between estimates derived from different

well-frtting 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 incorect (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 modihers were then

constructed with the lowest of these classification or cross-classification categories being the

basis of reference. RR estimates were obtained by frtting log-linear models defined below.

Log-LinearR,R Models: R,R = "Fi 
wc e\i zc exk wczc e)

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

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

Individual Main Effects Models:

Joint Main Effects Model:

Interaction Effects Model:

R,R = sliwc. RR - eT¡zc

RR = "Þiwc 
iY¡zc

R,R = eî*wczc

(2a)

(2b)

(2c)

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 lg92).

The effect of each factor on the exposure-response relationship was examined through the

sequential inclusion of main effects and interactions in the log-linea¡ model, and likelihood

ratio tests for signifrcance of the newly introduced effect. This corresponded to a test of

heterogeneity in categorical estimates. The goodness of frt 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+pw (3a)

The linear ERR model assumes that the RR varies linearly with exposure and that the va¡iation

is constant over the range of exposures studied. The parameter P 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 p and all

parameters of linear effects were derived from likelihood ratio bounds (trRB), when attainable.

The linear additive ERR model also provided the basis of reference for further tesrs of

goodness-of-fit and significance. 'Where the parameter was known to be positive and tRB

were difficult to obtain, the log excess relative risk model (model3b) was fitted.

Log ERR Model: RR=1+weÞ (3b)

The next stage of the analysis involved examination of whether a single srraight line provided

an adequate expression of the exposure-response relationship in the presence of a potential

effect modifter, 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

modif,rer. Each potential effect modif,rer 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:

(3b)
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The parameters p; provided estimates of the ERR/WLM within caregory j of the potential

effect modifier, denoted by z¡; heterogeneity of the p;'s was considered an indication of z being

an effect modifier. Any signifrcant heterogeneity between these parameters (p;'s) was used as

an evidence of effect modification. Heterogeneity of Þ;'s was tested by comparing the

deviances from models (3) and (2). Under the null hypothesis of no effect modif,rcation

(homogeneity of Þy's) the differences in model deviances would have a 12 distribution with j-1

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 specifrc situations.

Conf,rmation 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 summa¡ized by a single slope coeffrcient.

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 va¡iables in the linea¡ ERR model as follows:

Continuous Effect Modification Model: RR = I + þrw + þrwz (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 (þù thus obtained provided an esrimate of the

ERR/$/LM/unit of z, after accounting for the main effect of exposure.
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6.2.5 Methods of Examining Effect Modification by Modetling Variations

in ERR/wLM using smooth Nonlinear parametric Functions

Yet another approach of evaluating effect modif,rcation 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 alinea¡ function

and z as a logJinear function in EPICURE (EPICURE 1992).

Exponential Modifrcation Model: RR = I + þw ü2, (4)

Tests for effect modif,rcation based on LRTs, were performed in a simila¡ 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/z¡¿it of z for a fixed level of
exposure was obtained from g after constraining the pammeter of the exposure effect to 1 (i.e.

by frxing Ê = 1), in the log ERR model.

'When the potential effect modihers were used as continuous variables, parameter y 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 modifìers. 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+ y;'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 fufther examined using another

smooth parametric function of z - a power function - which resulted in the power model

(model5) defrned as follows:

Power Modification Model : RR=l+þw zT (s)

The significance of deparnrres 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 fît'.

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-lineariry parameter.

The roles of each effect modifrer studied a¡e examined independently and findings summa¡ized

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 witl 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 modifuing 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 bei¡g

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 stratif,red exposure effect modet (2a). The results of this modelling are given in table

6.2-6a. The RÃ 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 V/LM - 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 (LRTp = 0.0035).
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Confidence intervals for the individual RRs showed that whilst none of these estimates was

signifrcantly higher than the RR of 1 at the 57o level of signifrcance, 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 specifrc estimates of risk.

Table 6.2.6a: output From Log-Linear stratiflred Exposure Effect Modet

Table 6.2.6b: output From Log-Linear Exposure-Response Model

# t¡ame

Paramcter Estirnatec 95* Confídence Bounde

E¡tf¡natc Std. Error l.ower Upper

Log-lLnear tc¡m 0
1 ScoN 0. 4571 Allased

3 vtLMG4 2 -o .9829
o.37 42

0.4753
1.609

-1. 915
o .IA7 4

-0.5132E-01
0. 9500EXP (estfmate)

4 VùT,MG4 3 0. 95708-01
1.100

0.4804
1. 617

-0.8458
o.4292

1.037
2 -827EXP (estlmate)

5 WLMG4 4 7.2
3.3

19
85

o .627 5
1.873

-0. 1065E-01
0. 9894

2 .449
11.58EXP (estlmate)

Devlance
Pearson Ch12

175. 987
1016.18

df 1 907

LR statlstlc
p

13. 63
0. 0035

df 3

# Narnc

Paramcter EctLnates 95* Confídence Boundg

EatLmate SÈd. Error Lower Upper

Log-Ilnear term 0
1 BCON -0.2385 Aliased

0.8311E-02 0.12s18-01
1.008 l-.013

df : 1909

2 V'ILMLOs
EXP (estlmate)

0.28808-01
r.029 0.4509E-01

1.046
Devlance
Pearson Ch12

r_81.021
L272.83
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Patterns of va¡iation in ERR/WLM were further examined using the linear additive ERR and

exponential modification exposure-response models. Results of frtting these models are given

in tables 6.2.3c and 6.2.3d. Both these models showed a 5.4Vo increase in ERR/V/LM, afrer

adjustrnent for attained age and calendar year, implying that the RR of Rn related lung cancer

mortality increased linearly by 5.47o for each additional WLM of exposure. This increase was

statistically significant at the 57o level of significance.

Table 6.2.6c: output From Linear Additive Excess Relative Risk Model

Table 6.2.6d: Output From Log Excess Relative Risk Model

* Name

Paramster Sunmary TabJ-c

E¡tLnate Std.Err. Score Statu¡

Log-I1near term 0

1. ScoN ... -0. 4541 0 0 Allased

Llnear term 1

2 WLMLo5 ... 0.05435 0.o4L2r
9? .5t Lohrer Bound
97.5t Upper Bound

0.00414
00807
L7 427

Free
Confldence Bounds: 0

0

Devlance
Pearson Ch12

182 .8]-4
1191.79

df 190 9

LR Statlstlc
p

6. 806
0. 0091

df 1

# Name

Parametcr EaÈimat,og

E¡tLnatc Std,Er¡.

95t Confidencq Bounds

Lowe¡ Upper

Log-11near term 0
1 åcoN ..... 8.335 Allased

Llnear term 1
2 WLMLo5 ... 1.000 Flxed

Log-linear term 1
3 åcoN -2 .gLL

0.05441
0.7579
2.1,34

-4.397
o . oI232

-L.426
o.2403EXP (estlmate)

Dovlance
Pearson Ch12

182.814
1191.80

df : 1909

LR Statlstlc
p

6. 806
0. 0091

1df
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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 expos're 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 oriry 6.6Vo (9I4
PYRS) of the PYRS in the first AFEG category (<30 years). Isolation of this portion of

PYRS by using finer age at first exposure g¡oups (AFEG) categorization made no difference

to the anal¡ical findings. Hence, this broad categorization was maintained for all furttrer

analyses.

Table 6.3.La 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 obseryed to have

had a higher mean CE. Table 6.3.lb gives the distribution of lung cancer d.eaths 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 occured amongst those who were aged bet'ween 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 specifrc crude mortality rates and crude RRs increased with AFE and

demonstrated a statistically signifrcant 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

Table 6.3.1b: Lung Cancer Deaths and pyRS
(Number of PYRS rounded to the nearest integer are shown in brackets)

Exposure

(wLM)

0<1

1-<10

10-<40

40->

at First (Years

<30 30-<40 40-> Overall
2

(274e)

2
(7e7s)

3
(2674)

1

(3ee)

5
(1167)

4
(43Ls)

5
(t464)

1

(77)

1

(61e)

4
(t62e)

2
(403)

2
(105)

8

(4s36)

10
(r3e20)

10
(4s42)

4
(582)

Overall 8
(t37ee)

15

(702s)
9

(27s8)
32

(23s83)

Table 6.3.1c: crude Estimates of the RR of Lung cancer Mortality* Reference Category forRR)

Exposure

(wLM)

0<L

1-<L0

L0-<40

40->

at First (Years)

<30 30-<40 40-> Overall
1*

0.3

1.5

3.4

5.9

1.3

4.7

17.8

2.2

3.4

6.8

26.0

L*

0.4

r.2

3.9
Overall 1* 3.7 5.6

Characteristic

Mean:

Age at First Exposure (Years)

Age at Follow-up (Years)

Cumulative Exposure (WLM)

at First (Y

<30 30-<40 40-> Overall
24

42

7.8

34

51

7.2

45

6l
- 8.2

29

47

7.7

Ir/8/93 7:28PM 202 Arul



Chapær 6: Temporal Effect Modifiers and Surrogate Measu¡es

6.3.2 Examining the Effect of Age at First Exposure

Using Multiplicative Models

I. Examining The Effect of Confounding

The confounding effects of potential confounders, in particular, attained age and calendar year

of observation (which are equivalent to bfuth cohort) were examined. Attained age and

calendar year of observation were found to be independent confounders of the relationship

ben¡¡een 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 standa¡ds 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 pattems 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 controiling

for confounders.

-a
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tr. 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 f,lrst exposure to Rn did not have a statistically signifrcant effect on lung cancer

mortality (p = O.6717). After simultaneous adjusunent 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. ro rhe

highest levels of radiation were older than others when they commenced their expos're 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 6.3.2aand,6.3.2b.
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Table 6.3.2a2 unconfounded Marginal and rnteractive Relative Risks

by cumulative Exposure and Age at First Exposure categories

Note: a simultaneous adjustment for both main effects WLMG and AFEG
b Baseline category for marginal RR estimates among WLMG categories
c Baseline category for marginal RR estimates among AFEG categories
d Baseli.re category for obtaining interaction RRs

Exposure

(wLM)

0<1

1-<10

10-<40

40->

Age at First Exposure

<30 30-<40 40->

1d
(Fixed)

0.2
(0.0 - 1.4)

0.6
(0.1 - 3.e)

0.5
(0.0 - 6.6)

0.5
(o.7 - 3.2)

0.1
(0.0 - 1.1)

0.1
(0.0 - 0.6)

0.1
(0.0 - 1.1)

o.2
(0.0 - 1.7)

0.3
(0.0 - 3.e)

0.7
(0.1 - e.8)

6.0
(0.2 - 162.0)

Overall

Adjusted a

1b
(Fixed)

1b
(Fixed)

0.4
(0.1 - 1.0)

1.1
(0.4 - 2.8)

3.4
(1.0 - 11.6)

0.4
(0.1 - 0.e)

1.0
(0.4 - 2.6)

2.7
(0.7 - 10.2)

Overall
Unadjusted

Overall
Adjusted a

1c

Gixed)
0.5

(0.1 - 1.5)
0.3

(0.1 - 1.7)

1c
(Fixed)

0.7
(0.2 - 2.6)

o.4
(0.1 - 2.e)
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rtr. Describing the Nature of rnteractions and Marginal Effects

Estimates of RR obtained by modetling the interaction tenn 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 refered

to as 'unadjusted'and presented in the column and row titled 'overall unadjusted.' estimates in

this table. Estimates obtained after simultaneous adjusünent for both main effects WLMG a¡rd

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 f1¡st

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 5Vo 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 ¿ìmongst those

aged betrveen 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 30Vo and \\To,respectively.
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fV. Comparison of Effect Modification Characterizations

First order interaction tenns 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 coresponding 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 sratistically significant (p = O.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 resuh 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 f,rtting interaction models, separate slopes were fust frtted for each

exposure category after removing the main effects and the first order interaction terrn based on

categorical exposure and continuous age at fhst exposure. The purpose of f,rtting 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

modifrcation.
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In the third stage of modelling interactions, the categorical interaction effect was found to be

highly signifrcant (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 firditrg implied

that within a given category of age at first exposure, the risk was found to be signiñcantly

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 signifrcance

of this interaction effect was marginat (p = 0.1096), it showed some indication of effect

modifrcation after accounting for main effects.

It may be concluded that the above findings based on multþlicative log-linear models fait to

confirm age at frst exposure as a signifrcant 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

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.

wag LRT based on model with wLMG, AFEG and 'wLM*AFEG 
removed.

wa

wal

NOTE: a

Source of

Variation

NULL

WLMG

AFEG

Deviance DF Pearson

x2

789.62

175.99

175.19

1910

t907

1905

1392.64

1016.17

897.21

Likelihood Ratio Test

Statistic DF p - Value

13.6300 3

0.7959 2 0.6777w

WLM*AFE

WLMG*AFEG

r73.59

164.81

1904

1898

984.58

1042.t0

1.5980 1

8.786 6

o.2062

0.1860

wa

wal

WLMG*AFE

WLMG*AFEG

169.06

r59.67

1900

r894

938.53

925.41

4.5330 4

9.3970 6

0.33g6wal

oJ524wga

WLM*AFEG

WLMG*AFEG

168.68

r52.90

1901

1895

857.45

749.39

4.9270 3

15.7600 6

0.n72wù

0.0151w49

WLMG*AFEG 164.81 1899 1046J5 10.3800 6 0.1096w4
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Parameter estimates of ERR/WLM were also obtained by frtting common and separate slopes

using logJinear models both before and after removal of the main effects (tables 6.3.2c -

6.3.2Ð. Results of frtting a cornmon 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 O.lVo per WLM per yeil of firsr

exposure. 'When 
separate slopes were fitted without main effects being removed, estimates of

ERR/V/LM 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 ERM/LM changed considerably after the removal of main effects; the resulting

AFEG specifrc ERR/WLM estimates were 0.9674, 09507 and 1.012 respecrively (table

6.3.2Ð. These estimates were signifrcantly heterogeneous at the lOVo level of signifrcance (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 modifrcation 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 fxed level of exposure, risk decreases with

AFE.
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Table 6.3.2c-dz Output From Log-Linear Relative Risk Modelling to
Examine the Modifying Effect of Age at FÍrst Exposure

Common Slope Models Before and After Removing Main Effects

Table 6.3.2c: Before Removing Main Effects

Table 6.3.2d2 After Removing Main Effects

# t¡ame

95t Confl-dencc Bound¡

E¡tl-rnate Std. Er¡or Loser Upper

Log-llnear term 0
1 ECON -0.2230 Aliased

0.44318-01 -0. 9120E-01
1.045 0.9128

o.L202E-O2 -0.L423I'-021.001 0.9986

df : 1908

2 WLMLOs -0.43438-02
0. 9957

0. 8251E-01
1.086EXP (estlmate)

3 WLMLOs * ÀFE 0. 9333E-03
1.001

0.3289E-02
1.003EXP (estlmate)

DevLance
Pearson Ch12

180.3?6
1242.42

LR statlstlc
P

0.6443
0.4222

df 1

# Name

Param€tcr EstLnìates

Est:l¡naÈe Std. Error

958 Confl-dence Boundg

Lower Upper

Log-Ilnear term 0
1 ?coN T.I47 Aliased

3 WLMGA 2 -1 . 141
0 . 3194

0.4883
1.630

-2.O99
0.7226

-0.1843
0.8317EXP (estlmate)

4 WLMG4 3 -0.5247
0.5917

o .6294
7 .877

-1.758
0.]-723

0.7089
2-032EXP (estimate)

5 WLMG4 4 -0.3182
o -'1275

L.242
3.464

-2 .7 53
o.6372E-0L

2.L71
8.306EXP (estimate)

7 AFEG3 2 -0.5483
0.5780

o.625't
1.8?0

-1.775
0.1696

0.6781
1, .9'1 0EXP (estlmate)

B AFEG3 3 -0. 9883
0.3722

0.9611
2.6]-4

-2 . B'12
0.56598-01

0. 8954
2 .448EXP (estimate)

9 VùLMLOs * AFE
EXP (estlmaÈe)

0 . 632 9E-03
1.001

0. 45988-03 -0.26848-031.000 0.9997
0. 1534E-02
r -oo2

DevÍance
Pearson Ch12

173.594
984.2,79

df 190 4

LR statistlc
p

1.598
o.2062

1df
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Table 6.3.2e-fz 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 6.3.2e2 Before Removing Main Effects

Table 63.2f:. After Removing Main Effects

# Namc
Paramcter Egti¡nates

E¡timate Std. Error
95* Confidence Bounds
I,ower Upper

Log-11near term 0
1 åcoN -0.1952 Allased

2AFEG3 1*WT,MLOs
EXP (estlmate)

0.2543E-01 0.1327E-01 -0.5799E-037.026 1 .013 0. 9994
0.51438-01
1. 053

3 AFEG3 2 * WLMLOs
EXP (est,1maÈe)

o.'i,6258-02
1.008

0.2101E-01 -0.3356E-01 0.4881E-01
!.02r 0. 9670 1. 050

4AFEG33*WLMLOs
EXP (estlmate)

0.374?E-01
1.038

0.1102E-01 0. 158?E-01
1.011 1.016

0.59088-01
1.061

Devlance
Pearson Ch12

LR statlstlc
p

179.115
1364.22

df l- 90?

1.906
0.3856

df 2

# Name
Parameter Estinates

Estinate Std. Error
958 Confidence Bounds

Lowe¡ Upper

T,og'-I1near term 0
1 *coN 7 -297 Allased

3 VüLMG4 2 -1.038
0.3543

0.4875
r.628

-1.993
0.1363

-0. 8206E-01
0 .9272EXP (estlmate)

4 WIMG4 3 o . a623
1.588

0.7050
2.024

-0. 91 95
0.3987

7-844
6.322EXP (estimate)

5 WLMG4 4 2.344
10. 43

1, .7 4r
5.?05

-1.069
0.343s

5 .157
316. 5EXP (estimate)

7 AFEG3 2 -0.4517
0.6365

0.7451
2 -707

-1, .9]-2
0.1478

1.009
2.142EXP (estlnate)

8 AFEG3 3
;x; iå;¿ilå;åi

-1.455
0.2333

1.013
2.753

-3 .4AO
0.32058-01

o -5293
1.698

9 AEEG3 1 * ÍùLML05 .....
EXP (esLlmate)

-0.33188-01
o .967 4

0.3373E-01 -0. 99288-01
1.034 0.9055

0 . 32 93E-01
1.033

lOAFEG32*WI,MLOs
EXP (estlmate)

-0.5056E-01
0. 950?

0.3676E-01 -O.1226
1 . 037 0. 8846

0.2149E-01
I.O22

11 AFEG3 3 * VJLMLOs
EXP (estlmate)

o.I232E-Or
T.OI2

0.19038-01 -0.24998-01 0.4962E-01
1 .019 0. 9753 1. 051

Devlance
Pearson Ch12

LR stati-stic
p

168.668
858.777

df L902

a .926
0. 0852

2df-
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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 frtting the linear ERR model with

a coÍtmon 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 7o per \VLM 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 @ = 0.7255). Therefore, based on this linear ERR

model, AFE did not have a significant continuous modiffing effect on the exposure-response

relationship.

Independent exposure covariates were then fitted for each age atAFE 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 7.0Vo, L.3Vo and L0.l7o rcspectively 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 yeaß at first exposure; those in the

highest AFEG (>40 years at frst 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 5.67o greater risk, and those aged 40 years or more at

f,nst exposure were at 8.9Vo gteater risk. The proportional change in ERR per'WLM was

5.27o and7.77o respectively for these groups. The RR of these categories were 1.06 and 1.09.

The heterogeneity of these estimates \ilas not statistically significant at the 5Vo kevel of

signifrcance. Age at f,lrst exposure considered as a categorical variable could therefore not be

identifred 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

Table 6.3.3b: Separate Slopes Model

Table 6.3.3c: Parameter Estimates and LR Bounds

# tlame

Parariôtcr Sunnazy fable
E¡timate Std.Err Scorc Statua

Log-Ilnear term 0
1 gcoN -o .9239 0 0 Aliased

Llnear term 1
2 vrLMLos .....
3 AFE * WLMLOs

0.002090
0.001532

0.1866
0.005?77

-0.000892
-o.00282

Free
Free

Deviance
Pearson Ch12

182.691
r204 .4r

df : 1908

LR statlstfc
p

0.1233
0.7255

df 1

# Name

Param.Ècr Surnmary fable
E¡timatc Std.Err. Score Status

Log'-11near term 0
1 tcoN -0.4136 0 0 Allased

Linear term 1
2AFEG31*WLMLOs
3AEEG32*t'ILMLOS
4AFEG33*VILMLOs

0.06974
0.01340
0.1011

0.06513
0.03182
0.1069

0.00258
0 . 00031 9

-0.00258

Free
Free
Free

Devlance
Pearson Ch12

180.767
1386.71

df - 1907

LR statistlc
P

2.047
0.3s93

df: 2

ERR Parameter Estimates
Function Parameter ERR 95Vo CB

bw
brw + brwz

b
bl
b2

5.4Vo

O.2LVo

0.L5Vo

(L - L7)Vo

(0 - 0.5)7o

4w" bl
b,
b3

7.07o
1.37o

lO.LVo

(o - 32)7o
(0 - t2)7o
(I - 46)Vo
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Departure from linearity \ilas examined by adding an additional interaction term with a

quadratic AFE component to this model. This linea¡-quadratic model in AFE had a model

deviance of 181.99. The LRT contribution of the quadratic term in AFE failed to detect a

signifrcant deparnue from linearity at the SVoleve| 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

Variation

NIjLL

WLM

Deviance DF Pearson

c2

r89.62

182.81

1910

1909

1392.64

rr9r.79

Likelihood Ratio Test

Statistic DF p-Value

WLM*AFE

WLM*AFE 2

182.69

181.99

1908

1907

7204.24

1286.r2

0.1234

o.6969

1 0.7254w

0.4038w11

NOTE: w

wl

LRT based on model with WLM main effect removed.

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 aLog 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 f,rxed level of exposure, the ERR was found to multiply by 1.04 with each

increasing year of age atfirst exposure. However, this multþlicative 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 = O.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 6.3.4b).

Estimates of ERR parameter estimates were almost identical to those obtained with linear

additive models; estimates of ERR/WLM were 7.07o, t.37o and L0.L7o 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
ExamÍne the Modifying Effect of Age at First Exposure

Table 6.3.4a2 Common Slope Model

Table 6.3.4b: Separate Slopes Model

# wame

Para^meter EsÈimatea

Ectirnatc St,d. Erro¡

95* Confidence Bounds

I,orrer llpper

Log-l1near term 0
l- *coN 8.340 AIlased

Llnear term 1
2I¡ùLMLOS ... 1.000 Fixed

Log-llnear term 1
3 EcoN .. -4.300

0.13578-01
3.844
46.72

-t_1.83
0. 7253E-05

3 .235
25 .40EXP (estimate)

4 AFE 0 . 3 9628-01
1.040

0.1091_
1.115

-o .17 42
0.8401

0.2535
I .289EXP (estlmate)

Devlance
Pearson Ch12

L82.640
t2t3.o4

df 1 908

LR statlstic o .1,7 42
0.67 64

df: 1

# Name

ParameÈer Estlmates

Estlmate St.d. Error

95t confldence Bounds

Lohrer Upper

Log-linear term 0
1 åcoN 16. 57 Allased

f,lnear term l-
2 WLMLOs ... 1.000 Flxed

Log-linear term L
3 AFEG3 1 ....... -2.662

0 . 697 9E-01
0. 9337
2.544

-4.492 -o .8324
0.1119E-01 0. 4350EXP (estlmate)

4 AFEG3 2 -4.3]-2
0. 13418-01

2.374
70.74

-8. 965
0. 12788-03

0.3409
1.406EXP (estlmate)

5 AFEG3 3 -2.292
0. 1011

1.057
2.878

-4.363 -0.2207
o.I2't 4E-O7 0. 8025EXP (estÍmate)

Devi-ance
Pearson Ch12

180.767
1386.61

df 1 907

2.047
0.3593

LR statlstlc df 2
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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/rñ/LM 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 frtted 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

multþlied by a factor of 1.04 for each increasing AFE, and is reduced below the age of 30.

The power model was fitted by frtting the log of the AFE as an exponential term in EPICURE

(EPICURE 1992) and using its untransformed parameter estimate as rhe maximum liketihood

estimate of the power parameter. Results of fitting this model presented in table 6.3.5c 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/IüLM as an

Exponential Function to Examine the Modifying Effect of Age at First Exposure

Table 6.3.5b: Modelling the ERR/WLM as an Exponential Function
\ryith a Change of Location Transformation for the AFE

(AFE30=AFE-30)

# Name E¡tl-mate

95t Confidence Bounds

Std. Error aose¡ Up¡>er

Log-11near term 0
t- tcoN -0.5112 AII-ased

LÍnear term 1
2 WLMLOs ... 0.13508-01 0.519?E-01 -0.8836E-01 0.11s4

Log-Ilnear term 1
3 AFE 0.3970E-01

1.040
o.Lo92
1.115

-o.L7 44
0.8400

0.2538
L.289EXP (estlnate)

Devlance
Pearson Chí2

L82.640
1213.05

df l_ 908

LR statlstíc
p

o.t7 42
0.67 64

df 1

# Name Ectlnåte

95* Confidence Bounds

Std. Error Lower Upper

Log-línear term 0
1 åcoN -0. 4513 Allased

Llnear term 1
2 V'ILMLOS 0.44568-01 0.41138-01 -0.3606E-0L 0.L252

Log-lj-near term 1
3 AFE3O 0.3963E-01

1.040
0.1091
1.115

-o .17 42
0. 8401

0. 2535
I -289EXP (estlmate)

Devlance
Pearson Chl2

I82 .640
r2t3.o4

df : 1908

LR statlstlc
p

o.77 42
0.67 64

df: 1
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Table 6.3.5c: Output From Modelling the ERR/WLM as a

Power Function to Examine the Modifying Effect of Age at First Exposure

# Name

Parametcr EgtLnate¡

E¡tfmate Std. Erro¡

95* Confldence Bounds

Lower Upper

Log-l1near term 0
1 tcoN -0.4689 Allased

Llnear term l-
2 VüLMLo5 0.57988-02 0.7413E-01 -0.1395 0.1511

Log-llnear term 1
3 LAFE 0.6168 3.642 -6.522 7.755

Devlance
Pearson Chi2

I82.725
1198.79

df - 1908

LR statlstlc
P

0.8904E-01
0.7654

df: 1

tr/8/93 7:13 PM 220 Arul



Chapær 6: Temporal Effect Modifrers and Surrogate Measu¡es

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 rend

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, multþlicative log-linear models

provided the best frt; AFE could not be identifred as a statistically significant effect modiÊier

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 multþlicative 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 frtting 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 summa¡ized

into a single slope coeff,rcient viz., 0.0.9674,0.9507 and 1.012. The main conrriburor to ttris

heterogeneity was identifred 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 modif,rcation overall.

