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Preface 

The identification of occupational cancer risk factors and of 
carcinogens in the workplace is assuming increasing import
ance in cancer epidemiology. This book, which contains the 
proceedings of a symposium held in Vancouver in June 1988, 
combines overviews by experts on substantive topics and 
methodologic issues of broad interest in occupational cancer 
epidemiology. Among the former are state of the art reviews 
emphasizing recent data and new and innovative analytic 
approaches. The substantive topics include discussion of cancer 
risks from exposure to complex organic mixtures, asbestos and 
man-made fibers, herbicides, radon, and electromagnetic fields. 
Risk assessment, exposure assessment, and analysis of occupa
tional cohort studies are examples of the methodologic issues 
addressed. This book provides basic information and opens 
perspectives on new areas of research. 

In organizing our symposium we were greatly assisted by 
Betty Fata and Kim Rust of Venue West Conference Ltd. We 
appreciate the financial support received from the following: 

Cancer Control Agency of British Columbia 
Alcan Aluminium Ltd. 
National Health Research & Development Program 
Workers' Compensation Board of British Columbia 
Purdue Frederick Inc. 
Rhone-Poulenc Pharma Inc. 
London Drugs Ltd. 
Ciba-Geigy Canada Ltd. 
Bristol-Myers Pharmaceutical Group 
Schering Canada Inc. 
Hoffmann-La Roche Ltd. 
Sterling Drug Ltd. 
Parke-Davis Canada Inc. 
Beecham Laboratories 
Pfizer Canada Inc. 
Roussel Canada Inc. 
Novopharm 
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Role of Epidemiology in Health Risk Assessment 

D. Krewski!, D. Wigle!, D.B. Clayson!, and G.R. Howeh 

1 Health Protection Branch, Health and Welfare Canada, 
Ottawa, Ontario KIA OL2, Canada 

2 National Cancer Institute of Canada, University of Toronto, 
Toronto, Ontario, M5S 118, Canada 

Introduction 

The process of health risk assessment has been the subject of systematic study in 
recent years. For example, interdisciplinary groups established by the U.S. 
National Research Council (NRC 1983) and the World Health Organization 
(WHO 1985) have developed models for risk assessment and risk management. 
These investigations have provided clear frameworks within which questions 
pertaining to health risks may be addressed. This has proven useful in distin
guishing between the scientific and extra scientific dimensions of risk assessment, 
and in ensuring that all relevant factors are given proper attention in risk 
management decisions. 

Most of our information on environmental and occupational health risks is 
based on epidemiological investigation of people exposed to the risk factor of 
interest or on toxicological experiments conducted on nonhuman test systems. 

Although epidemiological studies have the advantage of providing inform
ation directly on humans, they are subject to certain limitations. Epidemiolo
gical studies are only possible after human exposure has occurred, and after the 
health effect of interest has had sufficient time to develop. With chronic diseases 
such as cancer, this induction period may span one or two generations. There 
may also be technical problems in exposure assessment and adjustment for the 
presence of confounding risk factors in observational studies of human 
populations. 

In contrast, toxicological studies afford the opportunity to determine possible 
adverse effects before human exposure is permitted. Similarly, because experi
ments are conducted in a carefully controlled laboratory environment, the 
toxicologist can attain a degree of precision denied to the epidemiologist who 
must work with a heterogeneous human population exposed to a wide variety of 
risk factors influencing health status. However, because toxicological studies are 
conducted in nonhuman test systems, this precision is achieved under penalty of 

* The authors would like to thank Terry Chernis for bibliographic assistance In 

preparing this article. 
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2 D. Krewski et al. 

introducing the need for uncertain extrapolations from the test system em
ployed to humans. 

In this paper, we examine the complementary roles of epidemiology and 
toxicology in human health risk assessment. We begin with a description of a 
model for risk assessment and risk management which will serve to place the 
role of epidemiology in health risk assessment in perspective. We then provide a 
brief description of the different epidemiological protocols which have been 
used in health risk assessment. Case studies of active and passive smoking as 
well as saccharin and formaldehyde are presented to illustrate the complement
ary roles of epidemiology and toxicology in health risk assessment. The reso
lution of discrepancies between epidemiological and toxicological findings is 
treated next, including the use of weight of evidence approaches for combining 
information from both sources to arrive at an overall assessment of risk. 
Finally, we present a summary of our main findings. 

Risk Assessment and Risk Management 

A number of recent studies have examined the process of health risk assessment 
and risk management. For example, several national and international organ
izations have proposed specific models to describe this process (see Krewski and 
Birkwood 1987, for a recent detailed review). These models exhibit many 
similarities and serve to clarify the important elements of risk assessment and 
risk management, including the role of epidemiology in this process (Krewski 
1987). 

Building on these foundations, a Working Group on Risk Assessment and 
Risk Management (1988) developed a model for use within the Environmental 
Health Directorate of Health and Welfare Canada (Fig. 1). The first two steps 
involve the identification of a specific environmental hazard and the estimation 
of the corresponding levels of risk. These two steps combined involve the 
analysis of epidemiological and toxicological data, and together comprise what 
may be termed risk analysis. 