Findings from mathematical modelling to examine variations in ERRAA/LM with AFE are

summarized in tables 6.3.6. Modifier-response relationships for a given level of exposure

obtained from the va¡ious 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 lowesr amongst

those aged between 30-40 years at flrst exposure. No signifrcant 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

Function

Linear:

þw

þ1w + þ2vz

Parameter Estimates

Par ERR 95Vo CB

p

Þr

þz

5.47o

0.217o

0.I57o

(I - r7)Vo

Model Fit

Dev DF

182.8

r82.7

1909

1908

LR Test

DF p

0.t23 1. 0.7255

þi*" Þr

þz

Þ¡

6.97Vo

1.347o

lO.IVo

(0 - 32)7o

(0 - I2)7o

(I - 46)Vo

180.8 t907 2.047 2 0.3593

Exponential

þy eþz+Y' Fr
eþz

eY

1

0.01

r.04

Fixed

(0.0 - 25.4)

(0.8 - 1.3)

þ1w eTlzc Þr
eYl

eT2

eT3

1

0.07

0.01

0.10

Fixed

(0.0 - 0.4)

(0.0 - 1.4)

(0.0 - 0.8)

180.8 1907 2.047 2 0.3593

Exponential:

þw eTz p

eY

0.01

t.o4 (0.8 - 1.3)

182.6 1908 0.t74 I 0.6764

þwe\k-30) p 0.04

1,.04eT (0.8 - 1.3)

182.6 1908 0.t74 7 0.6764

Power:

þ* ir Þ

v

0.006

0.62 (-6.s - 7.8)

182.7 1908 0.089 r 0.7654
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Power:
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ERR/WLM = 0.0021 + 0.0015 z

ERR/V/LM = 0.01 * 1.04 z

ERR/WLM =0.006x r0.62

Flgurc 6.3.6: Modelling Variations in ERR/WLM
\{ith Age at First Exposure

0.08

0.07
,/

0.06
E
R o.os
R
I o.o+

w
¡ 0.03

M
0.02

Linear

Eçonential

Pouær

0.01

0

15 20 25 30 35 40 45

Age at Finst Expooure (years)

50 55
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6.4 Examining the Effect of Time Since Last Exposure

6.4.1 Describing The crude Effect of rime 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 6.4.7a - 6.4.1c. As expected, rhe

mean age at follow-up increased with TSLE category (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 L0 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 adjustrnent for the main effect of TSLE made linle

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-cz Cohort Characteristics

by Cumulative Exposure and Time Since Last Exposure Categories

Table 6.4.laz Mean Age and Cumulative Exposure

Table 6.4.1b: Lung Cancer Deaths and PYRS
(Number of PYRS rounded to the nearest integer are shown in brackets)

Exposure

(WLM)
Time Since Last Exposure (Years)

<20 20-<25 24-> Overall

0<1

1-<L0

10-<40

40->

3

(2e46)

1

(8e82)

4
(30e3)

2
(401)

2
(847>

2
(264s)

4
(8s7)

1

(103)

J
(742)

7
(22e3)

2
(se2)

1

(77)

8

(4s36)

10
(r3e2o)

10
(4s42)

4
(s82)

Overall 10
(rs423)

9 t3
(3706)(44s4)

32
(23s83)

Table 6.4.lcz crude Estimates of the RR of Lung cancer Mortarity
(* Reference Category forRR)

Exposure

(wLM)
0<1

1-<10

10-<40

40->

Time Since Last ears

<20 20-<25 25-> Overall

1*

0.1

t.3

4.9

2.3

0.7

4.6

9.5

4.0

3.0

3.3

t2.7

1*

o.4

t.2
3.9

Overall 1* 3.1 5.4

-a

Characteristic Time Since Last Exposure (Years)

Mean:

Time Since Last Exposure (Years)

Age at Follow-up (Years)

Cumulative Exposure (WLM)

<20

11

42

8.0

20-<25

22

52

7.6

25->

28

58

6.6

Overall

16

47

7.7
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Table 6.4.22 Estimates of Unconfounded Marginal and fnteractive Relative Risk by

cumulative Exposure and rime since Last Exposure categories

Exposure

(wLM)

0<1

1-<10

10-<40

40->

Time Since Last Exposure

<20 20-<25 25->

1d
(Fixed)

0.67
(0.1 - 4.6)

0.89
(0.1 - 6.6)

0.13
(0.0 - 1.2)

0.19
(0.0 - 1.3)

0.54
(0.1-3.3)

1.25
(0.3 - s.8)

1.11
(0.2 - s.e)

0.51
(0.1-4.3)

3.6
(0.6 - 22.0)

2.47
(0.2 - 26.1)

2.30
(0.2 -30.7)

Overall

Unadjusted

1b
(Fixed)

Adiusted a

1b
(Fixed)

o.37
(0.1 - 1.0)

0.38
(0.1 - 1.0)

1.1

(0.4 - 2.8)
1.11

(0.4 - 2.8)

3.39
(1.0 - 11.6)

3.38
(1.0 -11.6)

Overall
Unadjusted

Overall
Adjusted a

LC

(Fixed)
0.66

(o.2r - 2.0s)
0.69

(0.16 - 2.es)

1c
(Fixed)

0.80
(0.3 - 2.s)

0.95
(0.2 - 4.1)

Note: simultaneous adjustment for both main effects WLMG and rsLEG
Baseline category for marginalRR estimates among WLMG categories
Baseline category for marginalRR estimates rimong 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 signifrcant (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.

a

b

c

d

tt/8/93 7:13 PM 226 Arul



Chapær 6: Temporal Effect Modifiers and Surrogate Measures

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 n table 6.4.3 and figure 6.4.3. All

models showed that the ERR/WLM declined with increasing TSLE. However, neither the

logJinear 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 lilas represented as exponential or power functions into

ERR models that were linear in exposure, the models showed evidence of highly significant

variations in ERR/TVLM with TSLE. Exponential modelling resulted in a parameter esrimate

of 0.72 for TSLE modelled as a continuous variable; this esrimate was signifrcantly et =
0.0375) different from 0 (957o CI:0.5-1.03). This implied that for a given level of exposure

the ERR declined by a factor of 72Vo for each increasing year since last exposure. A graph of

this function showed that the ERR dropped steeply tilt 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 curye 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 ERRAMLM

declined steadily with increasing TSLE categories. These estimates however, were not

suffrciently heterogeneous to establish a statistically significant interactive effect. The lack of

evidence supportive of an interaction effect from these categorical analyses may 6" due to the

choice of the specific categorizations, as explained above.
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The power model provided an estimate of -2.O3; meaning that ERR declined inverse

quadratically each increasing year since last relevant exposure. Since a log transformation of

TSLE was used in frtting 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 Íít n the examination of va¡iations of ERR/V/LM and the

effect of TSLE. The power parameter estimated from this model was significantly different

from 1 (957o CI: -4.7 to -0.6).

Plots of the functions of variations in ERR/WLM with TSLE (frgure 6.4.3) show that the

exponential function tends to overestimate the ERR/WLM for recent exposures (experienced

5-15 years prior to observation).

tU8/93 7:13 PM 228 Arul



Chapær 6: Temporal Effecc Modifiers and Surrogate Measures

Table 6.4.3: Summary of Results From Fitting Models to

Examine the Effect of Time Since Last Exposure

ERR

Function

Linear:

þw
By + p2wz

Parameter Estimates

Par ERR 95Vo CB

p

Þr

þz

5.47o

13.67o

-0.4Vo

(1 - 17)Vo

Model Fit

Dev DF

r82.8

181.8

1909

1908

LR Test

DFp

t.o32 r 0.3097

þi*" Þr

þz

Þ¡

8.6Vo

5.7Vo

2.77o

782.1 1907 1.700 2 0.7048

Exponential

Êlwe þz+Yt

þw eYz

Fr
eþz

eY

p

eY

1

14.63

o.72

14.56

o.72

Fixed

(0.s - 1.03)

(0.s - 1.03)

178.5 1908

178.5 1908

4.326 1 0.037s

4.326 1 0.0375

þlw eTtzc Þr
eYL

eYz

eY3

1

8.67o

5.77o

2.77o

(0.0 - 0.5)7o

(0.0 - 0.4)vo

(0.0 - 0.7)7o

r82.r t907 0.700 2 0.7048

Power:

þw (z+O.DT

þw (z+0.$^{

p

v
p

v

22.44

-2.O3

r37.9

-2.63

(-4.7)-(-0.6)

-824 - ILrc
(-s.0)-(-0.2)

172.5 1908

t72.7 1908

10.34 1 0.0013

1,0.14 1 0.0015
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Note: * Best Fitting Model

Risk Functions Fitted: Linear:

Exponential:

Power:
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ERR/WLM = 0.136 - 0.004 z

ERR/WLM=14.63*0.722

Figure 6.4.32 Modelling Variations in ERRAILM
WithTirrc Since Last Exposure
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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 signifrcant (LRT statistic = 0.0135; df = 1; p = 0.9075). The results

reported. in table 6.4.3 show highly signifrcant 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

modifrcation (p = 0.1335). The relationship bet'ween TSLE and calendar time (synonymous

with binh cohort) is obvious; TSLE increases with calendar time once an individual completes

his exposure; for short exposure durations, TSLE acts as a s1¡rogate 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.

rI/8/93 7:13 PM 231 A¡ul



Chapter 6: Temporal Effect Modif,rers and Surrogate Measures

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, implyrng that those who worked underground longest, were

older and experienced higher CE. The strong association be¡veen duration of exposure and

CE is reflected in table 6.5.1b. As described in chapter 3, cumulative exposures were

computed by summing individual exposrues which were based on calendar time, estimated Rn

daughter levels at that time, the nature of job and the duration of exposure; individuat 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 24W}l, than over a longer duration.
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Table 6.5.1a-c: Cohort CharacterÍstics
by Cumulative Exposure and Duration of Exposure Categories

Table 6.5.La: Mean Age and Cumulative Exposure

Table 6.5.1b: Lung Cancer Deaths and pyRS
(Number of PYRS rounded to the nearest integer are shown in brackets)

Exposure

(wLM)

0<1

1-<10

10-<40

40->

Duration of (Work Months)

0<3 3-<24 24-> Overall

7
(4381)

2
(4464)

0
(0)

0
(0)

1

(1ss)

8
(e243)

2

0
(0)

0
(212)

8

(246r)

3
(s01)

8

(4s36)

10
(r3920)

10
(4542)

4
(s82)

(208 1)

1

(8 1)

Overall 9
(8846)

L2
(1 1s61)

11

(317s)
32

(23s83)

Table 6.5.1c: crude Estimates of the RR of Lung cancer Mortality
(* Reference Category forRR)

Exposure

(wLM)

0<1

1-<10

10-<40

40->

Duration of ears)

0<3 3-<24 24-> Overall

1*

0.28

4.03

0.54

0.60

7.67

1*

0.4t

r.25

3.89

2.03

3.74

Overall 1* 1.02 3.4

Characteristic

Mean:

Duration of Exposure (WM)
Age at Follow-up (Years)

Cumulative Exposure (WLM)

Duration of E

0<3 3-<24 24-> Overall

r.7

47

t.7

8.5

46

6.9

43.9

48

27.2

t0.7

47

7.7
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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 U/LM of CE.

Examination of interaction effects in this categorical evaluation based on log-Iinear models

showed no significant effect modification arising from duration of exposure.
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Table 6.5,22 unconfounded Marginal and rnteractive Rerative Risks

by Cumulative Exposure and Duration of Exposure Categories

a' Simultaneous adjustrnent for both main effects WLMG and,WMGb Baseline category for marginal RR estimates among WLMG categoriesc Baseline category.for marginalRR estimates among wMccategoriesd Baseli.re category for obtaining interaction RRs
* Signif,rcantHeterogeneity (p = 0.0106).

Note:

Exposure

0<1

1-<10

10-<40

40->

Duration of Exposure (Years)

0<3 3-<24 24->

1d
(Fixed)

4.36
(0.s - 37.2)

o.23
(0.0 - 1.1)

0.53
(0.2 - 1.s)

0.47
(0.1 - 2.3)

r.96
(0.7 - s.5)

4.73
(0.6 - 40.0)

3.53
(0.e - r4.2)

Overall

Unadjusted *

1b
(Fixed)

Adjusted a

1b
(Fixed)

0.37
(0.1 - 1.0)

0.18
(0.0 - 0.7)

1.1
(0.4 - 2.8)

0.26
(0.0 - 1.s)

3.39
(1.0 - 11.6)

0.65
(0.1 - s.0)

Overall *
Unadjusted

Overall
Adjusted a

1c

(Fixed)
r.07

(0.s - 2.s)
3.59

(1.5 - 8.8)

1c

(Fixed)
2.74

(0.7 - 11.0)
6.24

(1.0 - 37.3)
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6.5.3 Examining Variations in ERWWLM \ryith 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 f,rgure 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 signifrcant modifying effect on the exposure-response relationship (p =
0.0350). The ERRAMLM was seen to increase with duration of exposure. For a fixed level of

exposure, each increasing WM added to the ERR by 0.277o. 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 (frgure 6.5.3), which implied a possible

'protective effect'in this range.

Evaluation based on a power model showed a reasonabty significant modifying effect þ =

0.06) due to duration of exposure. The power pÍìrameter estimated (0.946) implied a very

nearly linear modifying effect and a reasonably close fit to ttre linear additive ERR model.

Though exponential models based on continuous variables failed to detect any signifrcant

effect modification, when duration of exposure was evaluated as a categorical variable, the

model showed significant effect modification (p = 0.0496), with the ERR/\VLM showing a

ten-fold increase amongst those exposed for 24W}.{ or more compared to those exposed to

between 3-24Wi|/'. Those exposed to less than 3 WM were seen to have a negligible (5.lx10-

52¡ nnn/v/LM.

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 signifrcance 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 Modets to

Examine the ModifyÍng Effect of Duration of Exposure

Note: * Greater than 0 but very nearly zero.

ERR

Function

Linear:

þy + þ2vz

Parameter Estimates

Par ERR 95Vo CB

Þr

b
-4.87o

0.27Vo

Model Fit

Dev DF

178.1 1908

Likelihood Ratio

x2 DF p

4.681 1 0.0305

Exponential:

þw eYz

þy eþz+T'

B

eT

Þr

eþz

eT

0.23

t.02

1

0.021

1.024

(0.98 - 1.07)

Fixed

(0.00 - 0.47)

(0.e8 - 1.07)

180.8 1908

180.8 1908

2.02 1 0.1553

2.032 1 0.1540

þ1w eTizc Êr

eTL

eT2

e^13

1

0.000+

0.009

0.090

Fixed

(0.0 - 13.8)

(0.0 - 0.3)

r79.O 1908 3.855 1 0.0496

Power:

þw (z)T p

v

0.002

o.946 (-1.0) - (2.e)

r79.3 1908 3.491 1 0.0617
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Note: * Best Fitting Model

Risk Functions Fitted: Linear:

Exponential:

Power:
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ERR^MLM = -0.048 + 0.0022 z

ERR/WLIy[=0.0*0.722

ERR/WLM = 0.002 z0'946

Flgur 6.5.3: Modetling Variations in ERR/ItllLM
\{ith Duration of Exposure

0.07

0.06

0.0s

E
R
R
I
w
L
M

0.04

0.03

o.o2

0.01

--/

Linear*

Eçonential

Pouer

0

0 5 10 15 20 25 30 35

Duration of Eçosure (Working llbnths)

40 45
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6.6 Examining the Effect of fntensity of Exposure

6-6-l Describing The crude Effect of rntensity of Exposure

Cohort characteristics summarizedn 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 a1 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 Multipticative 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 adjustrnent 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 rhose in the highest intensity

group dropped a further 107o. These categorical analyses based on multiplicative RR models

revealed a significant (p < 0.05) modi$dng effect due to intensity of exposure (the interaction

effect was statisrically significant after removing main effects).
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Table 6.6.1a-c: Cohort Characteristics
by cumulative Exposure and rntensity of Exposure categories

Table 6.6.1a: Mean Age and Cumulative Exposure

Table 6.6.1b: Lung Cancer Deaths and pyRS
(Number of PYRS rounded to the nearest integer a¡e shown in brackets)

Exposure

(wLM)

0<1

L-<10

10-<40

40->

of

0<0.4 0.4-<1.0 L.0-> Overall
5

(2612)

5
(2823)

2
(1478)

2
(56e8)

8

(2480)

0
(2r1>

1

(44s)

3
(s3ee)

1

(17s1)

4
(37r)

8
(4s36)

10
(13e20)

10
(4s42)

4
(s82)

1

(310)

0
(0)

Overall 11

(s747)
T2 9

(7e67)(e86e)
32

(23s83)

Table 6.6.1c: crude Estimates of the RR of Lung cancer Mortality
(* Reference Category forRR)

Exposure

(wLM)

0<1

1-<10

10-<40

40->

of (wI,¡
0<0.4 0.4-<1 1.0-> Overall

1*

0.93

1.68

0.71

0.18

t.69

t.r7
0.29

0.30

5.63

1*

0.41

t.25

3.89
Overall t 

* 0.64 0.59

Characteristic

Mean:

Intensity of Exposure (WL)
Age at Follow-up (Years)

Cumulative Exposure (WLM)

of re

0<0.4 0.4-<1 1.0-> Overall
0.03

46

2.5

0.53

45

8.7

1.72

49

10.1

0.63

47

7.7
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Table 6.6.2a2 unconfounded Marginal and rnteractive Relative Risks

by Cumulative Exposure and Intensity of Exposure Categories

Simultaneous adjusunent for both main effects WLMG and,WLG

Baseline category for marginalRR estimates among WLMG categories
Baseline category for marginal RR estimates among lzrG categories
Baseline category for obtaining interaction RRs

LRT Results: Effect of Interaction After Removing Main Effects:-
LRT Statistic y2 = 11.59; DF = 5: p = 0.0409.

Note: a,

b

c

d

Exposure

(wLM)

0<1

1-<10

10-<40

40->

Intensity of Exposure (WI,¡

0<0.4 0.4-<1.0 1.0->

1d
(Fixed)

0.81
(0.2 - 2.8)

1.80
(0.2 - rs.1)

r.28
(0.2 - 6.7)

1.0
(0.1- 8.6)

0.35
(0.1 - 1.8)

0.22
(0.1 - 0.e)

2.09
(0.7 - 6.6)

0.24
(0.0 - 2.0)

6.68
(r.7 - 26.6>

Overall

U sted Adjuste¿ a

1b
(Fixed)

1b

@ixed)

0.37
(0.1 - 1.0)

0.51
(0.2 - r.4)

1.1
(0.4 - 2.8)

1.60
(0.s - 4.8)

3.39
(1.0 - 11.6)

5.32
(r.3 - zr.s)

Overall
Unadjusted

Overall
Adjusted a

1c
(Fixed)

1.06
(0.4 - 2.s)

0.50
(0.2 - r.2)

Lc
(Fixed)

o.74
(0.3 - 2.0)

o.4L
(0.1- 1.2)
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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

Analyses based on both categorical and continuous evaluation identifred 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/WLVI with

IE in the next section.

Risk Function

l?,R Function

"Þ*
"Ê* "Tz

Parameter Estimates

Par RR 95Vo CB

eÞ

"Þ
e^{

1,.029

1.035

0.440

(1.01 - 1.0s)

(1.02 - 1.0s)

(0.23 - 0.8s)

Model Fit

Dev DF

181.0

174.1

1909

1908

LR Test

DF p

6.911 1 0.0086

"Þ* "ïr" eÞ

eTt

ef2

eY3

1.039

1

0.652

0.308

(1.02 - 1.06)

Fixed

(0.26 - r.63)
(0.12 - 0.82)

174.7 1907 6.304 2 0.042s
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6.6.3 Examining Variations in ERR/WLM with rntensity 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/ìVLM with IE.

'When variations in ERR 
^/LM 

were examined using a linear model, pafameter estimates

indicated that the ERR/WLM became negative beyond 2.4WL; thus, implying a protecrive

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 logJinear multiplicative RR models

provided the best fit n 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 signifrcant multiplicative modifier

of the exposure-response relationship. Though evaluation based on multiplicative RR models

showed a highly significant modiffing effect due to IE, evaluation based on models of smooth

parametric functions of ERR/WLM could not confirm as significant a modi$,ing effect.

Despite its lack of statistical significance, results of fitting a po,wer function showed substantial

decrease in ERR/V/LM with increasing IE (frgure 6.6.3) - a partern rhat cannot be ignored in

view of the findings from categorical examination.

Hence, it is concluded that the relationship bet'ween cumulative Rn progeny exposure and

lung cancer moftality was signifrcantly modified by intensity of exposure. The role of IE on

the exposure-response relationship was best described by categorical evaluation based on a
multþlicative RR model and the best description of variations in ERR/ViLM with IE was

given by a power model.
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Table 6.6.3: Summary of Results From Fitting Modets to
Examine Variations in ERR/WLM With Intensity of Exposure

RÍsk Function

ERR Function

LÍnear:

þV + þ2**t

Parameter Estimates

Par R,R 95Vo CB

Þr

þz

13.97o

-5.77o

Model Fit

Dev DF

180.9 1908

LR Test

DF p

1.897 1 0.1684

þir*tc Þr

þz

Ê¡

29.77o

9.77o

5.IVo

181.4 1907 r.449 2 0.4846

Exponential:

þL- eþz+Yt Þr

"þz
eY

1

o.22

0.35

(0.4 - r.2)

(0.1- 1.e)

180.7 1908 2.114 1 0.1460

þw eYt p

eT

0.22

0.35 (0.1 - 1.e)

180.7 1908 2.t14 1 0.1460

Power:

þw (z)T p

v

0.07

-0.e8 (-2.3) - (0.3)

180.6 1908 2.22t 1 0.1361

þw (z+7)T B

v

0.33

-2.20 (-s.4) - (1.0)

180.6 1908 2.207 I 0.1374
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Note: * Best Fitting Model

Risk Functions Fitted: Linear:

Exponential

Power:

Chapter 6: Temporal Effect Modifiers and Surrogate Measures

ERR/WLM = 0.139 - 0.057 z

ERR/TVLM = 0.22 * 0.35 z

ERR/WLM = 0.07 z-0'98

Fïgurc 6.6.3: Modelling Variations in ERR/\/I/LM
With Intensity of Exposure

0:7

0.6

05

I
¡

I
I

E
R 

o.¿
R
I
w
L03
M

I
I
¡

I
I
I
¡

Linear

Bçonential

Pouer*

t
I
t
t

o2 t
t

0.1

0

0 05 115225
Intensity of Eçosure (Working lærcIs)

3 35
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6.7 Modifïers 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 modi$dng 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

tabte 6.7.I show that neither CDE nor IE had a signifrcant modifying effect on the exposure-

response relationship when examined under TSE windows. No distinctive patterns could be

observed in the modif,tcation parameters. Deviances for both TSE windows effect

modification models f,rtted 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. .

Despite this lack of statistical significance under TSE windows, variations of ERRAVLM

should not b ignored and deserve further examination (see chapter 2). Though the current

data are too sparse to d¡aw 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 th¡ee 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

Note: * ERR/WLM coefficient in Reference category: 5-15 years TSE v/indow

Table 6.7.I.bz Examining the Modifying Effect of rntensity of Exposure

Note: * ERR/WLM coeffrcient in Reference category: 5-15 years TSE window

5_15 t52S 25_

1

1

1

ERR/ RR Under TSE

WLM Windows

Cumulative

rk

867o

237o

427o

0.06

0.07

0.08

0.04

0.08

0.02

ERR/WM Under TSE

Windows (years)

5_15 t5_25 25_

t.o2 1.01 7.04

r.02

ERR/

Duration of

\ryM

Goodness of Fit

Likelihood Ratio

p

0.13

0.27

0.70

lance

DFx2

Dev-

179

r77

177

4.06 2

t.29 1

o.72 2

Cumulative

RR Under TSE

'Windows (years)

515 1525 25

1 0.06

0.08

0.08

0.04

0.08

0.06

1

1

Intensi of

ERR/

\vL

ERR/WL Under TSE

Windows (years)

5_15 15_25 25_

o.4r

o.42 0.29 0.44

Goodness of Fit

Dev- LR Test

lance

x2 DF p

0.13

0.28

0.95

179

178

t77

4.06 2

1.16 1

0.11 2
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6.8 Surrogate Measures of Exposure

The relationship benveen 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

surogate measures were also examined. The association between IE and lung cancer

mortality is examined mainly for the puq)ose of establishing how good a predictor IE is,

compared to CE. Use of CDE as a surogate measìue of exposure, does not require specifrc

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 regtession models; their efficacy was judged from surrogate model

goodness-of-fír 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 ideatly 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 f,rnal chapter of this work.
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6.8.I- 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

f,irst examined by frtting log-linear (multiplicative RR) regression models (2) based on

categorical variables. Cumulative duration of exposure was found to be a signifrcant

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 frt (p = 0.0311) with the

deviance dropping to L71.66. The joint effect of CE increased the RR esrimares among rhe

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 Ij5.99 which

was considerably smaller than the deviance when CDE was f,rtted 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 multþlicative modi$ring effect on the other. Furthermore, ERR estimates obtained.

were also very simila4 the ERR/WLM for a given CDE was l.4%o, whilsr the ERR/IIM for a

given level of exposure was 1.77o. It can therefore be concluded that when considered as

continuous variables, exponential functions of CDE and CE were found. to be equatly good

predictors of lung cancer mortality. Cumulative duration may therefore be considered as a

reasonable surrogate measure of exposure, for the pu{pose of estimating Rn progeny related

risk of lung cancer moflality in the RH cohort.
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Table 6.8.1: Examining the Surrogate Role of Duration of Exposure

Risk

Function

Constant

eÏisc

Parameter Estimates

Par RR 95Vo CB

eYl

eTZ

eY3

I
1.071

3.59

Fixed

(0.45 - 2.ss)

(t.47 - 8.78)

Model Fit

Dev DF

189.6

180.5

1910

1908

Likelihood Ratio

x2 DF p-value

9.097 2 0.0106

"Þi*c
eÞt

eþz

eÞ¡

"Þ¿

1

0.37

1.1

3.39

Fixed

(0.15 - O.es)

(0.43 - 2.82)

(0.99 - 11.6)

L76.0 1907 4.536 1 0.0332

eÞiwc eÏisc eÞt

eþz

e9:
.þ+
eY1

eTz

e"l3

1

0.18

0.26

0.65

1

2.74

6.24

Fixed

(0.04 - 0.74>

(0.04 - 1.51)

(0.08 - s.o)

Fixed

(0.68 - 11.0)

(1.0s - 37.3)

17t.7 1905 8.869 3 0.0311s

eY
eFw

"Þ* "Tz

eT

"Þ
eÞ

eT

r.027

1.O29

t.017

l.ot4

(1.01 - 1.04)

(1.01 - 1.0s)

(0.ee - 1.0s)

(0.e8 - 1.0s)

180.6

181.0

t79.8

1909

1909

1908

9.069

8.600

0.778

1 0.0026

1 0.0034

I O.3779s

Note: s Surrogate Measure - Cumulative duration of exposure

w Cumulative relevant Rn progeny exposure
s Residual effect of cumulative exposure after accounting for duration of exposure.

Unless otherwise specified, att 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 modi$ring 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 sunogate

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 signifrcantly with a halving of RR for each increasing WL of

exposure. However, there was still a substantial amount of residual variation that was

explained signifrcantly by the introduction of CE (p = 0.0006). Therefore, ir 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 modif,rer of the exposure response

relationship (section 6.6.3) and therefore, an important factor in describing the exposure

response relationship.
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Risk

Function

Constant

eïisc

Parameter Estimates

Par RR 95Vo CB

eY1

eYz

eY3

1

1.063

0.498

Fixed

(0.45 - 2.52)

(o.2r - L.2r)

Model Fit

Dev DF

189.6

186.0

1910

1908

Likelihood Ratio

x2 DF p-value

3.609 2 0.1645

eFi*" eÊt

eþz

eÞ¡

"þ+

1

0.37

1.1

3.39

Fixed

(0.1s - O.es)

(0.43 - 2.82)

(0.99 - 11.6)

176.0 \907 13.63 3 0.0035

eÞiwc elisc
"Þt
eþz

eF¡

eþ+

eYl

e^{2

eY3

1

0.51

1.60

5.32

1

0.74

0.41

Fixed

(0.19 - 1.39)

(0.s3 - 4.83)

(1.32 - 2r.5)

Fixed

(0.27 - 2.0O)

(0.ls - 1.ls)

172.7 1905 13.31 3 0.0040*s

eTz

"Þ*
"þ* "Y,

eY

eÞ

eÞ

eY

0.57

t.029

1.035

0.440

(0.32 - 1.03)

(1.01 - 1.0s)

(1.02 - 1.0s)

(0.23 - 0.8s)

185.8

181.0

174.1

1909

1909

1908

3.782

8.600

1r.73

1 0.0518

1 0.0034

1 0.0006*s
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Table 6.8.22 Examining the Surrogate Role of Intensity of Exposure

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 imponance of CE cannot be undermined by the predictive

power of CDE on lung cancer mortality. Implications of this firdirg in terms of measurement

error in Rn exposure levels a¡e discussed in chapter g.

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 signifrcant modifîer (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 haza¡ds modelling under nested case control analyses. Interpretation of
the findings on surogate measures of exposure and the implications of these findings are

discussed in the f,rnal chapter of this work - chapter g.
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7. Further fssues of Risk Evaluation Using
Bxposure-Time-Modifier-Response Models :

Nested Case-Control Analyses

7.L Aims

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 mortalþ amongst the Radium

Hill cohort.

2. 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

5

4 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.

1

3

6.
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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 paraffieters 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 baselíne rates and for most puq)oses, treated as nuisance

paraÌneters. The general form of this model introduced by Cox n L972 (Cox L972) was

named the proportíonal hazards model. tilith ttris 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 partíal líkelihood for historical reasons when applied to Cox's approach.

The adaptation of Cox's method to deal with confounders based on further stratifrcation 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 45&

s¿r - matched case-control set - resulting from such stratifrcation 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 ile known as nested case-conffol (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 alt 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 controls, NCC analyses

yield similar estimates of model parameters and precision as analyses based on a complete

enumeration of controls for each case. Independence of risk sets necessitate sampling with

replacement for controls i.e., selection based on random samples of controls drawn for each

case from all etigible non-cases at the time. Therefore, all cases have to be available for

selection as controls until they become a case. In the analyses of temporal variables, the NCC

approach avoids computational complexities of time-dependent covariate allocation. The

NCC approach is also most useful in detailed analysis of extensive personal record data such

as employment histories where it enables considerable economies. The precision of nested

case-control analyses versus analyses based on complete controls is given by:

E
1c+t

where, c = the number of controls per case.

Cox's method can be extended to deal with temporal variables. Temporal variables can be

accommodated either by using alternative time scales reflecting elapsed time from different

origins or by addressing changing exposures with time.

This methodological overview was written after ideas were crystallized with the aid of works

by Breslow, Day, Langholz and others @reslow and Day 1980; Breslow et. al.19g3), and a

manuscript on Cohort Analyses from David Clayton (Cla¡on and Hi[s Draft Lggz) of the

MRC Unit of Biostatistics, Cambridge.
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7.2.2 Construction and Characteristics of Risk sets

Nested case-control analyses of the Radium Hill cohort was set up by matching cases with

controls on age and year of birth. Lung cancer mortality being the outcome of interest, for

convenience of reference with respect to NCC analyses, each lung cancer death amongst the

RH cohort will be referred to as a case. For each case, controls were selected from amongst

suryivors by matching on age at the time of case occurence - reference age - and year of

birth. Exact matching on the integer component of age and year of birth resulted in few

controls for those born prior to 1900; hence, broader bases of matching - within 5 years - were

used in these instances.

Risk sets were constructed using two SAS macros speciñcally written for this purpose. The

first program identified all potential controls - all possible controls - for each case, which

formed the complere risk sets. The second program then selected a random sample of controls

from each complete risk set by incorporating SAS uniform random number generation

commands into a random sample selection algorithm. Being written as a macro, this program

allowed for the number of random controls to be selected to vary by introducing the number

of random controls desired as a macro call variable. In risk sets where the number of potential

controls fell short of the number of random controls desired, the program allowed all potential

controls to be selected.

The programs for constructing risk sets only required the identifiers, the matching variables

and outcome of follow-up variables as input variables. The output from these programs

comprised additional variables which included identifiers of risk sets and case or control status.

Therefore, once the risk sets were constructed, the body of data needed for analyses was

extracted from the main RH dataset using SAS extraction and merging commands.
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7.2.3 Risk Evaluation Models Used in this Chapter

Variations in ERR/WLM - given the presence of some relevant exposure - were further

examined in this chapter, using more complex models than those frtted previously, viz.,

Iinear-exponential "cell-killing" model (Thomas et al.1985) (model 1) , the non-linear model

(model 2), and a more general model incorporating exponential and non-linear components

(model 3). Exposure-response models were also fitted under time-since-exposure windows

using the model defined in chapter 5 (model4) and a further extension incorporating the effect

of attained age (model 5) which is generally referred to as rhe BEIR N TSE model (BEIR IV,

L987) and described in chapter 2. These models are defined as follows:

Linear-Exponential "Cell Killing" Model:RR= ã +þwl ¿\uw (1)

Non-Linear Model: RR= 11 + Êwv/

General Model: RR= [f + þwv1 s]uw

Time-Since-Exposure Model : RR= [1 +þ1wS_1S +þ2w6J

BEIR IY Time-Since-Exposure Model: RR= /1 +y(a)þt(S_lS + þZwlil]

(2)

(3)

(4)

(s)

where, p - measures the ERR/WLM

À - the exponential modification (ceil-killing) palamerer

v - the non-linear parameter

a - age at risk,
y(a) - a function of age at risk categorized as:

a < 55 years, 55 < a < 65 years , and e > 65 years

wS_15 exposures accumulated 5-15 years previously

wIS_ exposures accumulated prior to the last 15 years
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7.3 Risk Evaluation Using Nested case-control Analyses

7.3.1 Estimating ERR/WLM Using Smooth Parametric Functions

The risk of lung cancer mortality associated with Rn progeny exposure at RH was further

examined using smooth parametric functions def,rned by models I,2 and.3. These models

were fitted in a nested case-control analysis utilising all matched controls within each risk-set.

Since the purpose of this analysis was to examine patterns of variation in the risk of lung

cancer mortality associated with Rn progeny exposure among those exposed to Rn progeny,

only those who were exposed to Rn progeny at RH were included in this analysis. This

analysis was therefore based on the 32 risk sets identifred by the workers who died of lung

cancer and were exposed to Rn progeny at RH.

Results of frtting the linear exponential model, the non-linear model and a general model

incorporating both these components (models l, 2 and,3) are summarized in table 7.3.Ia.

Based on the results of a likelihood ratio test for the effect of including the exponential

modif,rcation component into the general model (model 3) after fitting all other effects in the

model, a signifrcant exponential modifying effect was identified in the association benveen Rn

progeny exposure and lung cancer mortality amongst the RH cohort. The non-linear

component when similmly examined showed a marginal effect. Overall, the best frtting model

was provided by the following functional form:

RR = (1 + 1.201 n-0.88¡ 1.027w

Risk estimates evaluated by this risk function were computed for various levels of Rn progeny

exposnre (table 7.3.Ic) and graphically represented in figures 7.3.taand 7.3.lb.
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Table 7.3.1a: Results of Modelting variations in Excess Relative Risk

Using Smooth Parametric Functions

Note: w - Rn Progeny Exposure; l, - exponential modifying parameter;
v - non-linear parameter; B - ERR/WLM.
n LRT: Improvement on Null Model.
e LRT: Improvement on Linear-Exponential Model.
p LRT Improvement on Power Model. l lRt Improvement on Linear Model.

Exponential Model:

RR = ¿Êw

Linear-Exponential Model :

RR = (I+þw)

RR = (t+þw¡¿?uw

General Model:

RR = (I+þwv¡¿?uw

Risk Function

NULL:

Linear Model:

RR = (1+þw)

Power Model:

RR = (I+þwv)

Parameter Estimates

Par Est 95Vo CB

eF 1.018 1.oo-1.04

o.o29

r.029 0.99-1.07

-0.007

v

p

p

eït

p

e)"

P o.oze

v

p

1.653

0.003

-0.88

1.201

t.o27

-2.93-r.12

0.02-46.6

1.00-1.06

Model Fit

Dev DF

181.45 32

r77.93 31

177.61 31

r77.93 3r

177.55 30

t77.r2 30

t74.66 29

x,2 DF p

3.52n 1 0.06

3.84n 1 0.05

0.811 1 0.37

LR Test

3.52n 1

0.381 1

0.06

0.54

6.79n 3

33ge 1

2.46p 1

0.08

0.07

0.17
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Due to the diffrculty of estimating confidence bounds for the linear parameter p in these

models, these models were re-fit using a log excess relative risk term for which confidence

bounds could be obtained more easily; these results are summarized in table 7.3.Ib. Even

though the risk function modelled included a constant of 1, the parameter p was initially

allowed to be freely estimated. It was only after p was identified as positive, that it was re-

f,rtted as an exponential term - thereby, implicitly constrained to being positive - in the analysis

presented in table 7.3.Ib where this alternative was used to obtain confidence bounds for B.

Therefore, if a protective effect from Rn progeny exposure could have eústed at any level of

Rn progeny exposure studied, this model would have been capable of identifying it.

The risk function estimated by the general model showed a turning point at 6.3 WLM.

Though it would have been more appropriate to plot the ERR rather than RR in frgures 7.3.1a

and 7.3.1b, RR were used to enable easier interpretation.

It is concluded from these findings that the risk of lung cancer mortality associated with Rn

progeny exposure at RH increased with increasing exposure beyond 6.3 WLM, which was

slightly lower than the mean exposure experienced at RH by underground workers. This

turning point could have been estimated more accurately by differentiating the risk function

with respect to w (exposure), but the level of accuracy gained from graphic estimation and

tabulations appeared adequate for the purpose of this work. An approximate four-fold risk

was associated with 50 WLM of cumulative exposure. The doubling dose estimated from this

model incorporating non-linear and exponential components was approximately 25 WLM.

Examination of exposure-response relationsÍips per se, is concluded at this stage; hereafter,

analyses will focus mainly on exposure-time-modifier-response relationships.

tt/8/93 10:02 PM 265 Arul



Chapter 7: Nested Case-Control Analyses

Table 7.3.1b: Results of Modelling variations in Excess Rerative Risk

Using Smooth Parametric Functions

(Log-Excess Relative Risk Term)

Note: w - Rn Progeny Exposure; À - exponentiat modifying parameter;

v - non-linear parameter; B - ERR/WLM.
n LRT: Improvement on Null Model.
e LRT: Improvement on Linear-Exponential Model.
P LRT Improvement on power Model.

Risk Function

NULL:

Linear-Exponential Model :

RR = (I+þw)

RR = (I+þw¡¿ìuw

Power Model:

RR = (I+wveÞ)

General Model:

RR = (I+wveÞ¡¿Ìvw

Parameter Estimates

Par Est 95Vo CB

B 0.029

1.029 0.99-1.07

-0.007

eL

p

v 1.646

0.003

-6.2r-3.54

0.00-95.80eþ

v

"þ
eìt

-0.864

0.965

r.o27

0.02-54.35

1.00-1.06

Model Fit

Dev DF

181.45 32

r77.93 3r

r77.55 30

r77.r2 30

174.68 29

LR Test

x2 DF p

3.52n 1

0.381 I

0.06

0.54

0.811 037

6.79n

2.20e

2.46p

0.08

o.t4

o.r2
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Table 7.3.lcz Relative Risk of Lung Cancer Mortality
Associated With Cumulative Relevant Radon Progeny Exposurg at Radium Hill

Estimated From Best Fitting Model : RR = (1 + 1201¡e{.88,¡ 1.027w
(Incorporating Non-Linear and Exponential Components)

Turning Pointa

a Mean Exposure

Cumulative Relevant
Radon Progeny Exposure

Relative Risk of
Lung Cancer Mortality

0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9
1.0
2.O

3.0
4.0
5.0
6.0
6.1

6.2
6.3
6.4
6.5
6.6
6.7
7.O

7.7
8.0
9.0
10.0
20.0
30.0
40.0
50.0
60.0
70.0
80.0
90.0
100.0

5.982148
4.500613
3.729396
3.25334r
2.92910r
2.693598
2.5t46t2
2.373923
2.260427
r.743029
r.577959
1..50692r
t.475380
1.464538
1.464228
7.464035
1.463953
7.463978
1.464106
r.46433t
1.464651
r.466143
1.472338
r.475997
1.49t738
1.511938
1.850332
2.357793
3.038494
3.934515
5.t07494
6.639929
8.640295
1,1.25052
14.65599
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Figure 7.3.1a: Relative Risk of Lung CancerMortality
With Cunulative Relevant Radon Progeny Exposure

Armngst The RadiumHill Cohort
@xposedWorkers Only)
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Figure 7.3.1b: Relative Risk of Lung CancerMortatity
With Cunulative Re levant Radon Progeny Expos urr

Amongst The RadiumHill Cohort
X-Axis Ptotted on Logarithmic Scale

(ExposedWorkens Only)
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7.3.2 Risk Evaluation Under Time-Since-Exposure Windows

Cox's proportionate hazards models with exposures modelled as linear excess relative risk

functions were used to evaluate the risk of Rn progeny related lung cancer mortality in these

NCC analyses. Several representations of exposure in TSE windows were examined across

categories of age at death from lung cancer classified using the BEIR IV (BEIR IV 1938)

categoization for reference age. The distribution of cases and controls across various

exposnre windows and reference age categories are summarized in table7.3.2a.

Table 7.3.2a: Distribution of Cases and Controls
Across Exposure Windows and Reference Age Categories

Exposure
'Window

5_ years:
O WLM
>OWLM
Total

Cesns
RnrnnrNceAcB

<55 55-<65 65->

6
8

t4

7
L4

2l

9
10

L9

Co¡l-rnors
RnrnnrNce Ace

Alt

327
399
726

5_15 Years
O U/LM

>O WLM
Total

15 Years
O WLM

>O WLM
Total

8

6
T4

2L
0

2l

L9

0
t9

10

4
r4

7
14

2l

9
10

19

48
6

54

26
28
54

179
3r

210

3rl
3

3r4

207
1

202

rt9
9r

210

134
180
3r4

101

101

202

69r
35

726

354
372
726

5_20 Years
O WLM
>0'wLM
Total

20 Years
O WLM

>O WLM
Total

7

7
t4

20 t7
2

19

1

2l

r3
1

t4

7
t4
27

10

9
t9

44
10

10

30
24
54

r37
73

2t0

295
19

3r4

192
10

202

151

59
zto

r47
r67
3t4

110

92
202

624
102
726

408
318
726
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Analyses in this section commenced by fitting cumulative relevant exposure (hereafter refered

to as cumulative exposure or CE) based on a five year lag, denoted by w5_, as defined in

model Ia. The modifying effect of reference age was then examined by modelling reference

age as an exponential modification term (model Ib) using notation defined previously in

chapter 6.

Cumulative Relevant Exposure: ERR = w5 eF

Modifying Effect of Reference Age: ERR = w5 eþ eYtzc

(Ia)

(Ib)

Results of frtting these models are summar:lzÊd, in table 7.3.2. A statistically signifrcant

ERR¡È/LM of 2.77o was estimated in the simplest model with a 95Vo CI of (0.01 - 0.12) for

ttris estimate. A score test for linear trend yielded a highly significant linear trend (score

statistic = 5.68; p = O.02) for ERR/V/LM. Results of likelihood ratio tesrs show that this

effect of Rn exposure on the risk of lung cancer mortality was not signifrcantly modified by

age at death from lung cancer when reference age was fitted as a dichotomous or

trichotomous variable. However, the risk of lung cancer mortality was seen to increase with

increasing categories of reference age; a three-fold increase in risk was observed in the

reference age category of 65 years or more. The score test for log-linear trend in reference

age was not significanr at the 57o level (score statistic = 0.01; p = 0.93).
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Table 7.3.2b: Results from Fitting Linear Excess RR Models for

Cumulative Relevant Exposure with Reference Age Effect Modification

ERR Parameter Estimates Model Fit Likelihood Ratio Test

Ref. Variable Par Est. 95Vo CB Dev FP 'x2 DF p

Ia

NULL

w5

Constant

1

o.027

Fixed

(0.01 - 0.12)eÞ

283.98

279.99

0

1 9.99 1 0.0458

Ib w5

Constant

<55 years

1

0.o32

o.487

Fixed

(0.01 - 0.16)

(0.68 - 34.8)

eÞ

eTr

279.83 2 0.16 1 0.6910

Ib w5

Constant

65_ years

1

0.017

3.058

Fixed

(0.01 - 0.1e)

(0.t2 - 73.0)

"Þ
dYz

279.40 2 0.59 r 0.4413

Ib w5

Constant

<55 years

55-65 years

65_ years

1

0.017

0.901

1

2.925

Fixed

(0.00 - 0.3e)

(0.01 - 137)

Fixed

(0.07 - 11e)

"Þ
eÏr

eTo

e\z

279.40 3 0.60 2 0.7427

Note: Ref. - Reference to models given in section 7.3 and.defined as:-

Cumulative Relevant Exposure (w5_): ERR: w5 "þ
Modifying Effect of Reference Age (z): ERR = w5 eþ e\úc

(Ia)

(Ib)
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Separate models were then frtted for cumulative exposure measured in two TSE windows,

using the BEIR IV (NAP 1988) exposure windows, 5-15 years and 15 years or more (model

IIa). Once again risk estimates were also allowed to vary with age at death from lung cancer

in examining the modifying effect of reference age (model IIb). Results of frtting these models

based on TSE windows showed slight improvement in fit compared to models based on

cumulative relevant exposures (table 7 .3.2c).

Exposure in TSE Windows:

Modifying Effect of Reference Age:

Continuous Effect of Reference Age:

ERR = (w5_15 + þyI5) eÞo

ERR = (w5 15+B1wIS) e\o ¿:¡¡t,

ERR = (w5_15+þ1w15) 
"þo "Y"

(tra)

(trb)

(IIc)

Where, ¿Fo - PRn/WtIvt parameter

0t - RR parameter

eT - effect modiftcation parameter

The risk of Rn progeny related lung cancer mortality dropped in weightage with increasing

TSE windows. The effect of exposures accumulated up to 15 years prior to the reference age

was considerably lower than that sustained 5 - 15 years before the refe¡enc e age; the RR of

lung cancer mortality dropped to 0.055 for exposures sustained 15 years or more prior. A
score test for trend in exposures sustained between 5 and 15 years prior to the reference age

confnmed a highly signifrcant linear trend (score statistic = 7.299g, p = 0.0069). After

accounting for the effect of exposures in the 5-15 year window, a linear trend, though only of
borderline statistical signifrcance (score statistic = 3.3415, p = 0.0676), was also noticed in

exposures sustained in the previous window of time.
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ERR Parameter Estimates Model Fit Likelihood Ratio Test
Ref Variable Par Est. 95Vo CB Dev FP xzDFp

NULL
IIa w5-15

w15

Constant

1 Fixed

Êr 0.0ss

"Þo 0.334 (0.03 - 2.93)

283.98

277.29

0

2 6.69 2 0.0352

trb w5-15

w15

Constant

Age < 55

1

0.053

0.392

o.796

Fixed

Þr

eFo

eYt

(0.01 - 19.8)

(0.02 - 38.6)

277.27 3 0.02 1 0.8848

trb w5-15

w15

Constant

Age 65->

1

0.058

o.289

1.884

Fixed

Êr

"Þo
eTz

(0.03 - 2.8s)

(0.07 - 50.6)

277.17 3 0.13 t 0.7237

trb w5-15

w15

Constant

Age < 55

55-65
Age 65->

1

0.060

0.260

t.132
1

2.0t4

Fixed

Þr

"Þo
eTt

eïo

eTz

(0.00 - 42.3)

(0.01 - lss)
Fixed

(0.03 - 12e)

277.t6 4 0.13 2 0.937r

IIc w5-15

w15

Constant

Ref. Age

1

Fr -0.028

"Þo 2xr05

eY 0.767

Fixed

(-1.11 - 0.0s)

(0.00 - zxtOr{)
(0.s - 1.16)

273.96 3 3.33 1 0.06s0

Chapter 7: Nested Case-Control Analyses

Table 7.3.2c2 Results from Fitting Linear Excess RR Models
using the BEIR rv chssification of rsE windows and Reference Age

Note: Ref. - Reference to models given in section 7.3 and,defined as:-

Exposure (w) in TSE Windows: ERR = (w5_15 + þyI5) eÞo

Moditying Effect of Reference Age (z): ERR = (w5_15+þ1w15_) ,þo 
"Tit,

conrinuous Effecr of Reference Age (z): ERR = (w5_15+þyl5_) ,þo eT,

(IIa)

(trb)

(IIc)
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The risk of lung cancer mortality va¡ied with reference age but, reference age was not a

statistically signifrcant modifier of effect when modelled categorically; the risk of Rn progeny

related lung cancer mortality was lowest in the reference age category of 55-65 years with a

two-fold increase amongst those above 65 years. However, when reference age was modelled

as a continuous variable it showed a borderline significant modifying effect (LRT X2 = 3.33I,

P = 0.0680); exposures accumulated up to 15 years prior to the reference age had a smaller

effect than exposures sustained thereafteç this effect though negative, was not statistically

significant. No significant trend was seen in reference age (score statistic = O.39229, p =
0.5311).

Further categoizations of TSE windows were also explored - three windows of 5-15, 15-25,

and25 years or more - but, the data were found to be too spatse to fit any worthwhile models.

To circumvent problems arising from the sparseness of the BEIR IV TSE windows

classifrcation, another categonzation of TSE windows - exposure wind.ows spanning 5-20

years and 20 years or more - was also applied. Though the distribution of cases and. controls

across these categories were less sparse, the models fitted did not improve the goodness of fit

(table 7.3.4). These models ïvere therefore dismissed in favour of the more parsimonious

models fitted under the BEIR IV categorizarion.
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Table 7.3.2d2 Results from Fitting Linear Excess RR Modets

Using and Alternative Classification of TSE Windows

Note: Ref. - Reference to models given in section 7.3 anddef,rned as:-
Exposure (w) in TSE Windows: ERR = (w5_20 + þy20) eÞ0

Modifying Effect of Reference Age (z): ERR = (w5 _20 + þy20) 
"þo "yíttcontinuous Effect of Reference Age (z): ERR = (w5_20 + þp20) eþo erz

(IIa)

(trb)

(tlc)

ERR

Ref. Variable

NULL

IIa w5-20

w20

Constant

Parameter Estimates

Par Est. 95Vo CB

1

0.682

0.037

Fixed

Êr

eþo (0.00 - 0.s8)

Model Fit

Dev FP

283.98

279.93

0

2

LR Test

x2DFp

4.05 2 0.1319

trb w5-20

w20

Constant

Age < 55

1

0.933

0.034

0.572

Fixed

Þr

eþo

eTl

(0.00 - 2.1s)

(0.01 - 38.e)

279.84 3 0.09 L 0.7616

trb w5-2O

w2O

Constant

Age 65->

1

20.50

0.000

8.416

Fixed

Þr

"þo
e"lz

(0.00 - 0.00)

(0.01 - 61s0)

279.07 3 0.86 L 0.3546

trb w5-20

w20

Constant

Age < 55

Age 55-<65

Age 65->

1

0.633

0.025

L.O27

1

2.960

Fixed

Þr

"þo
eTl

eIo

eTz

(0.00 - 2.78)

(0.01 - 149)

Fixed

(0.06 - 13s)

279.49 4 0.44 2 0.8013
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7.4 Sensitivity Analyses of
Exposure Extrapolation Assumptions

Estimates of Rn progeny levels in the uranium mine at Radium Hill from 1948-1952 were

obtained by direct extrapolation from the 1953 estimates, which were based on Rn gas

measurements (chapter 3). These extrapolations were made on the assumption that work

conditions were the same in both periods. Further examination of reports on mining activities

at Radium Hill and anecdotal evidence obtained from members of the study cohort revealed

however, that those employed at the mine from 1948 to 1952 were involved in securing old

mine shafts that remained from previous mining attempts. The nature of their work may have

exposed them to much higher levels of exposure than those estimated in the new mine in 1953.

This section explores the use of a simple method of sensitivity analysis to examine this

particular aspect of measurement error.

Sensitivity analyses were performed by weighting exposure measurements from 1948-1952 by

va¡ious multipliers and gauging the effect of these weights from the goodness-of-fit of linear

ERR models - similar to those used in the previous sections - frtted thereafter. Sensitivity

analyses examined the effects of multiplying factors of 2, 3 and 4. It thereby reduced to a

'what if?' analysis, examining the questions'whnt íf exposures experienced from 1948-1952

had been twice, thrice or four tímes those estimated ín 1953?'.

Finally, one further exposure extrapolation assumption was examined. This comprised

exploring the assumption of any exposure extrapolation at all attributed to the periods Ig4B-

L952 and for 1962. The reason for this exploratory analysis was that ar the time of the initial

construction of the JEM, no allowance was made for exposures experienced when the RH

mine was not producing ore since no Rn gas measurements were made before 1953 or after

796L; ore production commenced in 1953 and concluded in 1961. The effect of this

assumption was explored by using a multiplier of zero for exposures acquired prior to 1953

and after 1961, in a similar sensitivity analysis.
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Before embarking on sensitivity analyses, study data were examined with a view to

understanding how exposures experienced prior to 1953 and during 1962 contributed to the

individual cumulative exposures.

The nested case-control study dataset comprised a total of 54 cases and726 controls of whom

22 (4L7o) of the cases and 327 (45Vo) of the controls were not exposed to any relevant Rn

exposure at RH. Of those effectively exposed at RH 5 cases (167o) and 69 controls (L7Vo)

experienced exposures prior to 1953; amongst them, only 1 case and 21 controls accumulated

their total relevant Rn exposure before 1953. Exposures experienced prior to 1953 by nested

case-control study puticipants are summa¡i zú, in table 7 .4.1.

Table 7.4a: Summary of Exposure Patterns Prior to 1953

Calendar Period

1948 1949 1950 1951 t952 1948-52

Number (%):

Cases | (1.97o)

Controls 5 (O.7Vo)

Total Exposure (WLM):

Cases 13.68

Controls 38.22

Mean Exposure (WLM):

Cases 13.68

Controls 7.64

| (L.9Vo)

2 (0.37o)

I (1.97o)

4 (o.6Vo)

3 (5.6Vo)

74 (1.97o)

5 (9.37o)

66 (9.17o)

5 (9.37o)

69 (9.57o)

t3.64

27.28

t5.76

35.19

32.63

180.01

7t.37

505.82

t47.07

786.53

t3.64

t3.64

15.76

3.94

10.88

0.78

14.27

7.66

29.4

11.40
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In each of the calendar years prior to 1953, a higher proportion of cases appeared to be

exposed than controls. Prior to 1953, cases experienced a substantially higher exposure than

controls - the mean exposure for cases was over 2.5 times higher than the mean exposure for

cases. Results of sensitivity analyses (table 7 .4.2) showed that for exposures experienced prior

to 1953, exposure multiplying factors 2, 3 and 4 made no improvement to the model fit;

deviances for these models were higher than that of the reference model (multiplier of 1).

Table 7.4b. Summary of Results from Sensitivity Analyses

Mourr,
Pnnnr,mrnns

Cumulative Exposure:
Deviance

w5 ,þo

Exposunn Mur,rpryrNc FacroRS
1* 2 3 4

0.02

279.397
0.01

280.530
0.07

280.310
0.05

280.51t

Cumulative Exposure:
Reference Age (years):

w5 
"þo< 55 eTt

55-<65 eTo

65-> e\z
Deviance

0.02
0.90

1

2.92
279.40

0.01
0.89

1

3.45
280.53

0.07
0.69

1

4.01

280.31

0.05
0.25

1

4.52
280.57

Exposure in'Windows: w5 15

w15 ß'ta

Deviance

1

0.06
277.16

1

0.04
277.r5

1

0.04
277.22

1

0.03
277.28

ERR Multiplier
Exposure in Windows: "þo

Reference Age (years):

w5 15

w15
<55
55-<65
65->

Þr
e^ll

eTo

eTz

Deviance

o.26

1

0.06
r.t4

1

2.02

277.16

o.2L

1

0.04
t.54

1

2.37

277.15

0.r7
1

0.04
2.O3

1

2.66

277.22

0.74

1

0.03
2.62

1

2.9r
271.28

Note: * Reference Model: Direct Extrapolation (Exposure Multiplier = 1).

Cumulative Relevant Exposure (w5-): ERR = w5 eþ
Modifying Effect of Reference Age (z): ERR = w5 _ e þ e Ttzc

Exposure in TSE'Windows: ERR = (w5_15 + þy15) eÞo
Modifying Effect of Reference Age: ERR = (w5_15+þ1w15_) eþo 

"yitt

(Ia)
(rb)

(IIa)
(trb)
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The effect of increased exposure estimates prior to 1953 in these models was absorbed more

by the coefficients of reference age categories. Risk increased with reference age. Estimates

of ERR parameters under TSE exposure windows showed little variation in all other than the

window of 25 years plus, perhaps reflecting that these early exposures had been experienced

mainly 25 years prior to the reference age. Further examination revealed that 3 of the cases

(6O7o) who experienced some exposure prior to 1953 died within 25 years of this time; 25

(67o) of the controls experienced exposures prior to 1953 and within 25 years of their

reference ages. Of all those who experienced exposures prior to 1953 and within 25 years of

their reference ages, only 3 controls accumulated their total exposure before 1953.

Exposure patterns were further examined to see whether the lack of effect due to va¡iation in

pre-1953 exposures could be attributed to a specifrc aspect of individual dosimetry. Among

those ever exposed the mean proportion of exposure experienced prior to 1953 was 8.77o for

cases and IO.87o for controls. Of those exposed prior to 1953, the proportion of exposure

experienced before 1953 averaged 55.7Vo among the cases and 62.7Vo Írmong the controls; 21

of the controls and one case accumulated all their exposure during this period. The lack of an

effect in varying the early exposures may have been because the majority of those working

prior to 1953 continued working at RH thereafter, and the fraction of their exposure

experienced prior to 1953 was small.

Results of frtting models to CE with zero weightage ascribed in turn to the periods prior to

1953 and after 1962 are summarized in table 7.4.3. All models under the zero exposure

assumption had better fits than the reference model (model based on direct extrapolation, í.e.

multiplier of 1). The best fit was obtained when exposures prior to 1953 were estimated by

1953 exposures and no exposures were ascribed to 1962. However, the differences between

thedeviancesof thesemodelswasverysmall. Estimatesof ERR/WLMranged fromlJSVoto

3.O8Vo under these assumptions, after accounting for the effect of reference age. Estimates of

RR amongst reference age categories were much more precise when modelled under the zero

exposure assumption prior to 1953.
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Table 7.4c: Results from Sensitivity Analyses With Zero Exposure Multipliers

(957o Confidence Intervals for Parameter Estimates Given in Brackets)

Monnr,
Plnntmrnns

Rnrnnnxcp
No Exposunn
Mu¡,rpr,mns

ZERo Expo sunn Mur,rpr,rens
1962
ONLY

1948-52
ONLY

L948-52
Ar{D 1962

Exposure:

w5
"þ 0.0175

(0.001 - 0.388)
0.0175

(0.001- 0.387)
0.0307

(0.002 - 0.432)
0.0308

(0.002 - 0.432)

Reference Age:

<55 years eTl 0.9012
(0.006 - 136.7)

1.0050
(0.008 - 119.1)

0.8070
(0.013 - 50.84)

0.8099
(0.013 - s0.62)

55-<65 yeers eTo 1 1 1 1

(Fixed)(Fixed) (Fixed) @xed)

65-> years eTz 2.926
(2.92s - 119.1)

2.9220
(0.072 - 118.6)

2.4rO0
(0.081 -7r.27)

2.4040
(0.081 - 70.e4)

Deviance 279.397 279.257 279.350 279.341

Note: Cumulative Relevant Exposure (w5J:
Modifying Effect of Reference Age (z):

ERR = w5 eþ
ERR = w5 eþ e^ltzc

(Ia)
(rb)
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Sensitivity analyses canried out thus far comprised examination of fixed multipliers of Rn

exposure estimates obtained through extrapolation. The weightage of exposures experienced

during the periods in question are now estimated using maximum likelihood estimation.

Results of maximum likelihood estimation of individual exposure weights for years prior to

1953, showed the largest (though non-significant) contributor to æ L949. However, this may

have been spurious due to the few controls exposed that year and the lack of variability

between cases and controls in exposure levels. Closer examination of the data revealed that

the cases and controls exposed n t949 referred to the same individual who was randomly

selected as a matched control in two risk sets before becoming a case.

Based on relevant exposures accumulated during the periods prior to and after 1953, MLE

showed that exposure from 1953 to 1962 plus 0.3416 times the cumulative exposure prior to

1953 had the best fit (deviance 279.160). Morimum likelihood estimation of a exposure

weight for exposures experienced in L962 drdnot yield any worthwhile estimate.

After accounting for the effect of age at risk, the ERR/WLM was I.76Vo using the exposures

with simple extrapolation and 3.O87o when no exposures were assribed to the calendar periods

in question. Given any greater weightage, these estimates fluctuate non- systematically with

exposure and increase with reference age. Maximum Likelihood Estimation shows that the

best fit is obtained with weights greater than zero but less than 1. Therefore we conclude that

the ERR /WLM must lie berween I.76Vo - 3.08Vo.
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7.5 Further Examination of Surrogate Measures of Exposure:
The Role of Surrogate Measures in TSE Windows

The predictive power of surrogate measures of exposure was examined by frtting identical

models to each surrogate measure and comparing their goodness-of-frt. Surrogate measures

examined comprised cumulative duration of employment, cumulative duration of exposure and

avemge intensity of exposure. Cumulative durations of employment and exposure were

measured in working months and intensity of exposure in working levels. All modelling was

based on continuous variables. In keeping with analyses presented in previous sections of this

chapter, surrogate measures were modelled under two alternate sets of TSE windows models -

the first consisting of just one window based on a 5 year lag, and the other comprising two

windows of 5-15 years prior and 15 or more. Since models for the va¡ious surrogate

measures are not nested models, their goodness-of-fit was examined by a direct comparison of

the model deviances with the deviance of the reference models - models of Rn exposure

measured in working level months.

Results of frtting these models (summarized in table 7.5a) showed that cumulative duration of

exposure had the smallest deviances in both sets of models; thus, implþg that cumulative

duration of exposure may have been a better linear predictor of Rn progeny related lung

cancer mortality after controlling for birth cohort effect, than estimated cumulative relevant Rn

progeny exposure. Estimates obtained showed a 3.6l%o ERR/ïIM of cumulative duration

exposed in the 5 year lagged period, as compared with 2.75Vo ERR/WLM in the reference

model based on cumulative relevant Rn progeny exposure. Further stratification of the TSE

showed that compared to exposures sustained in previous periods, the RR of exposures

sustained in the 5-15 year TSE window was 18.0 based on WLMs and 11.7 based on WMs of

exposure.
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Exposure in
Time Since
Exposure
Window

Reference
Model

Exposure
WLM

Duration Exposure
Intensity

WL

Surrogate Measures

Employed
WM

Exposed
WM

w5 eþ

SE(¿Þ)

Deviance

0.0275
(0.0208)

279.992

0.0038
(0.0071)

283.655

0.0361
(0.0227)

277.36r

-0.2225
(0.1227)

283.447

w5 15 eþo

SEleÊo¡

w15 ß',a

sE(Þ;)

Deviance

0.3334
(0.36e8)

0.0185
(0.018e)

277.290

0.0075
(0.024s)

0.0035
(0.0077)

283.632

o.276r
(0.2818)

0.0236
(0.01e8)

274.521

4.699
(4.6ee)

-0.2211
(0.1274)

280.r93

Chapter 7: Nested Case-Control Analyses

Table 7.5a: Results from Modelling Surrogate Measures of Exposure
Excess Relative Risk per Unit Increase in Measure of Exposure

Note: Cumulative Relevant Exposure (w5J: ERR = w5 "þExposure in TSE'Windows: ERR = (w5_15 + þytS) eÞ0

The role of duration of exposure as the best frtting surrogate measure was further examined in

the presence of the modifying effect of reference age. Results of frtting these models are

summarized in table 7.5b.

Compared to the reference models, models based on duration of exposure continued to have

smaller deviances; they also had consistently smaller and more precise estimates of risk

(smaller variances). The change in RR estimates across reference age categories ind.icated an

increasing trend in risk with reference age. However, a score test for trend based on

continuous reference age showed that this trend was not statistically signif,rcant.

The other surogate measures examined proved to be no better than the reference measure.

The negative coefficient of ERR/V/L obtained in modelling exposure intensity indicated that

higher intensities of exposure may have had somewhat of a protective effect from lung cancer

mortality. The results were however, not strong enough to confirm this notion.

(Ia)
(IIa)
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Table 7.5b: Further Comparison of Reference Model and Best Surrogate Model
(Standard Errors or 95Vo Confidence Bounds)

Effect Estimated Reference Model Surrogate Measure
and Goodness of Fit Exposure (WLM) Duration Exposed (WM)

TSE V/indow:
w5 nþ

sE( ¿Þ)

Reference Age:
<55 years e\l

SE( eTl)

55-65 years dlo
SE( eÏ0)

65-> years eT2

SE(eY2)

Deviance

0.0175
(0.0276)

0.9012
(0.01 - 136.7)

1

(Fixed)

2.926
(0.07 - rr9.2)

279.397

0.0009
(0.0010)

0.5445
(0.01 - 2r.29)

1

(Fixed)

2.r30
(0.13 - 33.e8)

276.554

TSE V/indow:
w5 15 eþo

SE(eÞo¡

w15- pt
sE(p1)

Reference Age:
<55 years eTl

SE( eÏl)
55-65 years e\o

SE( eTo)

65-> years eT2

SE( elz¡
Deviance

0.2524
(0.6s2e)

0.0157
(0.0266)

0.0104
(0.0206)

0.0008
(0.000e)

1.157
(0.01 - 152.8)

1

(Fixed)

2.O28

(0.03 - 128.4)

277.16r

0.5413
(0.01 - 23.0)

1

(Fixed)

t.722
(0.09 - 34.3s)

273.867

Note: Modifying Effect of Reference Age (z): ERR = w5 eþ eltzc
Modifying Effect of Reference Age: ERR = (w5_15+þ1w15_) 

"Þo 
¿y¡t,

(rb)

(trb)

The surrogate role of duration of employment was also considered in conjunction with a

dichotomous variable defining exposure status as ever or never effectively exposed. Both TSE

windows models fitted, though only slightly improving the frt with duration of employment

alone, consistently estimated RR 46 times higher among those ever exposed as against those

never exposed. However, the inclusion of the new variable on exposure status did not prove

any marked improvemenr in rhe model frt (deviances of 283.273 and283.009).
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7.6 Further Examination of the Protracted Exposure Effect

A protracted exposure effect - where, for a given level of cumulative Rn exposure the risk of

lung cancer mortality declined with increasing Rn concentrations - identified during person-

years based Poisson regressions analyses in chapter 6, was further examined using the

proportionate hazards modelling under nested case-control analyses. Analysis was based on

complete risk sets corresponding to those exposed to Rn progeny at RH (similar to the dataset

used in section 7 .3.1). The effect of protracted exposure was examined by modelling intensity

of exposure (Rn progeny concentrations) as a modifier of the effect of cumulative relevant Rn

progeny exposure. Results of these examinations summarized in table 7.6.1 showed that the

intensity of exposure had a modifying effect on the association between cumulative relevant

Rn progeny exposure and lung cancer mortality.

The modifying effect of Rn progeny concentration was best represented by a linear additive

model. Estimates from this model showed that for a given cumulative exposure, the ERR

declined by 6Vo with each increasing WL of exposure.

The intensity of exposure modelled in this section was derived from cumulative relevant

exposure and total duration of exposure to Rn progeny at RH, which therefore represent the

overall average intensity of exposure. Analyses presented in chapter 6 however, were based

on person-years data where person-years, events and cofactors were accumulated by each

individual's exact age (integer) at each calendar year and covariates were obtained through

weighted averages for each cell in the person-years and event tables. The person-years based

analyses would therefore have captured and retained the essence of exposure intensities over

the time they were experienced; whereas, in exposure intensities derived from cumulative

exposure and duration, fluctuations in exposure conditions would have been lost in the

summarization of a single average. Person-years based analyses are therefore preferred to

nested case-control analyses based on life-time average exposure concentrations for examining

protracted exposure effect.

a
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Risk Function

NULL:

Linear Model:
RR = (I+þw)

RR = (1+þw +.,twc )

Exponential Model:
RR = ¿Þw

RR= uþw+Ywc

Linear-Exponential Model:
RR = (I+þw)

RR = (I+þwe\c)

Power Model:
RR = (I+þwcv)

Parameter Estimates

Par Est 95Vo Cß

p

p

v

o.029

0.114
-0.056

eþ

eþ
e"t

1.018

1.054

0.972

1.00-1.04

1.01-1.10

0.94-1.00

B o.029

0.181 0.0r-2.44
0.26r

eÌ'"

p

v
B

-1.56

0.040

Model Fit

Dev DF

181.45 32

r77.93

173.81

37

30

177.6r

174.50

3l

30

\77.93

774.14

3r

30

174.28 30

LR Test

x2 DF p

3.52n 1

3.t2r 1

0.06

0.08

3.84n 1

3.1le 1

0.0s

0.08

3.52n 1

3.791 1

0.06

0.05

3.651 1 0.06

Chapter 7: Nested Case-Control Analyses

Table 7.6.L2 Further Examination of the Protracted Exposure Effect

Base on Nested Case-Control Analyses

Note: w - Rn Progeny Exposure; P - ERR/V/LM,' c - Intensity of Rn Progeny Exposure.
n LRT: Improvement on Null Model; e LRT Improvement on Exponential Model;
I lRt Improvement on Linear Model.

Other more powerful methods of examining the protracted exposure effect using nested case-

control analyses are available; these include the modelling of individual intensities by age or

calendar time, the identification and modelling of peak exposures. In an exploratory analysis,

annual exposures were modelled using the proportionate hazatd procedure (PHGLM) in SAS

(SAS 1990). Limitations of available data - identified in section 7.4 - hampered this approach

and this analysis was no more informative than PYRS based analyses. Analyses based on peak

exposures could not be undertaken for the same reason. Such analyses must await improved

exposure data and radio-biological guidelines on effective exposure.
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7.7 Examination of the Effect other Occupational Exposures

Other occupational exposures relevant to the risk of Rn associated lung cancer mortality

studied in this work comprise other occupational exposure to radioactive material and to

asbestos. Descriptive findings on these exposures were sunmanzed in chapter 4. Of the 54

lung cancer deaths in the RH study, data on other occupational exposure to radioactive

material were available for 29 (54Vo) cases - 2 werc exposed to radioactive material outside of

RH - and data on occupational exposure to asbestos were available for 24 cases (447o) - 8 had

been exposed to asbestos, and 5 of this number were exposed to Rn at RH. Jointly, of 30 lung

cancer deaths 10 had other relevant occupational exposures andT were exposed to Rn at RH.

Considering the limited number of informative risk sets available for this part of the study and

the lack of complete histories on other occupational exposures amongst controls, all available

matched controls within each risk set who responded to the questionnaire survey queries on

other occupational exposures were included in the analyses. The nested case-control analyses

of other occupational exposures was therefore not based on randomly sampling the risk sets as

in the previous sections of this work.

For the purpose of this analysis, other occupational exposure to radioactive material and to

asbestos were treated as independent dichotomous va¡iables. Initial examination showed. that

data available on these variables were adequate to independentþ address their effects. It was

not necessary to combine them to form a composite variable on other occupational exposures

as suggested in the descriptive epidemiology section of this thesis (chapter 4). Independent

evaluation of these factors was preferred in order to avoid the difficulties in interpreting results

based on a composite va¡iable.

Analyses commenced with simple categorical evaluation based on multþlicative (log-linear)

RR models; this was followed by more detailed examination of variations in ERR/WLM with

Rn progeny exposure modelled using a smooth parametric function.
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7.7.1 The Effect of Occupational Exposure to Radioactive Material

Other Than at Radium Hill

Table 7.7.La shows the distribution of cases and controls within the nested case-control

dataset constructed for examining the effect of other occupational exposure to radio active

material on the association benveen Rn progeny exposure at RH and lung cancer mortality.

Table 7.7.la:. Distribution of cases and contrors By Exposure status

Other Occupational

Exposure to

Radio Active Materiat

Radon at Radium Hilt
Unexposed Exposed All

Cases Controls Cases Controls Cases Controls
Unexposed

Exposed

10 332

59

L7 470

85

27 802

r440 2 2

All 10 39r 19 555 29 946

The absence of any (table 7.7.La) cases amongst those unexposed to Rn progeny at RH and

occupationally exposed to radioactive material elsewhere, made categorical evaluation based

on this dichotomous categorization of Rn progeny exposure at RH unfeasible. Therefore,

examination of the effect of other occupational exposure to radioactive material was based on

variations in ERR/WLM by modelling Rn progeny exposure at RH quantitatively.

Results of analyses summarized in table 7.7.Lb showed that occupational exposure to

radioactive material other than at RH had a significant residual effect on lung cancer mortality

after accounting for the effect of Rn progeny exposure ar RH (p=0.05). Other occupational

exposure to radioactive material was found to have a significant confounding effect on the risk

of lung cancer associated with exposure to Rn progeny at RH. After controlling for the

confounding effect of other occupational exposures to radioactive material, the estimated

increase in ERR/IVLM associated with Rn progeny exposure experienced as RH was lIVo;

this estimated effect was slightly (not significantly) modified by the effect of attained age.
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The effect of other occupational exposure to radioactive work examined with Rn exposrue at

RH expressed under TSB windows, improved the fit of the model considerably; ERR/WLM

estimates were much closer to the overall estimates derived from previous examination. Risk

of lung cancer mortality associated with distant exposures was 7Zo ERR/wLM, and was

further modified by the influence of attained age (3Vo ERR/V/LM in those aged <65 years);

this modifying effect of anained age was however, not statistically signifrcant.

Table 7.7.lbz Examining the Confounding Effect of
Occupational Exposure to Radioactive Material Other Than at Radium Hill

Note: x - Other occupational exposure to radioactive material: ø - confounding parameter;
w - Rn Progeny Exposure: ,Ê pnn/WrVt
z - Attained age (reference age): y- effect modif,rcation parameter

Risk Function

Models of Relevant Exposure:

Null

(I+w5-eÞ)

ew(I +w5-eÞ)

ew(I+w5-"þ 
"Yt)

Parameter Estimates

Par Est. 95Vo Cß

"þ
ea
eþ

ea,

eþ

eT

0.09

0.26

0.11

o.24
0.09
1.70

0.03-0.32

0.05-1.26
0.03-0.38

0.05-1.25

0.02-0.42
0.12-24.28

Modet Fit

Dev DF

t87.36

177.7r

173.93

27

26

25

173.74 24

LR Test

x2nr p

9.65 1

3.78 1

<0.01

0.05

0.19 1 0.66

Models Under TSE Windows:

Null

II+(w5-15+þy1)e\ol

ea [ 1 + (w 
5 - t s +þ fl t s -) eÞo I

ew ¡ 1 + ¡w 5 - t s +þ N t s ) eÞo etz I

"þo
Þr

ea

"þo
þt

ea
tþo

Êr
eT

2.72 0.3t-23.54
0.02

0.29

3.54

0.02

0.06-1.43

o.34-3.5r

0.26
2.94

0.01

3.74

0.05-1.37

0.30-29.r3

0.14-101.0

r87.36 27

771.72 25

168.69 24

167.87 23

15.64 2 <0.0L

3.03 1 0.08

o.82 1 0.37
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The modiÛing effect of other occupational exposure to radioactive material (table 7.7.Lc)

could not be effectively examined due to the sparseness of the data in the distribution of cases.

Table 7.l,I.cz Examining the Modifying Effect of
Occupational Exposure to Radioactive Material Other Than at Radium Hill

Note: x - Occupational exposure to radioactive work other than at Radium Hill:
cr - confounding parameter; 0 - effect modifîcation parameteq

w - Rn Progeny Exposure' ,Ê Bnn/WI-t
z - Attained age (reference age): y- effect modification parameter
IR - Informative Risk Sets; * - > 0 But, Very Nearly 0.001a _ Aliased, Not Estimable.

Risk Function Parameter Estimates Model Fit LR Test

Models of Relevant Exposure:

ea)c

ew(1+w5-eÞ)

ew(1+w5-"þ 
"0*)

ew(I+w5-eþ 
"0Y 

ilt)

Par Est. 95Vo CB Dev DF x2 DF p

ea 0.39

es, 0.26

eþ o.1t

ea*
eþ o.o9

eg*

0.09-1.69

0.05-1.26
0.03-0.38

o.02-0.37
d(

ea
eþ

e0

eY

*rk

0.07 0.01-0.36
**

1.84 0.13-26.73

18532 26

173.93 25

L72.27 24

L72.02 24a

11.39 1 <0.01

1.66 1 0.20

Under TSE Windows:

eu)c

ew¡ t +(w5-ts+þflr)e\ol

ew [ 1 +(w 5 -t s+þ N t s )e\o ¿0x I

ew ¡ t + (w 
5 -t s +þ N t s -¡eÞo elx ¿:¡z ¡

es, O.29 0.06-1.43

eþo

Þ.r

ea

"þo
Fr
eg

eq,

"þo
Fr
ee

eT

3.45 0.34-35.00
0.o2

:*

2.r9 0.24-19.89
0.03

*

*

1.84 0.21-16.00
0.01

*

185.32 26

168.69 24

166.96 23

165.89 23a

16.63 2 <0.01

1,.73 1 0.19
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7.7.2 The Effect of Occupational Exposure to Asbestos

The distribution of cases and controls by asbestos exposure and Rn progeny exposure status

within the nested case-control dataset derived for this analysis is given in table 7.7.2a.

Table 7.7.2a2 Distribution of cases and controls By Exposure status

Occupational

Exposure to

Asbestos

Radon at Radium Hill
Unexposed Exposed All

Cases Controls Cases Controls Cases Controls

Unexposed

Exposed

5 279

27

11 380

65

16 659

923 5 8

All 8 306 16 445 24 751

Results of analysis based on multiplicative RR models with categorical data (table 7.7.2b)

showed that those occupationally exposed to asbestos were at signifrcantly greater risk (over

four times) of dying from lung cancer compared to those unexposed to asbestos.

Table 7.7.2b2 Examining the Effect of Occupational Exposure to Asbestos Using
Multiplicative RR Models and Categorical Data

(9 5 Vo Confidence Limits)

Note: a Adjusted for Asbestos; r Adjusted for Rn progeny Exposure

Occupational Exposure
to Asbestos

Relevant to Rn at RH
No Yes Overall

Unadjusted Adjustedr

No 1

(Fixed)

8.16
(r.6 - 40.4)

T.9T

(0.7 - s.6)

6.38
(0.7 - 4.3)

1

(Fixed)

4.65
(1.8 - 11.e)

1

(Fixed)

4.44
(1.7 - 11.3)

Yes

Overall: Unadjusted 1 1.73
(0.7 - 4.3)

1.5
(0.6 - 3.7)

@xed)

Overall: Adjusteda 1

(Fixed)
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The interaction between Rn progeny exposure at RH and occupational exposure to asbestos

was more additive than multiplicative. It was also noted that the high RR estimate amongst

those occupationally exposed to asbestos alone - being based only on 3 risk sets and lung

cancer cases and subjected to considerable lack of precision - should be interpreted with

caution. Analysis of deviance for this categorical evaluation showed that occupational

exposure to asbestos alone contributed the major effect on lung cancer mortality. After

accounting for the main effect of occupational exposure to asbestos, neither the main effect of

Rn exposure at RH nor the interaction effect were statistically significant.

Further examination of the effect of asbestos with Rn progeny exposure at RH being modelled

as a continuous variable showed that occupational exposure to asbestos was a significant

confounder of the risk of lung cancer mortality associated with Rn exposure (table 7.7.2c).

However, exposure to Rn progeny (represented quantitatively) was significantly associated

with lung cancer mortality after controlling for the confounding effect of occupational

exposure to asbestos; the ERR/WLM was estimated at gVo before the modifying influence of

attained age was accounted for and 6Vo thereafter. This effect had. been masked by the

dichotomous categorizatíon of Rn progeny exposure in the previous analyses (table 7.7.2b).

Risk evaluation under TSE windows showed that recent exposures to Rn progeny were

associated with over twice the risk of distant exposures. Inclusion of an indicator of the

temporal essence of Rn exposure showed an ERR"/WLM of between 2Vo _ 4To (in the d.istant

and recent windows of time since exposure). Attained age was not found to have a significant

modiÛing effect; however, there was some indication that those above the age of 65 were at

greater risk of dying from Rn progeny associated lung cancer than those younger.

Findings summarized in table 7.7.2d, showed that other occupational exposure to asbestos was

not a significant effect modifrer after it had been controlled for as a confounder. Other

findings on effect modif,rcation arising from asbestos and. attained age did not appear to 6"

stable enough to draw any worthwhile inferences.
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Table 7.7.2c2 Examining the Confounding Effect of OccupatÍonal Exposure to Asbestos

Risk Function Parameter Estimates Model Fit LR Test

Models of Relevant Exposure:

Null

(1+w5-eÞ)

ew(l+w5-eÞ)

ew(I+w5-eþ eYr)

Par Est 95Vo CB Dev DF x2 DF p

eþ

ea

"þ

0.08 0.02-0.33

4.83

0.08

r.84-12.64

0.02-o.34

eg,

eþ

eY

4.96

0.06

3.25

1.89-13.05

0.01-0.36

0.15-69.03

152.44 24

145.03 23

135.97 22

135.34 21.

7.4r 1 0.01

9.06 1 <0.01

0.63 1 0.43

Models Under TSE Windows:

Null

II+(w5-15+þy15-¡eÞoJ

ew I I +(w 5 -t s+þ N t s )eÞo 1

eax ¡ I + (w 
5 - t s + þ fl t s )e\o ¿tz I

"þo 2.08 0.22-19.65

Êt 0.03

ea 4.99 1.86-13.40

tþo 2.69 o.zg-25.25

Þt 0.03

ea

"þo
0r
eY

5.14

','r)
0.02

5.05

1.90-13.87

0.23-20.71

o.14-178.9

152.44 24

141.80 22

132.71 27

13r.72 20

t0.64 2 <0.01

9.09 1 <0.01

0.99 t 0.32

Note: -r - occupational exposure to Asbestos: cr - confounding pammeter;
w - Rn Progeny Exposure: 

"3 
Bnnnvl.tvt

z - Attained age (reference age): y- effect modification parameter
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Risk Function Parameter Estimates Model Fit LR Test

of Relevant Exposure:

egJC

eotc(I+w5-eF)

ew(I+w5-"þ t0*)

ew(I+w5-¿þ 
"0x 

¿Yz¡

Par Est 95Vo CB Dev DF x2 DF p

eq,

ea,

eþ

ea

eþ

eg

4.65

4.83

0.08

5.25

0.09

0.76

1.01-11.93

1.84-12.64

o.o2-0.34

t.4I-19.45

0.02-0.48

0.03-16.3

ea z.8s o.79-ro.z9
eþ o.oo o.oo-0.07

eo 48.93 r.75-1367

eY t$2 2.77-r2r

1,43.57 23

L35.97 22

135.93 2L

134.23 20

7.60 1 <0.01

0.04 1 0.84

1..70 I 0.19

Under TSE Windows:

ealc

ee'c [ 1 + (w 
5 ¿ s +þ N t s )e\o I

ewt ¡ 1 + (w 
5 ¿ s + þ p t s )e\o ¿0x I

ew ¡ I +(w5-ts+þflt 
s _1eÞo elx ¿yz I

ea 4.65

ea 4.99

tþo 2.69

Ft o.o3

ea 7.57

"þo 6.41

1.01-11.93

1.86-13.40

0.29-25.25

r.95-29.42

0.59-70.34

þt 0.02

0.34 0.02-4.89eg

ea

tþo

Þr

e0

eT

6.58

4.2

0.01

0.45

3.81

t.82-23.83

0.38-46.93

0.03-7.37

0.t0-147.2

143.57 23

132.7t 2l

t32.13 20

t3r.529 19

10.86 2 <0.01

0.58 1 0.45

0.60 I 0.44

Chapær 7: Nested Case-Control Anatyses

Table 7.7.2d: Examining the Modifying Effect of Occupational Exposure to Asbestos

Note: x - occupational exposure to Asbestos: c - confounding parameter;
w - Rn Progeny Exposure: ,9 ERR/WI.U
z - Attained age (reference age): y- effect modif,rcation parameter
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7.8 Examination of the Role of Smoking

7.8.1 Construction of Categoricat Variables on Smoking

Quantitative estimates of smoking in the RH study comprised. the average duration, the

average number of cigarettes smoked per day and the age at commencing regular smoking.

Each individual was identified by current smoking status at the time of the questionnaire

survey í.e. as current smokers or as ex-smokers. Methods of collecting smoking data were

outlined in chapter 3 and descriptive epidemiologicat findings on individual smoking habits

were comprehensively summarized in chapter 4.

Available data on individual smoking histories were limited; of the 54 lung cancer cases

identified in the RH cohort, some data on smoking were available for 29 (54Eo) in varying

degrees of completion; these comprised complete smoking histories - with quantitative

estimates including average duration and amount smoked - for 12 (22Eo) lung cancer cases,

quantitative estimates on one smoking parameter - either average duration or amount smoked

- for a further 4 (8Vo), and the remaining 17 (247o) being identified only as to whether they had

ever been regular smokers.

In the analyses of smoking, individuals were categorized as life-time non-smokers, those who

quit smoking at least ten years prior to the time of observation, various categories based on

cigarette consumption and smokers with unknown consumption. The basic variable used to

quantify smoking was the composite variable of amount and duration - pack years, defined as

the multiple of average number of packs (20 cigarettes to a pack) smoked per day and the

duration of regular smoking (in years). Individual smoking characteristics used in this study

a¡e summarizedin column 1 of table 7.8.1a.
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Table 7.8.1a: Summary of Smoking Characteristics

Categor.y Cases

Number
(vo)

Controls

Number

(vo)

Total

Number Vo Pack-Years

Never Smokers

Ex-smokers: Quit > 10 Years

Cumulative Consumption :

0<-6 Pack-Years

6<-45 Pack-Years

Over 45 Pack Yea¡s

Unknown

1

0

3

4

4

7

(37o) 236

(07o) 275

(147o)

(177o)

237

275

(r4Eo)

(167o)

0

1.O.57

(1

(1

(1

07o)

4Vo)

47o)

32

539

409

151

(27o)

(33Vo)

(257o)

(9Vo)

35

543

413

168

(27o)

(337o)

(257o)

(107o)

3.33

29.11

73.32
1 (597o)

Total 29 (I00Vo) 1642 (r007o) L67r (LNVo)

Note: No smoking Data Available For: 25 cases and 2g9 controls.

The limited amount of smoking data available lead to improvisations in methods of studþg
the risk associated with smoking and Rn progeny exposure, so that the available data on

smoking could be used to the fullest. Two such improvisations were adopted: firstly, a

suitable approach to epidemiological design for risk assessment; and secondly, methods of

estimating missing values for quantitative parameters on smoking.

Study Design: Risk assessment was based on proportional hazards models and nested

case-control analyses, where all possibte matched controls in each risk set were included in

the analyses, instead of sampling the risk sets and selecting a fixed. number of randomized

controls for each case; the anal¡ical dataset included only the 29 risk sets with known

smoking status for cases; within each of these risk sets, only controls with known smoking

status were included; thus, 25 risk sets and a total of 289 controls were excluded from this

part of the study.
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Adjustment for Missing Values: Two methods of estimating missing values for smoking

parameters were examined and used in the case of the 17 individuals who were known to

be smokers, but lacked complete quantitative smoking histories. These methods basically

comprised using average estimates for those individuals with missing smoking parameters.

Smokers with missing smoking parameters were identified as curent or ex-smokers and

the missing par¿ìmeters were substituted with the median value observed within these

groups. Adjustment for missing values were done in two stages: single adjustment -

where only one quantitative smoking parÍìmeter was missing and therefore substituted with

an estimate; dual adjwnnent - where both quantitative smoking parameters necessary for

computing pack-years were missing and substituted for. The distribution of cases and

controls categorized after estimation for missing values a¡e summarized in table 7.8.1b,

according to the methods of adjustment.

Table 7.8.1b: Distribution of cases and contrors in Risk set Data
By Methods of Adjustment for Missing Values

Category

Never Smokers

Ex-smokers: Quit > 10 Years
Cumulative Consumption:

0<-6 Pack-Years

6<-45 Pack-Years

Over 45 Pack Years

Unknown

Total

Method of
None Single Dual

Cases Controls Cases Controls Cases Controls
L 236 r 236 1 236
0 275 0 275 0 275

52

670

409

1

3

4

4

71

32

539

409

151

52

539

409

131

7

t7

4

7

4

4

Ĵ

29 7642 29 1642 29 1642

Note: No Smoking Data Available For: 25 cases and 2g9 controls.

The number of cases amongst categories of lifttíme non-smokers and long term quitters - quit

over 10 years before reference age - were too small (only 1 case) for any worth while analyses;

therefore, these categories were combined with low smokers (0<-6 pack-years) to form the

baseline reference category for risk assessment and interpreted as virtual non-smokers.

rr/8/93 9:33 PM 298 A¡ul



Chapter 7: Nested Case-Control Analyses

7.8.2 Examining the Association Between Smoking,

Radon Progeny Exposure and Lung Cancer Mortatity

Table 7.8.2a shows the distribution of cases and controls by smoking and Rn progeny

exposure status within the nested case control dataset derived for this analysis. Smokers were

dichotomized as vírtual non-smokers (defined in section 7.S.1) or other known smokers.

Table 7.8.2a2 Distribution of Cases and Controls By Smoking and Exposure Status

Smoking
Status

Radon at Radium Hill
Unexposed Exposed All

Cases Controls Cases Controls Cases Controls
Virtual Non-Smoker
Smoker

1 It7
235

3 r33
298

4
25

250
5339 16

All 10 352 t9 43r 29 783

Risk evaluation based on multiplicative (loglinear) RR models (table 7.8.2b) showed that

smokers were at over twice the risk (p = 0.06) of lung cancer mortality than virtual non-

smokers. The interaction berween smoking and Rn progeny exposure was supra-additive and

sub-multiplicative. Results of LRT showed that the interaction effect was not statistically

significant after removing the main effects of Rn progeny exposure and smoking.

Table 7.8.2bt RR of Lung Cancer Mortatity by Smoking and Exposure Status
(9 5Vo Confidence Limits)

Smoking
Status

Relevant to Rn at RH
No Yes Overall

Unadjusted Adjustedr
Virtual Non-Smoker 1

(Fixed)

3.68
(0.4 - 30.2)

3.25
(0.3 - 31.8)

7.r0
(0.e - s4.6)

1

(Fixed)

2.66
(0.e - 7.6)

1

(Fixed)

2.56
(0.e - 7.6)

Smoker

Overall: Unadjusted 1

(Frxed)

1

(Fixed)

2.15
(0.e - s.0)

2.08
(0.e - 4.e)

Overall: Adjusteds

Note: s Adjusted for smoking; r Adjusted for Rn progeny Exposure.

It/8/93 8:35 PM 299 Arul



Chapter 7: Nested Case-ConEol Analyses

7.8.3 The Role of Smoking as a Confounder

The role of smoking as a confounder of the exposure-response relationship between Rn

plogeny and lung cancer mortality was examined using smoking as a categorical variable in a

log excess relative risk model; Rn exposure was considered first, as cumulative relevant

exposure and then under the time-since-exposure windows of 5-15 years and L5 years or

more. Estimates of risk unconfounded by smoking were then examined in conjunction with

the modifying effect of attained age using the variable reference age, previously defined. Each

of these factors examined were included in the model in a step-wise fashion, thereby enabling

the evaluation of their additional contribution to the model fit. The effect of each factor added

to the model was tested using the likelihood ratio tests. The confounding role of smoking was

also examined with the smoking variable being categorized using the three categorizations

outlined in the previous section - no adjustment, single adjustrnent and dual adjustnents for

missing values. Results of these analyses a¡e summa¡ized in tables 7.8.3a and 2.8.3b. In

addition to the examination of smoking as a confounder, these analyses were also used as a

means of evaluating the efficacy of the adjustrnent for missing values and for comparing

between the two alternative methods of missing value estimation proposed.

Likelihood ratio test results summarized in table 7.8.3a showed that smoking was a significant

confounder of the effect of Rn exposure on lung cancer mortality (p<0.01) and that, attained

age did not significantly modify the effect of Rn exposure on lung cancer mortality after

controlling for the confounding effect of smoking.

Risk estimates obtained with Rn progeny exposure expressed as cumulative effect exposure,

showed a'77o increase in ERR/WLM before controlling for smoking; this estimate increased to

97o ERR/WLM after controlling for smoking as a confounder. Wirh the inclusion of attained

age into the model thereafter, the ERR/WLM in the reference group (anained age < 65 years)

was estimatedas 67o.
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Risk Characteristics No ustment Single Adjustment Dual Ad.iustment

Núl Deviance (DF) 179.92 (29) 179.92 (29) 179.92 (zg)

RR = (I+w5_eÞ)

eþ elvo cr)

Deviance (DF)

LRf 12 (DF)p-vatue

0.07 (0.02-0.28)

172.20 (28)

7.72 (L) P=0.01

0.07 (0.02-0.28)

t72.20 (28)

7.72 (1) p=0.01

0.07 (0.02-0.28)

172.20 (28)

7.72 (l) p=0.01

RR = euix"¡I+w5-eÞ¡

ed} Q57o CI)
edt QSVo CI)
ed2 Q57o CI)
ed3 Q57o CI)

"þ esEo cr)

Deviance (DF)

LRT X2 (DF)p-vatue

1 (Fixed)

1.31 (0.32-s.37)

t.27 (0.31,-5.24)

rr.e7 (3.s9-39.92)

0.09 (0.02-0.34)

147.87 (2s)

27.33 (3) p<0.01

1 (Fixed)

2.24 (0.63-7.89)

1.56 0.40-6.03)

8.64 (2.57-29.0)

0.08 (0.02-0.31)

1ss.80 (2s)

16.40 (3) p<0.01

0.0e (0.02-0.33)

162.72 (26)

9.48 (2) p=0.01

1

4.r3

1.16

@xed)
(r.36-12.s7)

(0.40-6.04)

Rft - ¿cr;x, ¡ t +w 5 _eÞeTz ¡
ed} esEo CI)
edt QsEo CI)
ed2 Q57o CI)
e&3 Q57o CI)

"þ esEo cr)
eT Q57o CI)

Deviance (DF)

LRT X2 (DF)p-value

1 (Fixed)

r.4t (0.34-5.92)

1.31 (0.31-5.48)

13.53 (3.84-47.64)

0.06 (0.01-0.3s)

3.11 (0.20-48.20)

144.13 (24)

0.74 (l) p=0.39

(Fixed) 1

(0.6s-8.46) 4.29

(0.4r-6.25) 1.s8

(2.67-32.62)

(0.01-0.34) 0.08

(0.14-13.81) 1.7r

1

2.35

1.60

9.33

0.06

2.26

(Fixed)

(1.38-13.3e)

(0.40-6.08)

(0.01-0.37)

(o.r0-2e.27)

155.41 (24) 162.54 (25)
0.39 (1) pd).53 0.18 (1) p=0.67
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Table 7.8.3a: Examining the Confounding Effect of Smoking and
Comparing Methods of Adjustment For Missing Values in Smoking Variables

Note: x - Smoking: o - confounding parameter.
w - Rn Progeny Exposure: eÞ ¡nRu/Wt trrt.

z - Attained age (reference age): y- effect modification parameter.
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Even though attained age was not a statistically significant modifrer of the exposure-response

relationship after controlling for the confounding effect of smoking, those aged above 65 years

at the time of reference (reference age or attained age) were seen to be at greater risk or Rn

progeny associated lung cancer mortality than those below the age of 65. The influence of the

potentially modifying effect of attained age increased the risk due to smoking and reduced the

risk due to Rn progeny exposure; this indicated that the effect of attained age caused a slight

shift of the onus of risk from Rn progeny exposure to smoking.

Estimates of RR showed that smokers were at greater risk of dying from lung cancer, even

after accounting for their exposure to Rn progeny. However there appeared to be little

difference between the categories of smokers whose smoking consumption could be

quantified; medium (6<-45 pack-years) and heavy (>45 pack-years) smokers were about 307o

greater risk than virtual non-smokers, but this excess was not statistically significant. The

significance of the effect of smoking as a confounder stemmed from the category of smokers

for whom complete quantitative estimates of smoking were not available; those in this

category were at much greater risk than all other categories of smokers (12 times greater risk

than virtual non-smokers). This finding suggested that category of smokers for whom

quantitative estimates were not available may have included considerably more heavy smokers.

The effect of substituting estimates for missing values in parameters quantifying life-time

smoking experience was a greater risk among medium smokers, whilst leaving the effect of

cumulative relevant Rn progeny exposure relatively unaffected. Goodness-of-fit criteria for

parallel models fitted under the three methods of quantifying smoking showed no improvement

in model fit due to methods of adjusting for missing values; in fact, the model based on

available data alone (without adjustment for missing values) provided the best fit. Results also

indicated that serious biases may have stemmed from the more extreme case of dual

adjustnent.
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Results on the confounding effect of smoking bore close resemblance under models of

cumulative relevant Rn progeny exposure and Rn progeny exposure measured under TSE

windows (table 7.8.3b). This indicated that the experience of Rn progeny exposure accounted

for in time had little influence on the impact of smoking on lung cancer mortality.

Examination of risk under TSE windows showed that recent exposures to Rn progeny were

more hazardous than distant exposure; even though estimates of RR of recent exposure

compared to distant exposure were not statistically significant, this is a pertinent finding and

the possibility of increased power for detecting a truly significant effect by improved smoking

data should not be disregarded. Furthermore, risk estimates obtained under TSE models

showed that the risk due to Rn progeny exposure was less than that estimated from cumulative

relevant exposure - ERR/WLNÍ esdmates obtained from TSE models showed ERR/WLM

estimates of 57o (unmodiFred by attained age) and 27o after accounting for effect modification

by attained age; in the window of more distant exposures the corresponding estimates of

ERR/WLM were ZVo and l7o, respectively. This decrease in the ERR due to cumulative Rn

progeny exposure when expressed under TSE windows is an expression of time-since-

exposure itself - the temporal expression of the effect of Rn progeny exposure - where, after

the specified latent period, the excess risk associated with cumulative Rn progeny exposure

declines with time since exposure.
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Risk Characteristics No Adjustment Single Adjustment Dual Adjustment

Null Model: Deviance(DF) 179.92 (29)

¡ft =11 +(w5 
- 1 5+þ y 1 fie\o l

eþo e5vo cr) 3.09 (0.28-34.32)

Êr Q57o CI) 0.O2

Deviance (DF) 167.92 (27)
LR'IX2 (DF) p-value 72.00 (2) p<0.01

179.92 (29) r79.e2 (2e)

RR= ¿Gitc I I + (w 
5 -1 5 + þ y 

1 5 -e1o

3.09 (0.28-34.32)
o.02

167.92 (27)
12.00 (2) p<0.01

(o.28-34.32)3.09

0.02

167.92 (27)
12.00 (2) p<0.0

eu} QsEo CI)
edr (95Vo CI)
eu2 Q57o CI)
eu3 esEo CI)

"þo esEo cr)
Þr Q57o CI)
Deviance (DF)
LRT: X2 (DF) p-value

1 (Fixed)

1.22 (0.29-s.06)
r.22 (0.29-5.04)
11.09 (3.32-37.10)
2.60 (0.22-30.94)
0.o2

14r.47 (24)
26.45 (3)p<0.01

I (Fixed)
2.03 (0.s7-7.20)
1.47 (0.39-s.7r)
9.15 (2.67-31.30)
9.72 (0.76-125.1)
0.01

1s0.98 (24)
16.94 (3) p<0.01

1 (Fixed)

3.r9 (1.28-11.93)

r.47 (0.38-5.69)

4.26 (0.34-54.16)

rs9.09 (2s)
8.83 (2) P=0.0

Rft = ¿ct;x.¿ I + (w 
5 - 1 5 + þ y 1 5 )eÞo eTz

eu} Q57o CI)
edt QSVo CI)
eQ2 esEo CI)
ed3 QsEo CI)

"þo e5vo cr)
Þr Q57o CI)
eT Q57o CI)
Deviance (DF)
LRT: X2 (DF) p-vatue

1 (Fixed)

1.37 (0.32-s.80)
r.29 (0.31-s.38)
t3.3s (3.76-47.36)
1.85 (0.16-20.82)
0.01

9.43 (0.13-710.7)

r3e.67 (23)
1.8 (1)p=0.t9

I (Fixed)

2.20 (0.61-8.00)
r.s4 (0.3e-60.6)
t0.49 (2.e2-37.65)
7.s6 (0.5e-96.00)
0.00*
6.45 (0.11-389.3)

149.7 r (23)
1.27 (1) p=0.25

(Fixed)
(1.35-13.24)
(0.3e-s.es)

1

4.23
1.52

3.r4
4.38

(0.26-38.s8)
(0.10-187.0)

158.26 (24)
0.83 (1) p=0.3
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Table 7.8.3b: Examining the Confounding Effect of Smoking and
Comparing Methods of Adjustment For Missing Values in Smoking Variables

With Radon Progeny Exposure Expressed in TSE Windows

Note: * <0.01 (Estimate = 0.003).
x - Smoking: cr - confounding parameter.
w - Rn Progeny Exposure: ,Þ pRryW-lvt.
z - Attained age (reference age): y - effect modification parameter.
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7.8.4 The Role of Smoking as an Effect Modifier

After controlling for its confounding effect smoking was not found to be a signifrcant modifier

of the effect of Rn progeny exposure (tables 7 .8.4a and 7.8.4b). However, it was interesting

to note that medium and heavy smokers were at much greater risk. The smaller modifying

component of the RR estimate for smokers with unknown consumption indicated that this

category may in fact, have comprised a fair distribution of reasonably low or medium smokers,

contrary to the impression gleaned from the confounding component represented within the

base-line risk. On the other hand, this may be an over interpretation of the findings,

considering the borderline significance of the modifying effect.

Despite the lack of statistical significance in the modifying effect of smoking (after controlling

for its confounding effect) examination based on cumulative relevant exposure showed an

increasing trend in RR with increasing smoking - compared to virnlal non-smokers, medium

smokers were at about 3 times greater risk and heavy smokers were at over 10 times greater

risk (table 7.8.4a). The inclusion of attained age to this model showed that those above the

age of 65 faced over a three-fold greater risk; this modifying effect of attained age too, was

statistically non-significant.

Models of Rn exposure in TSE windows showed an interesting change in the trends observed

previously (analyses based on cumulative exposure - table 7.8.4a). Once Rn exposure was

represented in TSE windows, after controlling for the confounding effect of smoking, there

was little to be accounted for by smoking or attained age as effect modif,rers; considering that

smoking and attained age had demonstrated some effect modif,rcation on the effect of

cumulative relevant Rn exposure (table 7.8.4a), the disappearance of these effects under the

TSE windows suggested that the important effect had been explained by time since exposure

to Rn progeny.
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eW (95Vo Cl):
edL (95Vo CI):
ea2 (95Vo Cl):
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1
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26.22

(Fixed)
(0.2e4.80)
(0.29-4.84>
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(26)
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1 (Fixed)

4.13 (1.36-t2.57)
1.55 (0.40-6.04)
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(0.63-7.89)
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(0.12-6.50)
(1.s4-34.33)
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Risk Characteristics No Adjustment Sinele A{iustment DuaI

Chapter 7: Nested Case-Control Analyses

Table 7.8.4a2 Examining the Modifying Effect of Smoking

Note: ¡ - Smoking: cr - confounding parameter. w - Rn progeny Exposure: ,Þ Bnn/wru.
z - Attained age (reference age): y- effect modiFrcation parameter.
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Table 7.8.4b: Examining the Modifying Effect of Smoking
With Radon Progeny Exposure Expressed Under TSE Windows

Note: x- smoking: cr - confounding parameter. w- Rn Progeny Exposure: ,Ê pRn/wru.
z- Attained age (ref. age): y- effect modification parameter; NI- No Improvement.
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Results from these analyses on the modi$ing effect of smoking after controlling for the

confounding effect of smoking showed a 57o ERR/V/LM associated with cumulative relevant

Rn exposure; this estimate was modified by attained age and was 27o in the reference category

of those aged less than 65 (table 7.8.4a). When these analyses were repeated with exposure

expressed under TSE windows, it appeared that distant exposures to Rn progeny continued to

yreld a 27o ERR/WLM but, that recent exposures were much more (about 9 times) hazardous

and together, Rn progeny exposures represented in time since exposure - i.e. the temporal

effect of Rn progeny exposure - and the confounding effect of smoking, accounted for the

major component of the variation observed in pattems of lung cancer mortality amongst those

with known smoking histories. Compared to the findings from the TSE model in examining

the confounding effect of smoking, it appeared that the influence of introducing smoking as an

effect modifier over and above its confounding effect was to shift the onus of risk from

attained age (RR reduced by 9 fold) to recent Rn exposure @R increased by 9 fold). It is

acknowledged that these results are based on extremely limited data. Therefore, it may be

conservatively concluded that these findings should at least stimulate and justify further

examination with improved data and further follow-up.
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7.8.5 Modelling Variations in Excess Relative Risk

Associated With Smoking and Radon Progeny Exposure

Continuous evaluation was based on pack years computed from life-time smoking experience;

therefore, no distinction was made between cunent smokers and those who had quit smoking

for more than 10 years - they too were represented by their life-time cumulative cigarette

consumption. Due to the subjectivity of the proposed techniques of missing value estimation,

analyses were based only on available data; this resulted in 11 risk sets, each comprising of

smokers alone. Variations in ERR associated with smoking and Rn progeny exposure \ryere

examined using models comprising linear, exponential and power modif,rcation terms for

smoking variables. In addition to the effect of cumulative smoking consumption represented

in pack-years, the role of age at commencement of smoking was also examined.

Findings from these analyses (table 7.8.5) revealed risk estimates that were generally

consistent with previous findings. The exponential effect modification model provided the

best fit and estimateÅ, a 67o exponential (multiplicative) increase in ERR per pack-year, for a

gr" en level of Rn exposure. This modifying effect was marginally signifrcant (p=0.13). The

power model estimated a maximum likelihood estimate of the powerparameter to be 0.8 made

little improvement to the goodness-of-fit in the model, indicating that pack-years in itself

(power parameter of 1) was an adequate representation of smoking consumption. These

analyses supported the notion that the interaction of smoking and Rn progeny exposure was

more multiplicative than additive.

Further effects of cumulative cigarette consumption could not effectively be examined in

conjunction with other modif,rers - attained age and age at cornmencement of smoking - or

with time-since-exposure due the limited number of risk sets available for this purpose.

Evaluation of the role of smoking is therefore concluded at this point.
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Table 7.8.5: Variations in Excess Relative Risk
Associated With Smoking and Radon Progeny Exposure

Note: w - Rn Progeny Exposure; eÞ BRR,/WI-U.

Smoking: x - pack-years:

cr - confounding parameter; 0 - effect modif,rcation parameter.

Risk Function

Linear Models:

edx

ew(I+w5-eÞ)

eurII+(w5-+þNs-x )efu1

Parameter Estimates

Par ERR 95Vo CB

es, 0.99

ea 0.99

eþ o.3o

ea 0.97

efu o.1o

fu o.o8

0.96-1.01

0.96-1.01

0.04-2.25

o.93-r.02

0.40-43.r2

Model Fit

Dev DF

60.64 10

5r.37 9

50.41 8

LR Test

x2Dm p

9.27 1 <0.01

0.96 1 0.33

Exponential Models:
ed)c

ew(I +w5-eÞ)

ew(I+w5-rþ 
"o*)

ea

eu,

"þ
ea,

eþ

eg

0.99

0.99

0.30

0.95

0.06

1.06

0.96-1.01

0.96-1.01

0.04-2.25

0.87-1.03

0.00-1.25

o.97-1.16

60.64 10

51.37 9

49.13 8

9.27 1 <0.01

2.24 1 0.L3

Power Models:
eg)c

ew(1+w5-eÞ)

ew(I +w5-"þ ,o)

ea 0.99

ea 0.99

eþ o.3o

ea 0.97

eþ o.oz

e 0.81

0.96-1.01

0.96-1.01

0.o4-2.25

0.92-r.03

0.00-33.81

60.64 10

sr.37 9

50.76 8

9.n 1 <0.01

0.61 | O.43
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7.8.6 Conclusions on the Role of Smoking

Risk evaluation based on simple multiplicative (logJinear) RR models using categorical data

showed that smokers were found to be at signifrcantly greater risk of lung cancer morulity

than virnlal non-smokers, after explaining the main effect of Rn progeny exposure. The

interaction between smoking and Rn progeny exposure on the outcome of lung cancer

mortality was supra-additive and sub-multiplicative.

Smoking was identified as a signifrcant confounder of the association between Rn progeny

exposure and lung cancer mortality when Rn progeny exposure was modelled as a continuous

variable and smoking was classifred into multiple categories. Though medium and high

smokers did tend to be at a higher risk than virnlal non-smokers, the significance of the

confounding effect of smoking stemmed from the group of individuals who were known to be

smokers but for whom detailed smoking histories were not available. Many of these

individuals included those who had died during the course of the study. Analyses including

estimates of missing smoking consumption showed no advantage over available data. After

controlling for its confounding effect, smoking did not appear to be a modifrer of the effect of
Rn progeny exposure on lung cancer mortality.

Evaluation based on quantitative estimates of smoking consumption showed a 6Vo tncrease in

ERR for each increasing pack-year of smoking, given a fxed cumulative exposure; though

statistically not highly significant (p = 0.13), this estimate of 6Vo increase in ERR/pack_year

indicated a reasonably strong modifying effect. Other potential modifiers of the Rn exposure-

time-smoking-lung cancer relationship - particularly other occupational exposures and various

manifestations of age related temporal variables - could not blg investigated further due to the

limited number of risk sets available for this part of the study. Since there are important

unanswered questions' extended follow-up and more data on smoking and other occupational

histories should be sought.
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8. Global Perspectives: Summary, Interpretation and
rmplications of Findings from the Radium Hill Study

S.L Summary of Findings from the Radium Hitt Study

. Aim

The purpose of this study was to examine the risk of lung cancer mortality associated with

exposure to Rn progeny amongst former workers at the RH uranium mine in South Australia.

. Study Design

Individuals who were on the pay-roll of the former RH uranium mine between 1948 and, 1962

were followed-up over a forty year span - till the end of 1987 - through a retrospective cohort

study. Study design characteristics were comprehensively detailed and discussed in chapter 3

which included critical appraisal of study trace rates. A total of 2,521males and 53 females

were included in the nominal roll of the study. The study trace rate was 74Vo; 24Vo of the

traced male cohort are known to have died during the follow-up period.

. Demographics

Descriptive characteristics of the study cohort were detailed and discussed in chapter 4. The

average male worker was entered the study at 31 years of age when commencing employment

at RH, worked there for a total of 17 months, held 2.4 dtfferent jobs and was aged.3}years at

termination of employment; he was followed-up for 19.5 years and aged 50 yea¡5 at the end of
follow-up. The average underground worker at RH was exposed.to 7.7 WLM of Rn progeny,

at a concentration of 0.83 WL, over a 12 month duration. Surface workers at RH were

considered not to have been exposed. Lung cancer was the underlying cause of death of 54

males who compised 9Vo of all death s and 437o of the deaths from malignant neoplasms - the

second leading cause of death which accounted for 227o of alt deaths amongst males at RH.
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. Assessment of Analytical Methods Used

. New statistical methodology for epidemiological cohort analysis based on

modelling is, to some extent, a generulization of the traditional standardized mortality ratio

(SMR) methods. It entails improved and formalized examination of the dependence of the

relative risk on exposure level, time since exposure, age at risk, age at exposure, gender, and

other relevant risk factors. It also provides a unified approach for testing the validity of

models and for estimating the value of parameters.

o I particular strength of methods based on modelling techniques is that they

permit the analysis of cohort data with purely internal comparisons, in addition to comparison

with external population rates (which is the focus of traditional standardization methods).

Methods based on intemal comparisons have the advantage of avoiding potential biases due to

differences between the cohort and the reference population, other than the exposure being

studied (BEIR IV 1988).

' Methods based on standardization are commonly apptied and remain important

for cohort analyses; therefore, special efforts were made to compare the two methods.

Modelling was then embarked upon to provide increasingly clear descriptions of the cohort

experience.

o [¡ using modelling techniques it was noted that lung cancer may ¡r9 caused by

several different agents that may act independently or through combined effects. The process

of carcinogenesis is very complex, and any model to describe it will remain, at best, a rather

rough approximation. Furthermore, even with fairly simple models that incorporate some of

the factors determining lung cancer risk, the available data are not always detailed enough to

provide clear answers to some of the most important questions, such as the effect of age at

first exposure or time since exposure. Efforts have been made throughout this work to
recognize these issues.
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o In some parts of this work, it may appear that the assessment of confounding

and effect modif,tcation have been overly associated with statistical tests of significance. I

address this issue in the context of my own understanding and appraisal of some of the

fundamental epidemiological concepts underlying rhis work, in Appendix C.

. All the analyses presented in this work are based on models that describe lung

cancer risk relative to age- and calendar year-specif,rc background rates. This does not amount

to an a priorí acceptance of what is commonly meant by a RR model in the radon literature

(Fabrikant 1987), i.e., that the RR is constant with age, and perhaps with other factors such as

gender, smoking habits and locality. It is believed that the RR model may be simpler and more

applicable than models based on absolute excess risk (AER), because in other studies the AER

has been found to increase substantially with age and/or time since exposure in a way that

requires complex modelling. The RR, even if not constant in relation to changes in these

factors, is often less dependent on them and therefore, can be modelled more simply.

Moreover, statistical methods for analysis of the RR are more flrlly developed than those for

analysis of the AER. However, when the RR and the AER are allowed to depend rather

arbitrarily on other relevant factors, the two models are merely alternative expressions of the

excess risk (BEIR IV 1988; BEIR V 1990).

. Analyses of other occupational exposures and smoking (chapter 7) were based

on risk sets comprising only non-missing values for each of the variables examined (i.e.,

records with missing values were excluded from analyses; where cases lacked complete data,

the entire risk set was excluded). Evaluation based on these selective subsets of data yielded

higher risk estimates than analyses based on complete data sets. Though such analyses would

tend to carry inherent biases, there are few options available for analyses when the available

data are timited. Even if the sub groups studied are at elevated risk, important questions of

effect modif,rcation can still be addressed through the examination of va¡iations in ERR.

Therefore, in the absence of complete data, the procedure of nested case control analyses on

risk sets excluding records with missing values offers a valuable exploratory tool.
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. Confounders

Attained age and calendar time of observation - measured by calendar year - were found to be

independent confounders of the exposure-response relationship. Their confounding effects

were identified empirically through stratifrcation and standardization techniques, and these

techniques were also used to control their confounding effects. Methods based on both

external and internal reference populations were evaluated in chapter 5. Once identified, these

confounding effects were controlled for in all subsequent analyses. The Australian national

population was found to be an unsuitable reference population and therefore all subsequent

analyses were based on internal references.

. Exposure-Response Relationships

Findings from this study showed a significantly elevated risk (RR = 1.85) of lung cancer

mortality amongst male RH workers compared to the Australian national population, after

controlling for confounders. Though only underground workers were thought to have been

exposed to Rn progeny at RH, underground workers when grouped together were not seen to

be at a statistically signifrcantly greater risk than surface workers at RH. Compared to surface

workers at RH, workers who experienced 20-40 WLM of cumulative relevant Rn progeny

exposure were at twice the risk of lung cancer mortality, and those exposed to over 40 U/LM

faced a greater than four-fold increase in RR. A signifrcant trend in the Rn progeny exposure-

response relationship was identifîed.

The linear model provided a reasonably good fit of the exposure-response data. Fitted

independently, neither the exponential modification component nor the power function

contributed any signif,rcant improvement to the linear fit. However, the combined expression

of a general model which incorporated an exponential modification component and a power

function provided a marginally significant improvement over the linear fit, an important

contribution being in the improved risk estimates for lower levels of cumulative exposure

(below the average level of exposure at RH).
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A doubling exposure of approximately 25 WLM was esrimated from the best fitting model -

the general model incorporating an exponential modif,rcation component and a power function

(figure 8.1). Risk estimates obtained from the linear model showed an ove¡all estimate of

4.370 ERR/WLM for all workers at RH (including those unexposed) and an estimate of 5.4Vo

ERR/WLM amongst underground workers at RH.

It must be noted that estimates of ERR/WLM provided in various secrions of this thesis differ

with the selection of each anal¡icat data set. Estimates provided in chapter 5 were based on

all workers and estimates in chapter 6 only on exposed workers; all analyses presented in both

these chapters were based on person-years data and Poisson regression techniques. Estimates

of risk derived in chapter 7 varied with the individual data sets; nested case-control analyses

based on random sampling of each risk set and on complete risk sets provided estimates that

were very similar, as expected. Each of the other analyses was based on specific subsections

of the cohort e.g., those who responded to the questionnaire survey on specific questions viz.,

other occupational exposures and smoking. Estimates of Risk (ERR/WLM) derived from

each of these sub cohorts are summarized at the end of this section.
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Figure 8.1: Variations in Risk
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. Exposure-Time-Response Relationships

The temporal expression of Rn progeny exposure was identif,red as a strong modifier of the

exposure-response relationship; the risk of lung cancer mortality decreased with increasing

time since last exposure. The burden of lung cancer mortality risk was greatest with Rn

progeny exposures experienced 5-15 years prior to the time of observation; more distant

exposures had impacts that were l-2 orders of magnitude smaller. However, it was these

distant exposures that steered risk estimation towards the overall estimate of 2-4Vo

ERR/WLM. Temporal effects of Rn progeny exposure were further examined in conjunction

with other effect modifiers.

. Exposure-Modifier-Response Relationships

Time since last exposure, duration of exposure and intensity of exposure were identified as

signifrcant modif,rers of the exposure-response relationship. For a given level of cumulative

relevant exposure (hereafter, referred to as cumulative exposure or CE) to Rn progeny, the

risk of lung cancer mortality decreased with increasing intensity of exposure, and increased

with increasing duration of exposure. The Rn progeny related risk of lung cancer mortality

also increased with increasing age at first exposure, but this modifring effect was not

statistically signifrcant. The functional expressions of risk associated with each of these

modifiers are graphically depicted in figure 8.1, which also indicates the best fitting functions.
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. Exposure-Time-Modifier-Response Relationships

The role of effect modifiers was further examined with exposure expressed in windows of time

since exposure. Exposure was modelled under three windows of time since exposure viz., 5-

15 years, 15-25 years and Over 25 years. Models examining the modi$ring effect of duration

of exposure and intensity of exposure showed no signif,rcant effect modification with

cumulative exposure when expressed under time since exposure windows. The reference

model showed that risk declined steadily with increasing time since exposure. However, due

to the sparseness of data in PYRS tables, these analyses provided rather unstable estimates.

Analyses of Rn progeny exposure under time since exposure windows were continued using

nested case control analyses. The modifying effect of attained age on exposure expressed

under time since exposure windows was examined using the BEIR IV TSE model (BEIR IV

1988). Analysis using a single window of time (corresponding to cumulative relevant

exposure) showed that the risk of Rn progeny associated lung cancer mortality increased with

attained age; however, this modifying effect was not statistically significant. When Rn

progeny exposure was expressed in two windows of time (5-15 years and Over 15 years), the

three level classification of attained age (below 55 years, 55-65 years and 65 years or more)

had sparse data and could not yield any useful estimates. Therefore, attained age \ilas

modelled as a dichotomous variable thereafter (less than 65 years and 65 yea$ or more);

results of these analyses also indicated that the risk of Rn progeny associated lung cancer

mortality increased with attained age; this pattern is contrary to rhe findings of the BEIR IV

analyses (BEIR IV 1988), but was however, not statistically signifrcant. The relative risk of

lung cancer mortality associated with distant exposures (over 15 years) was about 20 times

less than that associated with more recent exposure, which was about 10 times smaller than

estimated in the BEIR IV analyses. Force-fitting the BEIR IV paramerers ro the RH data

showed little difference in model deviances, a finding that was not unexpected, given the

instability of parameter estimates in these models. Modets such as the BEIR IV model can

only be frtted effectively to the RH data after further follow-up when there are more data in

distant windows of time since exposure and in higher categories of attained age.
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. Effect of Other Occupational Exposures

Other occupational exposures relevant to this study comprised exposures to radioactive

material other than at RH and exposures to asbestos. Each of these factors was examined

through sep¿ìrate nested case control analyses comprising only workers with available data on

the variables in question. In these subsets - risk sets with no missing values - estimates of the

baseline ERR/WLM varied from those estimates derived for complete risk sets and

randomized risk sets, as expected.

Occupational exposures to radioactive material other than at RH had a marginally confounding

effect on the relationship between Rn progeny exposure at RH and lung cancer mortality. The

baseline ERR/V/LM was 97o before and l LVo after controlling for the confounding effect of

other occupational exposure to radioactive work; those who reported having experienced,

other occupational exposures to radioactive materials were at lower risk than those who

reported no other such exposure.

Occupational exposure to asbestos was a strong confounder of the risk of lung cancer

mortality associated with Rn progeny related lung cancer mortality. In this subset, those

exposed to asbestos faced over a four-fold greater risk of lung cancer death than those who

were not exposed to asbestos. The adjusted risk estimate derived from this study data set was

87o ERR/]MLM.

Neither of these occupational exposures (experienced other than at RH) acted as effect

modifiers, after controlling for their confounding or potentially confounding effects.
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. Role of Smoking

Smoking was found to confound the relationship ben¡¡een Rn progeny exposure and lung

cancer mofiality. Close examination showed that the significance of the confounding effect

arose mainly from the category of individuals who were known to be smokers but for whom

complete smoking histories were not available. Some methods of estimating missing

quantitative variables on smoking were explored; however, these attempts did not contribute

to any improvement in the analyses.

The risk associated with the cigarette consumption was studied using 11 risk sets comparing

cases and controls who had complete smoking histories. The effect of smoking alone did not

adequately account for the risk of lung cancer mortality amongst the RH cohort; exposure to

Rn progeny had a signifrcant effect on lung cancer mortality after the confounding effect of

smoking had been controlled. The ERR/WLM was estimated at 9Vo after controlling for the

potentially confounding effect of smoking as a quantitative variable. Anaþses based on

quantitative estimates of smoking showed that its confounding effect was only of marginal

statistical significance.

The modi$ing effect of smoking was then examined after controlling for its confounding

effect. The modifying effect of smoking was best charactenzed by an exponential excess

relative risk function (linear-exponential model); though only marginatly significant, the ERR

of lung cancer mortality for a given level of Rn progeny exposure, increased exponentiaily by

6Vo with each increasing pack-year of smoking. The modi$'ing effect of smoking was thus

found to be better characterized by a multiplicative model than an additive model. Risk

estimates derived from an additive model showed an \Vo increase in ERR with each increasing

pack-year of smoking for a given cumulative level of Rn progeny exposure.
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. Surrogate Measures of Exposure

The roles of duration of exposure and average Rn progeny concentrations (intensity of

exposure) were examined as potential suffogate measures in both the person-years based.

analyses and the nested case control analyses. Results of these analyses were consistent with

each other.

Duration of exposure provided a good surrogate measure. A comparison of goodness-of-fit

characteristics between models showed that duration of exposure was a good predictor of lung

cancer mortality; in fact, there was an indication that it may even be a slightly better predictor

than CE - the model deviances with duration of exposure and cumulative exposure were 277 .4

and 280.0 respectively from nested cases control analyses and 180.6 and 181.0 from person-

years based analyses. Estimates of ERR per unit exposure derived from duration of exposure

and CE were very similar - 2.77o ERR/V/M and 2.9Vo ERR/V/LM multiplicatively or 3.6Vo

ERR/WM and2.8%o ERR/WLM additively. Intensity of exposure by itself, was nor as good a

predictor of lung cancer mortality as cumulative exposure or duration of exposure. The ERR

of lung cancer mortality declined by 227o additively or 437o multiplicatively, with each

increasing WL of exposure.

If these findings can be substantiated in other research, the implications are far reaching (see

later; also Peto 1985). The equivalence of findings from duration of exposure and estimated

cumulative exposure suggests that there is a large amount of measurement error overall in the

estimates of Rn progeny concentrations.
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. Effect of Exposure Extrapolation Assumptions

Estimates of exposures prior to 1953 and after 1961 were available in the original job

exposure matrix constructed for this study, since there were no data available on radon gas

concentrations in the mine during these years. These exposures were therefore estimated

through direct extrapolation of Rn progeny concentrations from estimates closest in time i.e.,

from 1953 for previous years and from 1961 for the subsequent year. Such extrapolations

were made in consultation with the Radiation Physicist who compiled the job exposure matrix.

The validity of these assumptions were explored in this study with a simple form of sensitivity

analyses.

Sensitivity analyses showed exposure extrapolation assumptions used may not have been

totally appropriate. Exploratory analyses based on inductive methods were first used to

examine various anecdotal suggestions that levels of exposure during the years in question

may have been higher than those in the reference years for extrapolation. Maximum likelihood

methods were then used to estimate 'best'multipliers of reference exposures.

Maximum likelihood estimation showed that the best fit was obtained by extrapolations made

on exposure multipliers greater than 0 but less than 1; i.e., those who worked underground at

RH prior to 1953 and after 1961 were exposed to Rn progeny at concentrations that may have

been less than those estimated for 1953 and 1961, respectively. Therefore, it was concluded

that the ERRAMLM must lie between 1.767o (with simple extrapolation) and,3.OBTo (estimated

assuming a zero multiplier i.e. no exposures prior to 1953 and following 1962). These

estimates were made with allowance being made for the modifying effect of attained age - very

early and very late workers at RH were thought to have been experienced older workers who

worked on securing the mine shafts. These findings were supported by findings from the

inductive exploratory analyses which preceded the maximum likelihood estimation of

multipliers of exposure.
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a Summary of Risk Estimates

Exposure-Response Relationships:

Cumulative Exposure (WLM): RR = 1.029 WLM

Duration of Exposure (WM): RR = 1.929 WM

Intensity of Exposure (WL): RR = 6.57 WL

Chapter 8: Global Perspectives

RR = (0.26F (1 + 0.11 WLM¡

RR = (4.83É (1 + 0.08 WLM¡

RR = (0.qS)P (1 + 0.06WLM *1.06P)

Other Radioactive Material (R)

Asbestos (A)

tusmoking (P)

Exposure-Time-Response Relationships :

Exposure in TSE Windows: RR = 1 + 0.334 (WS_ts + 0.055 Wn_)

Exposure-Modifi er-Response Relationships:

#Ag" at Ftust Exposure (AFE): RR = 1 + 0.01 WLM 1.g4 AFE

Time Since Last Exposure (ISLE): RR = L + 22.M WLM (TSLE + 0.1)-2.03

Duration of Exposure (W;M): RR = 1 - 0.048 WLM + 0.0027 WLM * WM

Intensity of Exposure (WL): RR = 1.035 WLM 9.44 WL

Exposure-Time-Modifi er-Response Relationships :

#Attained Age (AA) andTSE: RR = 1 + 0.289 (L.8g4l'1'AWs_15 +0.05g Wr_)

Note: # Not Statistically Signifrcant; m Marginally Signifrcanr Effecr Modificaúon;
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8.2 Interpretations

. Measurement Error in Estimates of Radon Progeny Exposure

Results of sensitivity analyses on Rn progeny exposures estimated at RH showed some

evidence of measurement enor. The greater predictive power of the duration of exposure

compared to cumulative Rn progeny exposure may be an indication of greater measurement

error in estimates of cumulative exposure than in estimates of duration of exposure. Durations

of exposure were estimated from pay-roll records that were maintained during the operation of

the RH mine; therefore, these records of duration of exposure would have been reasonably

accurate. In contrast, estimates of Rn progeny were obtained through reconstruction based on

mine exposure models and estimates of Rn gas measurements - methods known to be fraught

with uncertainties. The extent of the uncertainties in exposure measurement however, did not

appear to be too gleat; risk estimates and the goodness-of-fit of models based on cumulative

exposure and duration of exposure corresponded quite closely. Measurement error also

possibly explains negative effect of intensity when modelled alone and the equally good fit of

duration of exposure and cumulative exposure.

. Exposure-Response Relationships

The shape of the exposure-response function at the lower end of exposures could be a

reflection the short-stay worker effect (Gilbert L982, Doll and Peto 1985, Breslow and Day

1987). The opposite of the healtþ worker effect, the short-stay worker effect implies that

those who tended to work for short durations are at higher risk of lung cancer death than

others, due to other aspects of lifestyle such as alcohol and tobacco consumption and /øsr

living. Workers exposed to very low cumulative exposures do belong to this category of

short-stay workers; also, risk estimates were unreliable at very low exposures; therefore, the

patterns of increasing risk at very low levels of cumulative exposure should be interpreted with

caution.
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In interpreting the risk estimates from the RH study it must be realised that the RH mine was

operated for a relatively short time compared to other mines overseas. For workers in mines

overseas, mining could have been a life-time career; for workers at RH, this was seldom the

case. Vy'orkers at the RH mine comprised individuals from a wide va¡iety of backgrounds

including many who were post Second World lVar migrants, who were brought to Australia

from refugee camps in Europe under the obligation of working in areas they were allocated to;

therefore, not all workers at RH were there by their own choice. Furthermore, few of these

workers were in fact professional minen; former workers from RH include a diplomat, a high

court judge, teachets, engineers, and many other professionals in diverse frelds.

Though the finding of elevated risk at low cumulative levels and of the protracted exposure

effect a¡e relevant to the context of environmental exposures to Rn progeny, in drawing

extrapolations it is necessary to remember that individuals who worked at RH had short

durations of exposure. Therefore, exposures experienced by the RH cohort itself, are not

strictly comparable to domestic exposures which generally occur over longer durations.

These issues should be considered in any attempts at extrapolating findings from the RH study.

. Radon Progeny Exposure as a Late-Stage Carcinogen

Interpreted in terms of multistage models of carcinogenesis, the signifrcant decrease in the risk

of Rn progeny associated lung cancer mortality with increasing time since last exposure

identified in this study, suggests that Rn progeny is a late-stage carcinogen. The role of age at

first exposure could not be clearly identifîed in this study; however, the evident role of anained

age as a modifier, where risk increases in those above the age of 65 lends further support to

Rn progeny acting as a late-stage carcinogen. The lack of any significant modifying effect due

to age at first exposure may be due to the limited variation observed in the distribution of age

at flrst exposure, compared to other studies. Therefore, the RH cohort cannot effectively be

used to address the modifying effect of age at first exposure.
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. The Protracted Exposure Effect

The signifrcant decrease identified in the risk of Rn related lung cancer mortality with

increasing intensity of exposure (for a given cumulative exposure) could be interpreted as a

protracted exposure effect. The protracted exposure effect suggests in essence that long

exposures at low levels cumulative levels are more haza¡dous than short-lasting high

exposures to Rn progeny. This finding was supported by the significant modi$ing effect of

duration of exposure. The greater significance of the modifying effect of duration of exposure

compared to that of intensity of exposure may reflect the fact that duration of exposure was

subject to less measurement error than intensity of exposure. The greater significance of

intensity of exposure as a modifier than as a predictor does imply that its effect is real rather

than an a¡tifact owing to measurement error.

This study has identified a significant protracted exposure effect amongst the RH cohort who

were largely exposed to below 100 WLM of cumulative Rn progeny exposure; no other study

reported to date has identified such an effect in this range of exposure.

In view of the protracted exposure effect, question arises as to the appropriateness of

exposure limits (traditionally, dose limits) based on cumulative exposures. Recommendations

on occupational exposure limits made in terms of average annual cumulative exposures, have

been derived from models of minimum allowable risk for life-time occupational exposure. In

subscribing to a protracted exposure effect, it would be appropriate to consider the joint

implications of cumulative Rn progeny exposure and the concentrations at which these

exposures were experienced. This means that a worker exposed to 1 WLM for a working life

time of 50 years would have a relative risk of 4.18 of dylng from lung cancer at that time using

the model frtting cumulative exposure alone. However, when allowing for the protracted

exposure effect this relative risk increases to 5.16. These calculations \¡/ere based on models

of best fit viz., RR = 1.929\ilLMi RR = 1.g35wLM g.44wL' 1 wLM experienced over 1 year

= 0.O971WL - based on the conversion factor (l7}ll750) used in this study and in the joint

analyses now being undertaken by the National cancer Institute.
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. Smoking

The quality of the data available on smoking made it rather diff,rcult to examine the effects of

smoking. Based on available data, smoking may have confounded the association be¡ween Rn

progeny exposure and lung cancer mortality, but does not fully explain the observed

association with Rn progeny. After adjusting for this potentially confounding effect of

smoking, for a given level of Rn progeny exposure, the ERR increased exponentially by 67o

with each increasing pack year of smoking. The modi$ing effect of smoking was only of

marginal statistical signifrcance. However, given the limited amount of data from which this

fitding was obtained, it was considered an indication of the importance of continued research

based on improved data.

The finding that the modifying effect of smoking on the Rn progeny associated lung cancer

mortality was more multiplicative than additive corresponded with findings from other studies

flMhittemore and McMillan 1983; Hornung and Meinha¡dt 1987; BEIR IV 1988; Samet 1992;

Sevc ¿/ al. L993). However, the limited amount of data available on smoking provided very

little power for further interpretation or more detailed examination.
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. Other Relevant Occupational Exposures

Asbestos: Few studies have reported on other relevant occupational exposures that may have

acted as confounders of the risk of Rn progeny related lung cancer mortality. No other studies

on occupational radon epidemiology reported to date have reported the effects of asbestos

exposure on the association between Rn progeny exposure and lung cancer mortality.

Though the amount of data available on these factors in the RH study was limited,

occupational exposure to asbestos was found to be a statistically signif,rcant confounder of the

exposure-response relationship. These preliminary analyses show an effect that should be

explored further with more complete data. It is therefore important that occupational

exposure to asbestos should not be ignored in future examination of the RH cohort and any

other studies. The reverse is also of course true in that studies of asbestos-related risk of lung

cancer should also consider added exposure to Rn progeny. Such a study is being planned

with the 'Wittenoom Gorge study; joint analysis will focus on 99 workers who are on the

nominal roll of both the Wittenoom Gorge and the RH studies.

Other Occupational Exposure to RadioactÍve Material: The confounding effect of other

occupational exposure to radioactive material (other than at RH) was of marginal significance.

Those who reported having worked with radioactive material other than at RH appeared to be

at lower risk than those who had not. Possible explanations for this seemingly anomalous

protective effect could include lack of data (there were no lung cancer cases amongst those

unexposed to Rn progeny at RH, but exposed elsewhere to radioactive material), a chance

effect, response bias (the reluctance to report other exposures in anticipation of future

compensation payments to RH workers), the healthy worker effect (i.e., these workers may

have been fitter than others)., The apparent confounding may be an artifact of some other

hidden or unidentified factor. Here again, it is important that future investigations should

target specific questions on other relevant occupational exposure to radioactive material

including some clear indications as to the nature of the exposures and their severity.
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8.3 Implications

A summary of findings from the RH study corresponding to those summarized from other

studies reported in chapter 2 is presented in table 8.3.1. Findings summarized in table 8.3.1

show that the RH cohort had the lowest average exposures (cumulative relevant exposures) of

all studies. The number of lung cancer deaths in the RH cohort was lower than in some of the

other studies, particularly in relation to the size of each individual cohort. The duration of

follow-up in the RH study was longer than in most other studies. Wittr the exception of the

larger studies - Ontario, China, Beaverlodge and Czech - the size of the RH cohort was

comparable with that of other studies. Since risk estimates in several of the studies reported

were based only on workers who had worked underground for a specific minimum period, two

separate sets of riskestimates were reported in table 8.3.1 for the RH study - viz., estimates

based on the entire cohort and those based only on those exposed.

Risk estimates derived from the RH study are higher than those reported from any of the other

studies reported. These - the highest reported estimates of risk - are associated with the

lowest reported levels of cumulative exposure to Rn progeny. Such findings appear to be

paralleled by preliminary investigations of the Wismut mining population in Germany. These

findings imply that projections made from risk estimates obtained in studies with higher

cumulative exposures, to populations exposed to low cumulative levels of Rn progeny may

underestimate the risk to these populations. The need for studyin g statistically respectable

(see chapter 2, page 67) populations of individuals exposed to low levels of Rn progeny

exposure has long been emphasized. Attaining statistical respectabiliry is a long and arduous

research process, beyond the point of identifþg suitable populations for such study. This

study has confrrmed that the RH cohort can make a valuable contribution to the study Rn

progeny related lung cancer mortality, independently and jointly with other studies - for which

the available data is suitable. Despite the limited amount of data crrrently available, the RH

study has contributed valuable insight into the risk of Rn progeny associated. lung cancer

mortality; further statistical respectability is attainable, the quest for which must continue.
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Table 8.3.1: Summary of Findings from All Reported Studies

Study

Canada:

(IIowe
al.1986;

1991)

Radium 1942-80
(IIowe
et al.1987)

Newfoundland 1933-84

1948-80 9,497 54e 56,942e
65 tn4,17ol

(BErR rV 1988)

Follow Cohort Cases PYRS Mean Doub- SMR ERR/WLM
up Size Ca. Expo- ling Ca. Lung Ca. Lung

Period Lung sure Dose Mortality Mortality
(wl,tvÐ (wl,tvÐ

1.90
(r.43-2.49)

2.r0
(r.ss-2.79)

5,25u
(4.33-6.32)

t.29
(1.15-1.45)

[4.22)c 0.9-r.4f
(BErRrv 1988)

3.28 D-R: Linea¡
(2.08-4.48) Lag: 10 yrs.

[1.3]s Smk: Not Rep.
(0.59-2.98)s SSENES 1991.

0.27 D-R: Linear
(0.11-1,43) Lag: 10 yrs.

Smk:NotRep.

0.9 D-R: Linear
(0.6-r.2) Lag910 yrs.

Smk: Risk Rep.

1.2 Lag: 5 yrs.
(0.02-2.4) Smk: Assessed.

Mean Exp. NR.

Comments

Lag: Estimated.
Smk: Risk Rep.

Smk:
Spergystic
with Rn Exp.

Lag: 5 years.
D-R: Supra-
linea¡, linear

Lag: 5 years.
CI:907o.
Smk: Risk Rep.

Interim Report;
Analyses Cont.
Smk: No Data.

Lag: Not Used;
Est. 10 yrs.

Smk: No Data.

Lag: 5 yrs.
Smk: Risk Rep.
a Adj.: Arsenic

All Workers
D-R: Linear
U/G Workers
D-R: Linear

(vo)

20.2 31c

[4+]s

2,t03 4ge 34,6ße t93.3 370c
57

2,t24 110e 38,509e 382.4 trz
113(Morrison

et aI.1988)

Ont¿rio
(Kusiak
et al. I99l)
United States:

1955-86 54,128 378 1,706,103 [4Geor] 83c
(Mr¡ller

et al.1985)

Colorado 1950-82
(Hornung and
Meinhardt 1987)

3,346 256 tn,642l 834.0

@ErRrv 1988)

7r-
11lcr

Mexico 1957-85 3,469 65 NR 111 55.6c 4.0
(3.1-s.1)

1.8
(03 -s.4)(Samet

et al. l99I)
Czech.:
Srudy S

(Sevc

et al.1993)

Sweden:
(Radford and
Renard 1984)

France:
(Tirmarche
et al.1993)

UK:
(Hodgson and

1948-80 4,M2 574 g7,gr3 227.0 95 4.7
NR

r95t-76 1,294 50 24,083 93;t 28c

0.6
NR

1e90)

China:
(Xuan
et al.1993)

Australia:
Radium HiIl
(This Study)

1946-85 r,785 45 44,005 70 58.8c

t94t-86 3,082 105

3,010t
NR NR NR

1976-87 17,143 981 175,405 275.4 161c

625c4

49,241 7.7 23.26

18.52

1948-87 2,521 54

3.9
(3.0-4.e)

3.6
(2.54.8)

0.59
(0-1.6)

9.4
NR

0.62
(0.5-0.8)

0.164
(o.t-o.z¡a

4.3
(0.7-11.1)

5.4
(1.0-17.0)

r.9r
NR

1.58
NR

NR

NR

1.85

2.09

Note: NR Not Reported in main reference.e Excluding first 10 years of followup.t Traced Cohort: only these analysed.r Range covers uncertainity in estimates.

D-R Dose-ResponseRelationship.
u Unlagged data.
c Computed from published findings.
Smk. Smoking; Rep.: Reported.
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Appendix A: Photographs

APPENDIX A

A. Album of Photographs
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A Trace From A Grave Stone - 'Grave Yard Trace'- at the Radium Hill Cemetry

A Trace From An Old Photograph

The Missing Persons'Bureau At The Radium Hill Reunion

The Missing Persons' Bureau At The Adelaide Reunion of Radium Hill Residents

Life and Times at Radium Hil1l948-1962:

News Paper Clippings

The RadiumHill Golf Course:

An Ex-Resident Finds The Hole Named After Him, 40 Years Previously

A Radium Hill Scrap Book
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Appendix A: Phorographs

Some Innovative Attempts at Cohort Trace
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APPENDIX B

B. Instruments of Data Collection
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The Study Questionnaire



FOR CO¡4PLETION BY PREVIOUS E},IPLOYEE OF THE

RADIUM HILL MINE

( Please telephone koye Robins¿h orì lf you
requlre help answer'lng these questlons)

(TNG HISTORY

CIGARETTES

If y9u have EVER smoked clgarettes negularì-y (1.e., at least one clganett,e
per day for six mont,hs or longer), please compJ-ete elthen Section -l OR 2.
If you have NOT smoked clgarettes regularly, go dlnectly bo B.

Section 2 - IF YOU HAVE cMN Up CIGARETTES R RLY

{1) -Approx1-nateìy how. ol-d were yor-r when you start,ed' smoklng clganettes regularly?
(2) For about how many years dld you smoke cigarettes

regularì-y? (If less tha¡ one yean, indicate (1r')

(3) About how many cigarettes did you usually
smokè dalJ-y?

(4) About how many clgarettes did you usually
smoke dally at Radj_um H11l-?
(indicate'0, if none)

(5) How long ago did you give up smoking
c igarettes?
(indicate '0' 1f less than six months)

yns. of age.

. . years.

cigarettes

..cigarettes.

- . .yeans.

Sec

(1)

(2)

tlon 1 - IF YOU STILL S¡IOKE CIGARETT REGULARLY

ApproxlmaLely how old were you when you started?

Fon about how many years have you smoked cigarettes
regularJ-y? (If less than one year, indicate rtlñ)

(3) About how many clgarettes do you usuaì-l-y
smoke daily?

(4) About how many ctgarettes did you usually
smoke dalIy at Radlun Hill?
( indlcate I 0' 1f 'none)

. . . yrs. ol age.

.yrs.

. .cigareLLes.

....cigarebtes

CTCARS

Have you ever smoked cigars regularly (at l-east weekì-y)?

If YES - About how old wene you when you started?
Dld you smoke cigars regularly at Radium
HlII?
If YES _

Indicat,e how many per week.

Do you stlll smoke clgars regularl-y?
If NO _

fndlcate lrow long slnce you stopped

y"" I-l [l
-.. -.yrs- of age

No

....ci9./wk
No

Y", [--l No

Yes l--l

(Indlcale 'O' 1l less than s1x months)
. . . years.



rt rE
[{ave you ever smoked a plpe regularly (at lcast weckly)?

IC YES - About how old $rere you when you stacted?
Dld you srnoke a plpe regulacly at Radlurn Hlll?
Do you stlll smoke a plpe regulacly?
If NO _

Indlcate how long slnce you sLopped
(fndlcate'O' 1C )-ess than slx months)

Yes tlo

Yns.of age

Yes

Yes

No

tlo

- - - -years

E¡IPL.OTMENT IIISTORY

A. URANIUM OR OTHER RADIOACTIVE MATERIAI-S

( I ) BEFORE WORKTNG AT RADIT,IM HILL

Dld you wor-k Ín a uranlum rnine or wlth uranium
ore or another radloactlve materlaÌ belore
golng to Radlum HllI?

. ff Y&S - for how many yeacs?

Q) AFTER HORKING AT RADTUM HILL

Dld you work fn a uranium mlne or with
ura¡lum ore or another radloactive materfal
after belng at Radlum HiIl?

If YES, glve names of companies and
appnoxlnate years invol-ved -

Companles

r." f-l No

years

Years Invol-ved

r.sI No T

from l9----

from 19.. -.

from 19....

fcom 19----

Lo

to

to

to

19

19

ì9

r9

B ASBESTOS

Have you ever worked for an asbestos mlnlng company?

Have you even worked ln the areas ol asbestos miLJ-lng,/asbestos lnsulaLlng.

If YES Lo elLher ol Lhe above questions,
lndlcate names ol companies and appnoxlmaLe
years lnvol-ved -

Com an 1es

Yes No

Yes No

Years Involved

fcom 19..-. to 19.--

fcom l9-.-. to ¡9---.

fcom 19.--. to l9---

from 19--.. Lo ì9--.

L_.1

you for you¡- asslstance- Please slgn and retucn Lo the
ment of Community.Medicine in the ,'Reply paid,, envelope-
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C.l Epidemiological Concepts Relevant to This Work

The aim of this appendix is to provide an overview of the anal¡ical and inferential

methodology underlying this work and has not been detailed in the main text of this thesis.

C.1.1 Outline of Research Methodology

The purpose of this work is to study the effects of ionizing radiation on lung cancer mortality.

It is known that lung cancer does not have a unique causative agent @oll and Peto 1981).

The nsk of an individual developing lung cancer is influenced by the individual's own

susceptibility to cancer induction and exposure to one or more causative agents. Isolating the

effect of a single causative factor such as ionizing radiation on lung cancer is therefore

complicated by the presence of multifactorial causation i.e., by the effect of other potential

causative agents and their interactions. Moreover, it is also known that there are factors that

may confound, and factors that may modífy, the effect of exposure to the risk factor - ionizing

radiation - on the response - lung cancer mortality. Therefore, before attempting to isolate the

effect of radiation exposure on lung cancer, the roles of effect modif,rers and other covariates

must be examined and adjustments made for the existence of potential confounding factors.

This section (C.1) provides an overyiew of the epidemiological process of enquiry pertaining

to such an investigation and introduces the epidemiological concepts and quantitative

measures which provide the basis for and govern the use of the quantitative techniques

presented in the analytical chapters of this work. These issues are described in detail to help

bridge the gaps (in my understanding) between epidemiological research questions, the

application of statistical methods in epidemiology and the process of d¡awing epidemiological

inferences from the statistical methods applied. However, detailed appraisal of issues that

have been well documented in the literature are avoided here. I include this appendix in my

thesis because it is submitted for a doctoral degree based on a research submission alone.
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C.1.2 The Process of Enquiry and its Rationale

Epidemiology has been b'roadly defined as the study of the distribution and determinants of

health-related states or events in specified populations (Last 1988). The principles and

methods of epidemiology are based on two fundamental assumptions: that human disease does

not occur at random, and that human disease has causal and preventive factors that can be

identified through systematic study. These assumptions give rise to a comprehensive working

definition that encompasses the epidemiological principles and methods relevant to this work -

"the study of the distribution and determinants of disease frequency" in human populations

(MacMahon and Pugh 1970; Hennekens and Buring 1987). The goal of epidemiology may

therefore be described as: making measurements - measurements of descriptors and

associations, cause and effect; and formulating explanations - especially causal explanations.

The field of epidemiology has traditionally been considered as comprising two branches viz.,

descriptive and analytic epidemiology. Descriptive epidemiology deals with the measurement

of disease frequency or health-related states, and analytical epidemiology concerns, measuring

the nature and the role of the determinants of these health-related states.

The process of epidemiological enquiry may broadly be described as involving three logical

phases, viz. the determination and summarization of facts, the formulation of possible

explanations for features observed, and the testing of these explanations and identffication of

any additional information required for this purpose. It is generally an iterative process of

enquiry starting from any of the logical stages mentioned above. Depending on the

circumstances of the study this quest can be approached either deductively or ínductively. In

keeping with traditional demarcations, descriptive studies were regarded as a basis for

hypothesis generation and often followed a deductive approach of enquiry whilst, an inductive

approach was considered more suited to analytical studies aimed at hypothesis testing.
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This notion of dividing epidemiological research into descriptive and anal¡ical compartments

evolved from earlier conceptualisations of the philosophy of science based on the empirical

views of Bacon and Hume. The process of hypothesis generation and hypothesis testing

however, does not necessarily follow a solely Baconian inductive approach, nor a deductive

approach as advocated by Hume. In its applications, the practical process of hypothesis

generation and testing is not only iterative in nature, but also suggests that the underlying

scientific philosophy is govemed more by the Popperian notion of conjectures and refutations,

rather than by purely inductive or deductive approaches (Charlesworth L982). In the light of

this broader understanding of the scientifrc thought process, the notion that descriptive studies

generate hypotheses whilst anal¡ical studies test them, does not seem to be very appropriate

(Rothman 1986). Moreover, in practice epidemiological studies are often seen to have a

combination of descriptive and anal¡ical components, and to utilise a mixed approach of

enquiry.

In the traditional sense, the study of exposure in relation to disease outcome in individuals, as

in this wotk, has been regarded as the domain of analyticat epidemiology (IARC 1990).

Howevet, the analytical methods used in these studies are often based on basic descriptive

quantitative measures and techniques. The use of a combined approach of enquiry is therefore

inevitable in this work which will continue, independent of the specific distinctions between

descriptive and analytical methodology. This appendix will proceed by outlining the

epidemiological and statistical concepts relevant to the process of enquiry adopted in this

work.

It is obvious from the foregoing that statistical methods play an important role in

epidemiological studies. The role of statistics in epidemiology must be determined on the

basis that epidemiological objectives should set the requirements for study design and analysis

of data and steer the course of statistical applications in epidemiology. Therefore, statistical

methods are merely the tools to achieve these epidemiological objectives and should be

adopted or if necessary invented for this pulpose only (Rothman 1986).
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C.1-.3 The Quest: Causal Explanations

The aim of epidemiology is to describe disease frequency, identify determinants of diseases

and provide causal explanations. Any factor whose modification alters the outcome under

consideration rnay be regarded as a potentially causal factor (Abramson 1988). Causes arc

generally multiple and potential causes need not be necessary or suff,rcient. Potential causes

may be predisposing, enabling, precipitative, reinforcing, concomitant or intermediate.

The role of causes or potential causes are evaluated through thet effect with relation to the

occurrence of disease. In a quantitative sense, an effect may be described as the difference in

disease occurrence between groups of people who differ with respect to a particular causal

characteristic, generally referred to as an exposure (Rothman 1986). The effect of potential

cause is basically measured through the association be¡ween cause and effect, which may be

referred to as cause-effect association or causal association. A causal association may be

defined as an associatíon between two categories of events where the change in the frequency

or quality of one event follows alteration in the other event (MacMahon et al. 1960).

For causation to be possible it is necessary that an associatíon exists between the outcome of

interest and the potential cause; this follows directty from the fundamental statistical

requirement that causation can only exist in the presence of correlation. It is therefore

necessa-ry to identify association before attempting to establish causation.
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C.1.4 The Process of Formulating Causal Explanations

I. Identifying Association

An association is said to be present between two va¡iables if the presence or magnitude of one

variable depends on that of the other variable. If the rate of an outcome of interest in one

group is the same as in another Broup, then it could be said that there is no association

between the grouping variable and the outcome variable. A difference in the rates of the

outcome variable indicates an association.

tr. Association and Causation

The existence of an association however, does not imply causation just as correlation does not

imply causation. Association can also result from an artifact of the study design, be due

merely to chance, or reflect the influence of other related factors.

Therefore, once an association has been identified, before explanations as to the role of

specific determinants can be reached, it is necessary to identify whether the association could

be artifactual rather than factual. It is also important to examine the possibility of merely

fortuítous association, by considering the role of statistical sígnificance. Furthermore, the

influence of extraneous factors on the sffength and consistency of the association must be

critically examined. Causal explanations can only be considered thereafter.

The logical process of establishing causal explanations may therefore, be said to consist of two

phases, that of identifying association, and then, examíning the possibílity of exceptíons to a

causal association The latter process of exclu"ding causal explanations will now be described

by examining its logical phases viz., the role of artifactual associations, the role of statistical

significance and the influence of extraneous factors present.
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Itr. The Role of Artifactual Associations

Associations may arise as a result of artifacts of study design and implementation. The major

sources of artifactual association include selection bias, response and non-response bias,

measurement bias, measurement validity and reliability, ffid information bias. Artifactual

associations may therefore be identified through a critical appraisal of the design and

implementation features of the study.

fV. The Role of Statistical Significance

After an association has been established as factual rather than artifactual, it is necessary to

examine whether the association may have risen merely by chance. Fortuitousness of an

association can be examined by testing its statistical signifrcance. A statistical test of

significance provides a p-value which gives the probability that, even if an association actually

did not exist, chance processes alone would produce an association as strong as, or stronger

than, the one estimated or measured. Statistical significance based on p-values, is appraised

through a pre-defined critical value o (e9., cr = 0.05). A p-value of less than cr (eg., 0.05 or a

I ín 20 chance), is often regarded as justification for regarding an association as

nonfortuitous. If p is very small, the association may be regarded as highly significant; one

which cannot be reasonably attributed to chance alone. It should be noted however, that, such

statistical tests have built-in enors. I1 a crítical value of 0.05 is used, chance processes alone

would produce a verdict of statistically significant in about 5 out of every 100 tests

performed, even íf no real associatíons exist.

Statistical significance does not indicate whether an association actually exists; it only gunrds

against chance, and yet, does not prove that an association is not due to chance. Statistical

significance merely implies that an association is unlikely to be due to chance alone and gives a

degree of confidence inregarding it as nonfortuitous.
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A statistically non-significant result does not prove that the association is due to chance; it

implies that a chance process may easily produce such an association. A statistically non-

significant association, particularly when based on a large number of observations, indicates

that there is probably no strong nonfortuitous association.

Most importantly, it must be noted that even a statistically signifrcant association does not

imply causation because it could be artifactual or a consequence of the influence of other

related factors.

It can be seen from the above mentioned issues that unless the role of statistical significance is

criticalty examined, it can often be misleading. The presentation of p-values alone may lead to

the blatant misinterpretation of statistical significance which can be avoided by using standard

errors or confídence intervals which are more safely and easily interpretable by the unwary.

Rothman (Rothman 1986) states: "the term'statistical signiftcance' can be expungedfrom the

lexicon of the epidemiologist wíth no loss." This however, is arguable. The notion of

statistical signifcance is of fundamental importance in any quantitative research that is subject

to stochastic variability; despite its dubiousness, statistical significance is perhaps, the only

available tool for evaluating the role of chance. In weighing the pros and cons, the most

satisfying practical solution may therefore lie in reporting both, confidence intervals and

statistical signif,rcanc e p -v alues.

V. The Role of Extraneous Factors

It is often difficult to identify the role of specifrc determinants on the outcomes studied even

after excluding artifactual explanations and esøblishing statistical signifrcance. This happens

in the presence of multifactorial causation, a situation where there is more than one factor

that determines the outcome which can be complicated further by some of these factors being

inter-related, thereby making it difficult to isolate the effects of specific determinants.
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In epidemiological investigations, special importance is given to two speciflc phenomena

which are manifestations of extraneous factors and referred to as confounding and effect

modifi.cation, which are described below.

i. The Role of Confounding:

The association between two va¡iables can be confounded by any third varable that influences

the outcom¿ of interest and is associated with the predictor variable, without being an

intermediate link in the chain of causation connecting the other two variables. A confounding

factor is one that is associated with the potential cause being examined and is an independent

cause of the outcome of interest without being an intermediate cause linking the potential

cause and the outcome. In epidemiological investigations, "universal variables" (Abramson

1988), such as age, sex, parity, ethnic group, social class, religon, marital status etc., should

always be considered as potential confounders.

Confounding fnay diminish, reverse or exaggerate an association. Furthermore, confounding

may mask an existing association or produce an apparent association when one does not exist.

Therefore, when confounding occurs, an undistorted picture of the effect of the potential

cause can be obtained only by controlling for the confounder.

Confounding may be considered a nuisance effect that interferes with the fundamental

research question or association under consideration. This nuisance effect can be prevented

through study design features or identified and controlled whereever possible, in the analytical

stage of the study.
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ii. The Role of Effect Modiflrcation:

Effect modifrcation arises when the association between two factors is modified by the state of

another factor i.e., when the magnitude of an effect measure is changed by the state of a factor

other than exposure and disease, which is generally referred to as an effect modifíer.

Rothman (Rothman 1986), suggests that effect modiFrcation should not be regarded as a

nuisance effect. Unlike confounding which is a bias that needs to be prevented, controlled or

removed from the data, effect modif,rcation is an elaborated description of the effect itself.

Effect modification is thus, a finding to be reported rather than a bias to be avoided. The

general aim at the analytical stage of epidemiological studies is therefore to identify and

eliminate confounding, and to identify and describe effect modification.

Effect modification can be identifred by elaborating an association through stratification of the

potential effect modifrer. Effect modification is deemed to exist when the stratum specific

measures of association are not constant and found to vary between stratum.

Constant or slightly varying stratum specific measures of association need, not necessarily

confirm the absence of effect modification. They may be reflect a lack of refinement in the

association where the degree of stratifrcation exercised is not adequate to demonstrate the

existence of the modifying effect. In terms of statistical modelling, effect modif,rcation is a

corollary to statístical ínteractionbet¡teen two independent variables in their association with

a thftd variable.
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iii. Confounders and Effect Modiflrers:

A factor may be a confounder and an effect modifier, a confounder alone, an effect modifier

alone, or neither a confounder nor a modif,rer. If it is a confounder as well as an effect

modifi.er, associations benveen this factor and the determinant of interest or the outcome of

interest may not necessarily be obvious. Associations may only be obvious at certain levels of

the nuisance factor and may be drowned when it is not stratifi.ed or inappropriately stratified.

'When a modiffing effect is extremely strong it can be argued ttrat the confounding effect

becomes irelevant.

iv. Methods of Addressing Confounding and Effect Modiflrcation: An Overview

A confounding effect is determined by the presence, direction and the strength of the

associations between potential confounders and other va¡iables. Therefore, a variable can

confound the association between two other variables only if it is associated with both of

them. However, this association may not be ostensible. Although the statistical significance

of these associations is irrelevant, for a confounding effect to be of any importance these

associations between the potential confounders and the exposure and outcome variables must

be strong. Weak associations even if statistically signifrcant, are unlikely to produce an

important confounding effect, whereas, strong associations even if statistically insignifrcant

(usually because of the number of observations being small) may produce a substantial

confounding effect (Abramson 1988). Though statistical significance is considered irrelevant in

identifying potential confounders, it is useful in appraising the relative importance of potential

confounders and deciding which to control @eiss 1986). It should however be noted that it

is "simply incorrect" (Rothman 1986), to use statistical significance to assess confounding in

any other sense.

Strategies for identifying confounding include the exclusion test, elaborating the association

through s tr atifíc atio n, and standardízation.
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The exclusion test is based on the surmise that since the conditions necessary for confounding

to exist are known, if these conditions are definitely not met, then the possibility of

confounding can be disregarded. Tlte exclusion test however, is not foolproof and may be

misleading if the suspected confounder is also an effect modifier in which case conditíonal

associations may exist even though crude associations may be absent.

Confounding and effect modiFrcation can be identified at the analysis phase of a study through

critical assessment of associations, which includes processes such as tlrre refinement and

elaboration of associations. Refinement refers to the procedure of using finer instead of

broader categories of the potential nuisance factors, so as to throw additional light on the

association under investigation. The simplest form of elaborating an association consists of

stratification according to the categories of the potential nuisance factors. Stratification

provides a means of identifying and demonstrating confounding and effect modification. Other

strategies for identifying confounding at the time of analysis include the exclusíon test and

standardization. Stratification can be followed by methods of pooling stratum-specific

measures of association, such as the Mantel-Haenszel procedure, the method of inverse

variance weighting and maximum likelihood methods, to provide summary measures of

association after controlling for the effect of potential confounders (Rothman 1986).

Standardization is a technique that ensues stratification and uses a set of reference weights to

control for differences in the vital structure of a population. Standardization has traditionally

been the basic technique for identifþg and controlling confounding, for identifþg effect

modifrcation, and for providing a tool that aids the comparison between study and reference

populations and to some extent, between study populations.

Stratification and standardization are techniques that a¡e useful not only in demonstrating

confounding, but also in controlling its effect. A change in the strength of an association when

a potential confounder is controlled indicates the presence of confounding. Stratification

indicates confounding when the stratum specific measures of association differ from the
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corresponding overall or crude tneasure. Standa¡dization suggests confounding when the

standardized measure of association differs from the crude measure.

Confounding can also be controlled or prevented at the design stage of a study, through

features such as matching, restricting the study to homogeneous groups, and random or

stratifred allocation to study groups. When populations Íìre matched according to variables

that are similar in certain respects, these va¡iables cannot have a confounding effect. Matching

may be done at an individual level by selecting individuals who are similar in defined respects,

or at a group level by ensuring that the groups as a whole are similar in certain respects. Such

matching for controlling confounding is utilised in chapter 7 of this thesis, in the construction

of risk sets for nested case control analyses of the Radium Hill cohorr

Another analytical method of identifying and controlling for confounding is through

multivariate analysis using modelling techniques. Multiva¡iate statistical modelling

techniques are also useful in idendfying and describing effect modification. Effect

modification may be thought of as a biological interaction (Siemiatycki and Thomas 1981).

Therefore, if an interaction between a covariate and an exposure is thought to be biologically

plausible, then this effect may be elaborated and examined in terms of a statistical interaction

in statistical modelling. This does not however imply, that all covariates presented as

interactions in statistical modelling are necessarily effect modifiers. These aspects of effect

modification and statistical interactions have been extensively examined in recent decades

(Blot and Day 1979; Rothman et al. 1980; Saracci 1980; Siemiatycki and Thomas 1981;

Pearce 1989).

Further description of stratification, standardization and multivariate modelling methods are

presented in sections C.4, C.5, C.6 and in chapter 5, 6 and 7 respectively, in conjunction with

their application to the Radium Hill data analysed in ttris thesis. These secrions are preceed.ed

by sections C.2 and C.3 which introduce some of the basic summarization techniques and

quantitative measures used in this work and relevantmethodological issues.
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C.2 Summarization

C.z.L Basic Measures of Summarization

The fundamental measures of summarizing statistical data consist of measures of central

tendency, measures of dispersion or variation and measures of association. Commonly used

estimators of these measures include rneans, medians, and modes which estimate central

tendency, ranges, standard deviations and variances in estimating variation, and regression

and conelation to evaluate association. In most disciplines these measures are generally

based on counts, ratios, proportions or rates.

Fundamental measures of disease frequency used most frequently in epidemiology include

prevalence and incidence. Prevalence quanttfres the proportion of individuals in a population

with a particular disease at a given point of time. Prevalence therefore, provides an estimate

of the probability that an individual witl be ill at a given point in time, and thus, is also an

estimate of risk. Incídence quantifies the number of nøv cases of disease that develop in a

population at risk during a specified period of time. Therefore, incidence provides an estimate

of the risk or probability of an individual developing the disease during a specified period of

time. Commonly used estimators of incidence include cumulative incidence and incidence

rates oÍ densities. These two quantities differ in terms of their denominators or basis of

reference and will be described in the context of computations of rates.
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C.2.2 Properties of Estimators

The quality of statistical estimators are evaluated on certain desirable properties of "good"

estimators, viz., unbiasedness, suffrciency, efficiency and completeness (Mood et al. 1974).

Of these properties, it is often desired that estimators provide minimum variance unbíased

estimates. These statistical notions of minímum variance and unbiasedness have important

corollaries in the epidemiological concepts of precision and accuracy. The precision of an

estimate or measurement depends on the variability seen in its sampling distribution, i.e., the

variability observed in its repeatability. The variance of an estimate is therefore, found to be a

suitable estimator of its precision. Consequently, the property of minimum variance could be

said to imply maximwn precision. Accuracy evaluates the degree to which an estimate or

measnrement rcpresents the true value being measured. The property of unbiasedness may

therefore be regarded as a useful indicator of accuracy.

The statistical property of fficiency in estimators, refers to their being as¡rmptotically

minimum va¡iance unbiased estimators. Therefore, the fficiency of an estimator could also be

regarded as an indicator ofprecision and accuracy.

Computation of estimators for summarizing disease frequency and cause-effect association

pertinent to this thesis is presented in sections 4C.2.3 and AC.2.4.
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C.2.3 Estimators of Disease Frequency

Since epidemiological data are specific to study populations and involve comparison with

other populations, summarization of epidemiological data often entails the use of comparative

measures such as ratios, proportions and rates.

Ratios provide the simplest form of comparative measures and are obtained simply by dividing

one quantity by another. Ratios may be defined as consisting of a numerator that compares

with a denominator without necessarily implymg any specific relationship benveen the

numerator and the denominator €.g., number of still birts per thousand live births. Ratio is

therefore a general term that includes more specific measures such as proportions, percentages

and rates (Hennekens and Buring 1987).

Proportions are a particulil form of ratios where the numerator is incorporated in the

denominator e.9., the proportion of fetal deaths to the total number of births (live births plus

fetal deaths). Proportions are therefore ratios of a part to the whole and are often expressed

as percentages.

Rates include an additional dimension of time in its measure. Strictly def,rned, rates are ratios

comprising a distinct relationship between numerator and denominator with a measure of time

being an intrinsic part of the denominator.

Rates refer to a wide variety of measures of the frequency of a phenomenon in relation to the

size of a population or some other quantity, for a given period of time. In epidemiology, rates

have several different usages. Sometimes, used synonymously with ratios, rates refer to

proportions e.9., cumulative incidence rate, prevalence rate, survival rate; in some other

instances they refer only to ratios representing relative changes in two quantities.

a
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In its most specific usage rates refer only to ratios representing changes over time, which do

not include measures that refer to observations at a point of time; in this restricted usage, the

commonly used epdimiological measure of prevalence - prevalence rates - fails to qualify as a

"true" rate (Last 1988). Since all these definitions are in accepted usage and widely applied to

epidemiological data, any further reference to rates in this work will imply a broad def,rnition in

keeping with the specific circumstances of their use.

Rates can be crude or speciftc. A crude rate provides an overall measure of the occurence of

a phenomenon in a population whereas specific rates are specific to each stratum of the

population.

A crude rate is a surrìmary measure in itseH. In summarizing stratum specific rates, the

essential characteristics of the strata have to be taken into consideration. This is achieved by

means of weighting the stratum qpecific rates with an appropriate factor that is representative

of each stratum, before combining them into a suÍrmary measure. In addition to providing a

suitable measure for summarizing epidemiological data, rates also provide a method of

controlling for the effect of population size on the frequency of the event or attribute.
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C.2.4 Estimators of Effect

When expressed as probabilities rates provide risfts, another commonly used measure in

epidemiology. Defined as the probability that an event will occur in a defined time period,

risks provide a measure of cumulative incidence. The rate of incidence of an event in a

population is an estimate of the average risk for its individual members. Cumulative incidence

is defined as the proportion of people who become ill in a specified period of time and is based

on the ratio of the number of new cases that occurred in the given period of time to the total

population at risk during that time period. Cumulative incidence therefore provides an

estimate of the probability, or risk, that an individual will develop a disease during a specified

period of time.

Risks are of fundamental importance in epidemiology and are capable of multiple expressions.

When seen individually, risks provide a tool for summarizrng data when expressed as r¿sk

differences they provide measures of absolute effect and when expressed as ratios, risk ratios

provide an estimate of relative effect.

In addition to providing descriptive measures in epidemiology, rates and risks also provide the

basis for computing measures of associatíon such as attributable risl<s (AR) and, relative rísl<s

(RR), which are also useful in measuring effect in comparative studies. Though used to

describe several different concepts, attributable risks are based fundamentally on risk

differences, and provide an estimate of the size of risk that can be attributed to a given risk

factor. Defined as the ratio of risks amongst those exposed and those unexposed to a given

risk factor, RR provides a measure of the relative risk of exposure to the risk factor.
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C.3 Summarization Measures Pertinent to This Work

In epidemiological studies, the risk of cancer is generally measured in terms of incidence rates.

When data on incidence is not available, as is the case in historical cohort studies, surrogate

measures such as mortality rates must be used (IARC 1990).

The purpose of this work is to evaluate the risk of lung cancer associated with exposqre to

low cumulative levels of ionizing radiation amongst a specific population of uranium miners.

Because this work is based essentially on data from a historical cohort study, the risk of lung

cancer will be measured in terms of appropriate lung cancer mortality rates. Lung cancer

mortality rates will therefore form the fundamental quantitative measure on which this work is

based. The specifrc representation of rates and rate computation pertaining to this work are

outlined in section 4C.3.1 below.

C.3.1 Rates and Rate Computation

All rates a-re ratios multiplied by a suitable factor for convenience of use; the numerator

indicating the number of events or individuals with a specific characteristic observed in a given

period, the denomÌ.nator consisting of a suitable basis of reference for the same period (eg. the

size of the population studied), and the multiplier generally being a power of 10 which

converts the rate from an awkward fraction or decimal to a whole number. The specific

representation of these three components of rate computation, viz., the numerator, the

denominator and the multiplier, will now be introduced in turn in the context of their primary

use in this work. For the pu{pose of this introduction, references will be made to rates in

general and not to cru.de rates oÍ sffatuîn specift.c rates, since the generalistion of the

definitions are applicable to both crude and specific rates in the identical manner.
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I. The Numerators

The primary outcome being studied in this work is lung cancer mortality. The numerators

used in the computation of lung cancer mortality rates will therefore, comprise of the number

of deaths from lung cancer.

tr. The Denominators

Estimates of the population at risk generally form the denominator in the computation of

mortality rates. Two commonly used estimators of the population at risk consist of the

number of persons at risk, and person-time at risk which will be discussed in turn.

i. Number of Persons at Risk:

The simplest estimator of the population at risk that may be used in the computation of

monality rates or other rates in epidemiology is based on the number of persons observed in

each stratum during the period of observation. Though this estimator has the advantage of

computational ease, it is based on the intrinsic assumption that the number of individuals

observed during the period considered remains constant; i.e., that all individuals observed at

the beginning of the time period considered were followed up for the deveþment of the

disease throughout the entire period under consideration. This assumption may be reasonably

valid in epidemiologcial studies based on short periods of observation (or stratums based on

short calendar periods), or where all individuals start being observed at approximately the

same time or at the start of a period of observation and also end beitrg observed at the same

time or at the end of a period of observation. The latter may be regarded the case in studies

using certain techniques of survival analysis where for computational purposes, observations

are considered on a daily basis, reducing each period of observation to its smallest observable

unit and thereby regarding period of observation (measured in days) as a continuous variable.
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This however, is seldom the case in followup studies where survival time is not the end point

of interest. In such studies it is generally found that individuals join the study at different times

and also leave the study at different times, both of which rnay not necessarilly be at the start or

end of a period of observation. Furthermore, for computational pu{poses, the period of

observation is not generally startified into very small intervals, and is therefore regarded as a

categorical variable rather than as a continuous variable. In such cases an alternative

denominator known as the person years at risk (PYRS) - a measure of person-time at risk - ß

found to be more appropriate. In the first analyses performed and published on the Radium

Hill study (Woodward et al. l99I), I used the number of persons at risk denominator.

However, all analyses thereafter were refined by using more appropriate person years at risk

denominators.

ii. Person Time at Risk:

The computation of person-time at risk is based on first determining for each individual the

amount of observation time contributed to a given stratum (e9., a given age - calender period

category), and then summing up these conributions for all cohort members so as to obtain the

total person-time of observation in that stratum. The denominator thus computed has the

advantage that it retains all the essential information available regarding each individuals own

period of followup unlike in the previous measure described.

A more precise method of computing mortality rates is therefore derived from the usual

numerator which comprises simply of the number of deaths due to a given disease in the

specified stratum with the corresponding person-time at risk contributed forming the

denominator.
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m. The Multiplier

The multiplier is a factor that is used for merely for convenience of use in interpreting rates.

Multþliers generally depend on the dimension of the ratio formed by the rate numerator and

denominator, and are chosen so as to make the computed rate an integer. Multipliers

commonly used in the computation of mortality rates include 105 and 106.

C.3.2 Crude Measures of The Frequency of Lung Cancer

The fundamental measures of summarizing disease frequency with a view to evaluating risk in

teüns of a disease such as lung cancer comprise measures of incidence. Commonly used

estimators of incidence include cumulative incidence and incidence rates or densities. These

two quantities basically differ in terms of their denominators or basis of reference. Cumulative

incidence is defined as the proportion of people who become diseased during a specified

period of time. Cumulative incidence is based on a numerator that comprises the number of

new cases of a disease during a given period of time and a denominator that comprises the

number of persons at risk. Cumulative incidence therefore gives, an estimator of the

probability or risk that an individual will develop a disease during a specifred time period. The

Incidence rate is based on the same numerator as the cumulative incidence but uses a person-

time denominator and provides a more precise measure of the force of morbidiry or mortality.

The outcome of interest in this work is lung cancer, and the only available data pertaining to

this outcome relates to mortality particulars. In the absence of data on the onset of the

disease, it is not possible to measure the incidence of lung cancer. This work is therefore

based on lung cancer mortality, which will be used as a surrogate for lung cancer incídence,

in measuring disease frequency and also as a basis for measuring effect Consequently,

measures of lung cancer mortality, measured by lung cancer mortality rates, will form the

basic quantitative measure used in this work.
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In using mortality rates as sulrogates for incidence rates it seems appropriate the two parallel

estimators of incidence defined above be introduced. In this work the terms cumulative

mortalíty rate wtll be used as a corollary to the cumulative íncidence rate, and mortalíry rarc

as analogous to incídence rate, In terms of the denominators described in section 4C.3.1, the

essential difference between these two surrogate estimators of incidence is that

computationally, the cumulative mortality rate is based on on a denominator that comprises

the number of persons at risk whilst, incidence rate is based orl aperson-tíme denominator.

The number of person-years at rísk (PYRS) will be used to as an estimator of person-time at

risk tn this work. Though the PIRS provide a more precise estimator of the denominator, its

computation depends on the nature of the data collected. In practice it is often found that

PÍRS are based on approximated dates of commencement and termination of exposure and

followup. It is also possible that in certain cases the opportunity cost involved in gathering

detailed data on followup dates and additional computational costs of computing PIRS could

outweigh the gain in precision of the resulting rates and risks computed. It may therefore be

of value to examine the differences between these two alternatives and evaluate the degree of

improvement in the precision of the estimates of rates and risks computed.
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C.3.3 Crude Measures of The Effects of Radon Exposure

The basic measures of effect used in this work comprise rate dffirences (RD) and rate ratios

which estimate relative rislcs (RR).

The sampling distribution of RD could reasonably be expected to be symmeric. Approximate

confidence intervals for RD can therefore be based on the standard normal deviate as:

957o CI. For Rate Differences: RD+ t.965¡1¡r,

The sampling distribution of RR however, is not symmetrical and is known to be skewed.

This is because estimates of RR can range from zero to infurity whilst, being more frequent in

the lower regions of this range than at the higher regions and random eruors can lead to larger

discrepancies on the high side of the mean. Consequently the sampling distribution of RR will

not be normally distributed unless it is based on a relatively large number of observations.

Change of scale transformations of RR which provides a better approximation to the normal

distríbution, and are therefore used in hypothesis testing when test statistics are based on

normal deviates. More accurate confidence intervals for RR are generally obtained after

performing a log transþrmation to adjust for skewness, and confidence limits are then

extracted through a antilogarithmic transformation. Confidence limits for RR may thus, be

represented by:

95Vo CI. For Rate Ratios: antilog{ln(RÃ) + 1.96SDUn (RR)l}

Exact confidence intervals and tests of hypotheses based on counting distibutions such as the

binomial and hypergeometric distibutions are also available for these measures of effect

(Rothman 1986). These exact methods will not be used in this work and therefore, will not be

discussed here.

12/8/93 1:20 AM 25 A¡ul



Appendix C: Background Methodology

C.4. Stratification

C.4.I The Role of Stratification

When rates are compared between populations that vary in their fundamental vital structure

(e.g., distribution of age, gender, social status), overall or crud,e rates do not provide an

accurate means of comparison. A comparison of crude rates controls for the effect of the

population size only; not for other specific factors. Therefore, crude rates are of little use for

pu{poses of comparison in the presence of possible confounders and effect modifiers.

Stratifrcation is the most basic tool available for identifying confounding and effect

modification, describing effect modification when it exists and in the absence of effect

modification, adjusting or controlling for confounding effects. The primary objective of

stratifrcation could therefore be identified as its role in dealing with confounding and effect

modif,rcation.

This section concentrates on the specific issues of the role of stratification in addressing

confounding and effect modification. In each case, in addition to describing the relevance and

implication of stratification, methods of interpreting stratifred data will be presented. Some

methods of summarizing stratihed data in the absence of effect modif,rers witi then be

discussed; the methods will consist only of the simplest and most basic techniques which are

independent of external references. Methods of summarization under stratification based on

external reference populations - standardization - will be presented in sections 4C.5. This

section concludes with a sunìmary of the statistical implications of stratification, and the

relative efficacy of stratifrcation options and summarization techniques. The practical

implications of these aspects are evaluated using the Radium Hill dataset in chapter 5 of this

work.
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C.4.2 The Specific Relevance of Stratification to This Work

In some applications, particularly when the observation period is relatively short, the calendar-

year is ignored and the rates are determined by age interval alone (Breslow and Day 1987).

However, when the period of observation is extensive, it is important that the essential

characteristics of age and calender-period be retained by the data and captured in the analysis.

This too is achieved by stratifrcation; stratif,rcation of the data according to age and calendar-

period. This approach has been in contolling for confounding through out this thesis.

Age at observation is considered the fundamental stratifier in this work. However, the nature

of the primary data-set being analysed, perticularly since it pertains to an extensive calenda¡

period of followup, indicates the need for controlling simultaneously for two stratifiers, age

and calendar period of observation.

In addition to stratification by the two basic variables considered above viz., age and calendar-

period, stratified analyes will also be used for the preliminary examination of the role of other

factors such as age at first exposure, time since cessation of exposure, cumulative exposure,

intensity of exposure and duration of exposure, all of which play a potentially important role in

radiation c arcinogenisis.
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C.4.3 The Role of Stratifïcation in Confounding and Effect Modification

Stratification of the data according to the suitable categories of potential confounders controls

for the effect of these potential confounders. The aim of stratif,rcation is to group the data into

ranges that are narrow enough to be regarded as homogeneous categories of the confounder.

The resulting lack of variability within each stratum of the confounding variable leads to each

stratum providing and unconfounded estimate of the effect. Furthermore, if the estimates of

effect between-strata are homogeneous (i.e. the stratum-specific effects are uniform across all

strata), these estimates may be combined to provide an overall unconfounded estimate of

effect over the entire range of the confounder. This however, is seldom the case in practice,

due to the role of random error in the sampling distribution which reflects the precision of

each stratum-specific point estimate. Therefore, even in the case of apparent homogeniety

between stratum-specif,rc estimates, summa¡ization across strata has to be preceeded by an

examination of the role of chance by estimating the random effor.

Effect modif,rcation is signified by heterogeneity in stratum-specific measures, whilst uniform

stratum-specific measures that vary from the crude overall measure signi$ confounding (the

essence of confounding being the disparity benvwen crude and adjsted rates). If effect

modification exists, some argue one should not combinine stratum-specific measures to derive

an overall sunìmary measure of disease frequency or effect. Heterogeneity in stratum-specific

measures may arise not only as a result of extraneous effects such as confounding and effect

modification, but also, as a result of random variation. Therefore, before conf,rrming and

describing or controlling for extraneous effects, it is once again necessary to quantify the

random error.

Thus, the logical steps in the analysis of data are firstly, the identification, evaluation and

control of potential confounders; secondly, ascertaining the homogeneity of stratum-specific

estimates of effect by evaluating and describing effect modif,rcation if it exists; and finally, in

the absence of effect modification, the summarization of stratum-specific estimates of effect.
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C.4.4 The ldentification, Evaluation and Control of Confounding

Through Stratification

The three basic prerequisites for a factor to quali$ as a confounder are: firstly, it must be a

risk factor for the disease amongst the unexposed; secondly, it must be associated with the

exposure being studied; and thirdly, it must not be a intermediate link in the cause-effect chain.

'Whilst adherence to the first two of these conditions can be confirmed quantitatively,

confirmation of the third requisite has to be based on a knowledge of the disease and the

process of causality.

One way of identifying a confounder is to examine each of these requisities in turn and con-firm

their validity. Stratification plays a useful role in validating the first two of conditions. The

potential confounder can be identifred as a risk factor for the disease amongst the unexposed

if the risk amongst unexposed varies over stratum, ie., if the proportion of cases unexposed is

not constant in each stratum. Its association with the exposure can be confrrmed by variability

in the stratum-specific risks of exposure amongst nondiseased.

A simpler and more direct way of identifying cofounding is to compare a pooled estimate of

the unconfounded stratum-specif,rc rates with the overall or crude rate. Any difference

between these measures indicates the eústence of a confounding effect and the degree of

discrepency estimates the magnitude of the confounding effect.

Although, it is possible to detect the existence of confounding by examining whether the

potential confounder is associated with the disease amongst the exposed and with exposure

amongst nondiseased, this method does not provide a means of examining the magnitude of

the confounding effect. The method of comparing the crude (unadjusted) estimates with the

unconfounded (adjusted) estimates is thus preferred in assessing confounding because, it

provides a clear and unambiguous indication not only of the presence but also the magnitude
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of the confounding effect. Moreover, this method can easily be generalized to incorporate

simultaneous control for multiple factors (Rothman 1986).

It is important to note that confirmation of confounding should not depend solely on

quantitative reslts. Prior knowledge of the disease and its determinants should play the

fundamental role in this process. Quantitative findings from the above mentioned methods of

assessment should only complement such prior knowledge.

C.4.5 Summarization Under Stratification in the

Absence of Effect Modification

Although stratification helps identify and control for the effect of potential confounders, the

interpretation of a number of stratum-specific râtos¡ unless they are identical, is often clumsy

and diff,rcult. If the stratum-specific rates a¡e identical it is obvious that they represent the

unconfounded estimate of the effect of exposure on the disease. This however, is seldom the

case. FurtheÍnore, even if estimates are identical across su?ta, they may vary within strata due

to random error. It is therefore necessary that these sratifred measures be combined into a

single suÍtmary measure through a suitable method of pooling that incorporates the essence of

the stratification and the inherent variability in each stratum-specific measure.

The basic methods of deriving overall estimates that encompass the essence of stratihcation

and its inherent variability arc the method of inverse variance weíghting, the method of

maximum likelihood (ML), andthe Mantel-Haenszel (M-H) method.

The derivation of an overall summary estimate of disease frequency or effect for stratified data

is typically based on a weighted average of the stratum-specific estimates. fþs aim of

stratification is to produce strata that can be regarded as homogenous categories of the

stratifier. Appropriate stratification should therefore, produce uniform parameter estimates
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which should theoretically be estimates of the same summary parameter. Consequently, any

variability observed in these stratum-specific measures can be regarded as representing the

random va¡iation within strata. It is therefore desirable that the method of pooling these

values should give greater weight to more precise estimates ie., ones with smaller random

variability and lesser weight to less precise estimates which have greater variability.

Theoretically, this is best achieved by the inverse variance weighting procedure.

The method of inverse variance weighting provides the optimum procedure for reducing the

variance of the surnmary measuÍe, thereby enhancing its precision. An inverse variance

weighted summary measure is therefore the weighted average of the stratum-specific

measures, where the weights comprise the inverse of the stratum-specific variances. This

method therefore requires a knowledge of s[atum-specific measures and their va¡iances.

Though it may be an optimum procedure for enhancing the precision of the summary measure,

sunìmary estimates obtained by the method of inverse variance weighting are influenced by

small numbers of observations in stratum, thus, affecting the validity of the summary measure.

Furthermore, if there are cells with zero observed frequencies, the corresponding stratum-

specif,rc weights will be zero resulting in the variance estimates being infinity. Even though the

problem of zero weights may be mitigated by adding a small constant correction factor such as

0.5 or 1.0 to zero cell frequencies or to each observed frequency (Haldane 1955), it does not

overcome the inaccuracy arising in stratum-specifrc variance estimates due to small cell

frequencies (Rothman 1986).

The ML method is an iterative method of obtaining estimators that are sufficient - it uses all

the information (relevant to the estimation of the parameter) that is contained in the data

(Freund I97l) - whenever they exist, and asymptotically minimum variance unbiased. In

principle, the ML method consists of selecting the value of the parameter being estimated for

which the probability of obtaining the sample values is a maximum ie., the value of the

parameter that maximized the likelihood of the particular sample being drawn. The term

líkelíhood is mathematically defrned as the joint distribution of the random variables as a
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function of the parameter being estimated (Mood et al. L974) a Maxímutn Likelihood

Estimate (MLE) is the value of the parameter that maximizes this likelihood function. The

likelihood function is written as a function of a uniform effect measure, the observationas and

whatever nuisance parameters may be involved T\e MLE is then obtained by setting the

derivative of the log-likelihood to zero.

T\e ML procedure is preferable when there are some cells with a small number of observed

frequencies. Rather than treating each cell in isolation, the ML approach 'adjusts' the

observations in each stratum in a way that integrates the information among all strata

(Rothman 1986). The computational complexity of the ML method has acted as the major

deterrant to its use until the availability of powerful desltop computing facilities.

The M-H procedure suggested by Mantel and Haenszel in 1959 (Mantel and Haenszel 1959),

made a profound contribution to anal¡ical epdidemiology. The M-H method provides a

pooled estimator based on explicit weights that are incorporated in its compuatational

formulae . The M-H procedure is often favoured as a method of pooling because of is

computational simplicity and becuase it has statistical properties as nearly as good as the ML

estimators (Rothman 1986; Breslow 1984).

The computations facilities available to this work, provide adequate capabilities for the use of

ML methods. In view of the desirable properties of MLE identified above, only methods of

ML esnmation will be used in the anal¡ical component of this work.
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C.4.6 ldentification, Evaluation and Description of Effect Modification

Through Stratification

Effect modifrcation is identified by the presence of heterogeneity over and above that

attributable to random error in the stratum-specific measures of effect.

Effect modiflrcation may conveniently be evaluated with the use of statistical tests for

homogeneity of stratum-specific effects. Conclusions should not however be drawn from the

mechanical application of these statistical tests. The more general statistical tests, having low

power against specific alternatives may leave non-significant p-values which are difficult to

interpret colrectly. These issues are addressed in further detail in chapter 7, in the context of

their application to the analysis of the Radium Hill data where effect modification is

represented by interaction terms in statistical modelling and tests of statistical significance for

the interaction effect are used to examine the heterogeneity itr the exposure-response

relationship with va¡iations in the potential effect modifier. It is noted here that: the notion of

statistical signifrcance is adopted as a means of evaluating the role of chance variations rather

than as strict criteria for identifying effect modification; in examining effect modification, the

extent of such chance variation need not as high as the commonly ased 5Vo significance level;

even significance levels of lOVo or líVo could be used as indicators to invoke interest in

further examination and elaboration of potential modifying effects.

In this thesis, the examination of each effect modiFrer coûrmences with the categorical

examination of main effects and interactions to demonstrate main effects and effect

modification; interaction effect are examined after removing the main effects of the interacting

factors as a means of assessing effect modif,rcation @earce 1989). Thereafter, various

modelling approaches suggested by Preston et al. using EPICURE (EPICURE 1992) as

outlined in appendix B will be used to examine effect modifrcation and the most appropriate

functional form of the interactions.
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C.5 Standardization

C.5.1 Standardization Methods

Standardization provides another means of summarization after controlling for the effect of

potential confounders. The process of standardization aims at producing an easily

interpretable summary measure that retains most of the essential information contained in the

data that it represents, with a view to facilitating the comparison of populations that have been

similarly standardized.

The standardization of rates has traditionally been the basic method of facilitating

comparisons in epidemiology. In this context, standardization provides a set of techniques

that attempt to remove or reduce the effect of differences present in the vital stn¡cture of the

groups under comparison. Standardization therefore attempts to eliminate the distortions in

summary rates arising solely by virtue of differences in the vital structure of the populations

being compared. Consequently, when comparing rates that have been standardized to

adjusted for a particular factor, any remaining difference observed between the groups cannot

be attributed to the confounding by that factor.

Standardized rates are essentially weighted averages based on a common set of reference

weights, the idea being that the use of the same weights in the study populations under

cosideration, provides a fairer basis of comparison. The terms target population is used

synonymously with study population, and standard population with, reference population. A

standardized rate can be interpreted as the hypothetical crude rate that would exist if the target

population had the same distribution as the reference population with respect to the factor

being controlled.
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The methods of direct and indirect standardization have been of perennial importance in

epidemiology. Though new and improved computational facilities have now made more

effective measures of estimation available, the use of standardized rates are still quite valid as

measures of summarizalon in epidemiology. Direct and indirect measures of standardization

are also widely applied in the comparative appraisal of current epidemiological findings with

previous research findings; it is in this context that both direct and indirect methods of

standardization will be used in this work. These methods of standardization are described in

the remainder of this section. Details of the computation and comparison of standardized

measures are included in the relevant sections of the main text of this thesis (chapter 5).

C.5.2 Standardization Techniques

I. Direct Standardization

The method of direct standardization refers to the application of target rates to a standard

distribution. In direct standardization, stratum-specific rates in a target population are

averaged using the distribution of a specifred standard population as weights. A direct

standardized rate (DSR, P¿) is therefore, a weighted average of target rates using standard or

reference weights.

Tlte comparative mortality figure (CMF), is another measure of summarizaton based on the

method of direct standardization. The CMF provides a simple surnmary of rate ratios between

target and standard populations after controlling for possible confounders. Def,rned as the

ratio of the DSR and the standard population rate, the CMF is also useful in comparing target

populations that are directly standardized using the same standard populations.

It should be noted that though the precision of the DSR decreases, the bias also decreases as

the strata n¿urow. Direct standardization is therefore, not appropriate for broad strata.
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tr. Indirect Standardization

The method of índirect standardization refers to the application of standard rates to a target

population.

Indirect standardardization is based on a comparison of the total number of occurences

observed in the target population with the number expected in that population if standard

population rates applied. The ratio of total number of ccurrences observed (O) to those

expected (E), is defined as the standardized mortalíry raüo (SMR).

An indirect standardized rate (ISR, PI) is defined as the product of the SMR and the crude

population rate (Pç). Indirect standardization is often used when stratum-specific target

population rates are not known.

In using SMRs for comparative purposes, it should be noted that the indirect method of

standardization does not adjust stratum specific rates in the populations under comparison to

the distribution of the reference population since it is the standard population rates that are

applied to the target populations. In this light it can be seen that the method of indirect

standa¡dization is analogous to direct standardization, it being simply that the target

population contributing to the SMR is now used as the standard. The comparison of SMRs

amounts to comparing measures with different standards and is therefore invalid, even if the

same standard population is used in their computation.

Despite the comparison of SMRs being 'invalid'such methods of comparison are widely used

and relevant issues have been discussed and debated for more than 60 years (WoHenden 1923;

Yule 1934); these arguments have been comprehensively summarized by Rothman @othman

1986). Therefore, further discussion of this perennial issue will be avoided in this work.
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C.6 Overview on Statistical Modelling

C.6.1 Introduction

The primary aim of this work is to evaluate the risk of lung cancer mortality related to Rn

exposure amongst the cohort of uranium miners studied, after controlling for the effects of

potential confounders, ffid demonstrating the role of any ffect modifiers that may exist.

Methods of risk evaluation previously outlined are based on the implicit assumption that there

is no interaction between the outcome measured and levels of the covariates. They are

therefore, not appropriate in the presence of effect modification.

Modelling is a tool that enables risk evaluation whilst allowing for the simultøneous control of

multiple confounders, and the identification and demonstration of effect modifícation.

In modelling terminology, the outcome studied, which in ttris case is lung cancer mortality, is

referred to as the dependent ot outcome variable; potential confounders, effect modifiers,

causative factors and other explanatory variables are referred to as either covariates, or

predictor variables. Modelling deals with the problem of confounding through the

assessment of heterogeneity n covariate stratum-specif,rc estimates of risk, and addresses the

role of effect modification by consideringinteractions between the covariates.
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C.6.2 Statistical Modelling

The purpose of modelling is to study the relationship between variables. The relationship

between variables can be defined by the nature and the degree of theír association which are

expressed by the statistical concepts of regression and correlation. Regression is the

statistical tool for describing the nature of the association between variables and is represented

in the form of models. Correlation which evaluates the degree of the association between

variables, is measured by coefficients that are derived from parameter estimates obtained

throu gh regression modelling.

Statistical modelling is a quantitative technique for studying the relationship benveen patterns

of variation observed in outcomes of interest, and known predictors of this outcome.

Statistical modelling is based on the underlying notion of correlating pattems of va¡iation

observed in variables with a view to attributing components of the variation seen in the

outcome variables, to known and unknown predictors. Statistical modelling can therefore, be

described as a process of separating out the components of variation that can be explained by

known predictors - explained variation or signal - from the component the total variability

seen in the observed outcome; the component that remains unexplained is referred to as the

unexplained varíation or noíse. The separation of components of variation is performed by

the use of regression models comprising two components: one that represents the signal (the

determinístic component), and the other the noise (the stochastic component); to present a

simpliflred or smoothed representation of the underlying population. The deterministic

component of a statístical model is represented by a mathematical depiction of the relationship

between outcome and predictor variables and is therefore, referred to as a mathematical

model. Tlte stochastic component of a statistícal model is the component of variation that

cannot be explained by the predictors in the model. Being non deterministic, it is also termed

the random error or random varíation component of the statistical model. The aim of

statistical modelling can therefore be described as extracting from the data as much

information as possible about the signal as it is defined by the model.
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The art of modelling may be described in three stages viz., model speciftcation, parameter

estimation and model evaluation The modelling process cornmences with model

specification: postulating a functional relationship berween the outcome variables and the

predictor variables which is based on unknown parameters i.e., specifying the mathematical

model, which can be based on postulated etiological mechanisms of exposure; and postulating

a functional form or distribution for the outcome variable which corresponds to posnrlating the

error function. This is followed by parameter estimation: the estimation of the unknown

parameters in the postulated model and obtaining risk estimates; parameter estimation is

generally based on methods of least squares estimation or maximum likelihood estimation.

Finally, the appropriateness of the model is examined n model evaluation by methods of

assessing the goodness-of-ftt of the model; goodness-of-fit basically implies the comparison of

components explained and unexplained by the specified model and methods of drawing

inferences on how substantial a component has been explained; these techniques include the

analyses of variance and analyses of deviance. Model evaluation also includes model

criticism, the evaluation of the appropriateness of the model and examination of the

assumptions governing its use for the existence of violations. The modelling process can be

regarded as one of conjecture and refutatíon, and is often iterative with the process being

repeated until a suitable'fit'is obtained.

Models most coÍìmonly used in statistical evaluation belong to the family of línear models.

The simplest linear models are those based on linear combinations of predictors which reflect

the situation where the effect is proportional to the cause. Models that are nonlinea¡ in their

predictors include quadratic and linear-quadratic models which are commonly used in

etiological assessment. In a strict statistical sense, linear models refer to the family of models

that are linear in its parameters. Linear models may therefore, include functions of predictors

that are not necessa¡ily linear. Being inrinsically linear in their parameters, these models too

are handled with linear modelling techniques.
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The most comprehensive methodology for statistical evaluation of linear models is based on

the theory of generalized linear mod.els. Generalized linear models are charactenzedby link

and errorfunctions. T\e linkfunction represents the deterministíc component of the model

and the enor functio¿ describes the stochastic component. General linear models are a special

case of generalized linear models where the error function is assumed to be normal and the

link functior¿ is the identity function; whereas, in generalized linear models the error function

may be from an exponential family of distributions (not necessarily from a normal distribution)

and the link function may be any monotonic differentiable function (McCultagh and Nelder

1989).

Apart from its uses in describing the patterns of mortality as postulated by the model,

mathematical modelling also provides summary estimates of risk which are vital for

comp¿ìrative purposes. Mathematical modelling provides a technique for obtaining estimates

of summary relative ruks whilst addressing the issues of confounding and effect-modification.

This is unlike the summary measures of risk obtained from summarization techniques proposed

in previous sections of this appendix which are based on the implicit assumption that there is

no effect modification present; i.e., that there is no interaction between the outcome variable

and the levels of the covariates.

In addition to providing summary estimates of risk, modelling enables the identi-fication and

demonstration of effect modif,rcation by incorporating a mathematical description of modifying

effects as interactions in the estimation process; modelling enables the evaluation of

confounding by examining the heterogeneity of covariate stratum specifrc estimates, once

other prerequisites for confounding have been satisified.

A scientific approach to statistical modelling in epidemiology is an iterative approach of fitting

statistical models inferred from postulated biological mechanisms, examining how well they fit

the data (Murphy 1978) and using both inductive and deductive reasoning (Jacobsen 1976) in

forming plausible conclusions (Siemiatycki and Thomas 1981).
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Staristical modelling techniques most commonly used for the evaluation of risk in

epidemiological studies include Poisson and Cox regressíon techniques. Both these

techniques are based on models that belong to the family of generalized linear models

(Dobson 1983; McClaugh and Nelder 1989; Aitken et al. 1989). The application of Poisson

and Cox regression techniques have been widely discussed in the literature in the past decade

(Frome 1983; Frome and Checkoway 1985; Pea¡ce and Checkoway 1987; Cox L972; Breslow

and Day 1980 and 1987; Breslow et al. 1983); therefore, detailed description is avoided in this

work.

Since Poisson regression techniques will be widely used in this work (chapters 5 and 6), a

simple introduction to Poisson regression methods within the context of statistical modelling

is provided in this appendix. Relevant introductions to Cox regression techniques are included

in the main text of this work in chapter 7, in conjunction with its use.

I. An Overview on Poisson Regression Modelling

The Poísson distríbutio¿ is known to be suitable for describing the probabilitíes of occurrence

of rare events. The stratum-specific probalities of lung cancer mortality in this study cohort

may be considered small because of the small number of lung deaths in each stratum.

Therefore, it is reasonable to assume that lung cancer monality in the Radium Hill study

cohort follows a Poisson distribution.

Poisson regression methods are based on the assumption that the outcome variable follows a

Poisson distríbution, aîd that the functional relationship between the predictors and the

outcome being observed is known. In Poisson regression modelling a rate function that

postulates the relationship between the outcome and predictors variables comprises the

deterministic component of the statistical model. The stochastic component of the statistical

model is represented by a Poisson eruor tefin.
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Parameter estimation under the Poisson model depends on the qpecific functional form

postulated to describe the relationship between the outcome and predictor variables. The

specific functional forms benveen outcome and predictor variables can be based on postulated

etiological mechanisms of exposure. Estimation is then performed by using generalized linear

modelling techniques that qpecify a Poisson error and a suitable link function (generc7ly a

logarithmic linkfunctíon) that is defined by the functional relationship postulated be¡ween the

outcome and predictor variables. Parameter estimates are obtained from the generalized linear

model through mÐdmum likelihood estimation techniques based on the iterative solution of

the likelihood function.

t2/8/93 t2:39 AM 42 Arul



Appendix C: Background Methodology

tr. Addressing Temporat Effects of Lung Cancer Risk

Through Statistical Modelling

Occupational exposure to radon daughters amongst underground uranium miners generally

occgrs over an extended period of time, with varying intensity. In the absence of a detailed

understanding of the biological repair mechanisms concerning exposures experienced over a

period of time it is important that the characteristics of exposure delivery be considered in

analyses. Ilfractionarion allows adequate time for damage repair, then cumulative exposure is

not an adequate or proper measure of exposure.

Furthermore, since individual susceptibility to the nature and amount of exposure may also

vary considerably between persons, estimates of risk based on the compounded risldsurvival

experience of individuals would provide more precise estimates of risk than those averaged

over individuals at particular points in time.

Statistical methods for the analyses of data based on these suggested approaches are also

different. Traditional approaches such as standardization generally follow the former

approach. The advent of computing facilities makes it possible to assess the survival

experience of each individual over time using extensions to Cox's approach (Cox 1972).

Temporal effects can be addressed by using alternative time scales reflecting elapsed time from

different origins or by addressing changing exposures with time. Though these two types of

variables pose similar analytical problems their interpretations differ.

Age at fust exposure, time since last exposure, the duration of exposure and the intensity of

exposnre are temporal factors - potential determinants or modifiers of disease risk which vary

as a person ages - known to influence the risk of radon related lung cancer mortality. The

modifying effects of these temporal factors a¡e examined in chapters 6 and 7 of this thesis.
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C.7 Summary

Statistical modellíng provides summary estimates of risk which are vital for comparative

purposes. Mathematícal modellÍng'provides a technique for obtaining estimates of summary

relative r¿sks whilst addressing the issues of confounding and effect-modiftcation. This is

unlike the summary measures of risk obtained from summarization techniques proposed in

previous chapters of this work which a¡e based on the implicit assumption that there is no

effect modification present; i.e., that there is no interaction between the outcome variable and

the levels of the cova¡iates.

Analytical methods introduced in chapter 5 a¡e based on stratification and standardization as

means of identifying and controlling confounding; stratum-specific estimates of risk thus

obtained are regarded as r¿sk estimates adjusted for the potentially confounding effects of the

stratiliers. In comparative epidemiological analyses, the interpretation of several covariate

stratum-specifrc risk estimates obtained from stratif,red analyses, is often found to be

cumbersome. Comparisions are therefore based on overall estimates of relative risks or risk

ratios that are obtained by summarizrng the covariate stratum-specif,rc risk estimates, a

procedure that is only appropriate if the component measures (stratum-specific risk estimates)

are homogeneous across strata.

Furthermore, the summarization techniques for obtaining overall risk estimates presented in

chapter 5 of this work are based on the implicit assumption that there is no effect modiFrcation

present; i.e., that there is no interaction benveen the outcome variable and the levels of the

covariates. therefore, the comparison of summary measures obtained through these methods

is strictly valid, only in the absence of effect modif,rcation.
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D. Background on Modelling With EPICURE

This appendix on modelling with EPICURE has been prepared from material presented in the

EPICURE Users Guide (EPICURE 1992). The purpose of this appendix is to enable readers

who may be unfamiliar with this particular package to obtain adequate familiarity with

modelling in EPICURE so that the reading of the text of this thesis may be independent of

reference to external material.

D.L General Representation of Models In EPICURE

Alt EPICURB models have a general form lnown as the Product Additive Excess Risk Model,

in which mortality rate î" can be defrned as:

Where: À

ts

To,Ti

To

Ti

r.=À"To[r*)f]

Lung cancer mortality rate

Represents a. straturn parameter

Represent terms,

Represents the background rísk term, and

Represents the excess r¡sk term.

Stratifred models include a separate multiplicative parameter À, for each combination of values

of the stratification variables.

Each term may contain subterms which can be of three types viz., línear (B'x), logJinear

( a' y ) and, product- línear (y' z).
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Each term may therefore be defined more completely as:

T¡= (B'x) ea'! (1 + T'z).

A term can have only 1 subterm of each type.

The terminology product additive excess risk model is coined from the components of the

model - product, referring to Tg the background risk term which multiplies all other tenns,

and additive excess referring to 1 which is added to the excess risk terms Il.

Special cases of this general model include the product additive model, the additive model and

the geometric mixture model. In the absence of the constant term L, the general model

reduces to the Product Additive Model. In the further absence of the background term, the

general model reduces to the Additive Model. The geometric mixture model is a more

complex model where the user defines a mixing parameter that cannot be estimated by the

program. These models are defined as follows:

Product Additive Model: ìu(td) = ì"rToÐT¡

Additive Model: ïr(td)=ÀsIIi

Geometric Mixture Model: tv(td) = LrT¡ [lT¡* )e ( ] + 2 ( I - f r* Y-e

'Where, T¡* is a modified term specif,red by the user.

I;* it either aRelativeR,se ßR) term (T¡) or an Exce.ss Risfr IERR) term (1+t)

unless otherwise specifred, T¡* areconsidered as RR terms by default.

0 is a mixing parameter which must be specified by the user,

and cannot be estimated by the program.
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D.2 Regression Models for Evaluating Radon Progeny

Associated Risk of Lung Cancer Using EPICURE

In analyses based on estimates of cumulative exposure, a RR model for lung cancer mortality

rate Ìt(x,z,w) may be defined as:

\{x,z,w ) = }''g(x)RR( z,w )

where l, - lung cancer mortality rate

w - cumulative exposure in WLM

x - vector of covariates describing the background disease rate

z - vector of covariates affecting the dose response relationship.

Under the assumption of a RR model, l" can be written as a product of the background disease

rate among non-exposed, denoted by M@), and an exposure function RR(z,w). The

background rate depends on x and the exposure-response function depending z, which may

include one or more components of x as z.

The background rate can be defrned as and exponential function of covariates x, denoted by:

ï'g(x) = ew

In our analyses x may comprise indicator variables for age group, calendar year of observation

and other potential confounders such as other occupational exposure to radiation or asbestos.

A general model for the assessment for a broad mnge of exposure-response relationships rnay

be defined as:

General Relative Risk Model: RR = [I+þwrj s0

where, B estimates the ERR perWLM,

0 denotes a"cell killíng" parameter, and

K denotes a" non-linear" paratrteter.
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Particular cases of this general RR model which are commonly used in risk estimation include

the following:

The Linear ERR model: RR = I + þw

when, r = I and 0 = 0 in the General RR Model.

RR is modelled as a linear function of dose.

p measures the ERR per unit dose increase, i.e. the ERR/WLM.

The Líneør-Exponential Cell Kíllíng Model: RR = [I+þw] e0

when, r = 1 in the General Model.

The Non-Lineør Model:

when, 0 = 0 in the General Model.

RR = [l+þwK]

Tests for goodness of fit in relation to the parameters 0 and r are based on likelihood ratio

tests.

D.3 IdentifTcation and Control of Confounders Using EPICURE

Confounders may be identified and controlled through stratification in EPICURE. potential

confounders rnay be controlled for, by being specified as STRATA which then correspond to

stratum variables - the T¡ term - in the general form of the epicure model. Estimates of rates

and risk obtained after confounders have been declared as stratum variables may 6" considered

as estimates adjusted for the effect of confounders. Any difference that may be seen between

crude estimates and estimates adjusted for confounders, is another indication of confounding.
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D.4 Hypotheses Testing in EPICURE

Analysis of Deviance provide a means of testing goodness of frt for all models in generalized

linear modelling. Analysis of deviance is the corollary to analyses of variance (ANOVA) in

general linear modelling. Generalized linear modelling is based on ÍìÍximum likelihood

methods where all models are evaluated against the fully saturated model. The deviance is

defined as twice the difference in the log-likelihoods of the model being tested and the firlly

saturated model.

Analyses of Deviance also provide comparative tests of goodness-of-fit in nested models.

Nested models rnay tle defined as follows: "tyvo models are said to be nested, if the free
parameters in the more restricted model are a subset of the free parameters in the less

restricted model" (EPICURE l99Z).

In comparing nested models, LRT provide tests of effect and homogeneity of stratum specific

estimates. Likelihood Ratio Tests are based on LR statistics which are computed as the

difference between the deviances of the models beitrg compared. Likelihood Ratio statistics

are asymptotically distributed as 12 distributions.

Tests for hypotheses of trends are based on two types of tests, viz., score tests and 'WaId 
tests.

In EPICURE score tests are performed by constraining the variable beitrg tested for trend to a

null value and the score statistic is tested as a standard normal deviate.

V/ald tests are performed by modelling the variable being tested for trend as an unconstrained

continuous variable in EPICURE and obtaining estimates of the slope parameter and its

standard error. The Wald test statistic is defined as the ratio of the parameter estimate to its
standard error is tested as a normal deviate.
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D.5 Models for Identifying Effect ModifTcation

The role of potential effect modif,rers may be examined by evaluating their interaction with the

exposure-response relationship. 'When effect modification exists, B is seen to vary within

categories of the modifying factor. Effect modifiers of interest in the study of Rn induced lung

cancer include age at first exposure, duration of exposure and rate of exposure. Variations in

risk with attained age and time since last exposure are also of particular interest.

In the general RR model defined above the term z comprises potential effect modifiers. Effect

modification is tested using a LRT based on the comparison of a model that fits a common

parameter and separate p¿ìrameters for each category of the potential effect modiFrer. i.e. by

testing the difference in deviances between the following model and the model given

previously.

Modelling Modifiers of Effect: RR = I + þ¡w z¡.

Vy'here, Pj represents the ERR/WLM within catego\ z¡.

Under the null hypothesis of no effect modification the difference in the model deviances had a

X2 distribution with i-l degrees of freedom. A significant p-value indicated that the effect of

Rn exposure on lung cancer mortality was not homogeneous across levels of z.

Variations of the ERR/WLM over z¡ were modeled using a smooth parametric function based

on dose as a continuous variable. Variations of the RR estimates over z¡ were examined with

exposure treated as a categorical va¡iable. Categorical estimates of RR of exposure were also

estimated after accounting for the effect of z¡.

7t2/8/93 l:00 AM Arul