Following risk analysis, the risk manager may consider a variety of options 
for the protection of human health. These risk management strategies may be 
broadly classified as regulatory, economic, advisory or technological (Krewski 
and Birkwood 1988). While direct regulation continues to be widely used, 
nonregulatory alternatives have received increasing attention in recent years. 
For example, economic options rely on economic incentives and disincentives to 
reduce environmental pollution. Advisory approaches rely on the provision of 
advice to promote risk avoidance. Formal regulations may also be avoided if 
new technological developments are used for pollution abatement. These op
tions are not mutually exclusive, as demonstrated by the use of a combination of 
all four approaches in attempting to control acidic deposition in Canada 
(Burnett et al. 1988). 

The selection of a suitable risk management strategy is complex, and is 
frequently charged with social and political overtones (Somers 1983, 1984). As 
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4 D. Krewski et al. 

an aid to decision making, it may be helpful to apply formal program evaluation 
techniques to assess effects on human health, the environment and social 
structure, and the economic consequences that flow from them (Torrance and 
Krewski 1985). Although such analyses are not intended to generate a clear-cut 
decision, they are of value in objectively evaluating all of the available data, and 
summarizing the results in a form that will assist in arriving at a solution to the 
problem at hand (Krewski et al. 1989b). 

Public perception of risk is an important consideration in risk assessment 
(Krewski et al. 1987). In contrast to risk analysis, risk perception is a subjective 
process by which individuals intuitively assess risk. Because of human limita
tions in information processing, the public often misjudges risk and adopts 
views which may be at odds with objectively derived estimates. Decision makers 
need to be aware of public perception of the risk associated with different 
hazards, and give these views proper consideration in selecting an appropriate 
risk management strategy. 

Communication of risk related information is clearly a critical part of risk 
management (Covello et al. 1987; Davies et al. 1987). It is important that risk 
data be expressed in understandable terms, and that effective channels of 
communication be established among individuals and institutions involved in 
the assessment of risk. Examination of models of risk communication has 
provided some insight into the risk communication processes. For example, the 
communications processes model proposed by Leiss and Krewski (1989) is 
based on the notion that risk communication is defined by the interplay of two 
domains, called the expert sphere and the public sphere. This model highlights 
the tension between technically assessed and perceived risk, which is considered 
a distinctive feature of risk communication. Epidemiology can playa major role 
in risk communication through the transmission of information on health risks 
from the expert sphere to the public sphere in a manner which can be appre
ciated by the population at large. 

Epidemiological Studies 

The health problems of people in developed countries are generally well 
documented, particularly serious conditions such as cancer and heart disease. 
Descriptive epidemiological studies can provide useful statistical measures of 
the health impact of such diseases. As indicated in Fig. 2, cancer is by far the 
most serious disease facing the Canadian population when ranked by potential 
years oflife lost (D.T. Wigle and Y. Mao, Health and Welfare Canada, Ottawa, 
unpublished data). Epidemiological information of this type is of use in es
tablishing new directions for measuring health status and in setting public 
health priorities (Glass 1986). 

Ecologic epidemiological studies involve comparisons of population expos
ure with the occurrence of a particular disease over time or across geographic 
areas. For example, consider the longitudinal data on tobacco consumption in 
Canada and lung cancer incidence shown in Fig. 3 (Wigle et al. 1986). Allowing 
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6 D. Krewski et al. 

for a 20-year time lag, these results reveal a strong association between tobacco 
consumption and lung cancer. The problem with such studies is the difficulty in 
concluding that a causal relationship exists, as illustrated by a similarly strong 
association in Fig. 4 between the number of pairs of brooding storks and the 
human birth rate in the Federal Republic of Germany (Sies 1988). As will 
become clear further on, these latter data are not presented as contraindicating 
the well-established adverse health effects of tobacco consumption. Rather, they 
are included to emphasize the need for a careful comprehensive evaluation of 
epidemiologic data in assessing causality (Hoel and Landrigan 1987). For 
example, determinations of causality should include consideration of criteria 
such as the strength and consistency of the association, the temporal relation
ship between cause and effect, the biological gradient and specificity of the 
association, and the biological possibility of the association in light of known 
information on disease etiology (Hill 1965). 

Because of limitations such as those discussed above, ecologic studies serve 
primarily to suggest the need for a more rigorous epidemiological investigation. 
In case-control studies, information on the etiology of the disease under study is 
obtained retrospectively on both affected and unaffected individuals (Breslow 
and Day 1980). The sampling of diseased subjects coupled with a scheme for 
collecting exposure information retrospectively makes this design well suited to 
testing etiologic hypotheses for specific rare diseases. Unfortunately, inform
ation on exposures such as prescription drug usage and certain lifestyle habits 
such as diet is often less than adequate, especially when it is necessary to look as 
far into the past as with cancer. Nonetheless, retrospective epidemiological 
studies have been able to identify certain hazards, such as vaginal cancer in 
young women whose mothers were given the synthetic hormone diethylst
ilbestrol for pregnancy maintenance (Herbst et al. 1975). 

In cohort studies, information on exposure and possible confounding factors 
is obtained for comparison with an unexposed reference group (Breslow and 
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Day 1987). The population is then monitored over a period of time, with the 
follow-up period depending on the cohort size, the background incidence rate of 
the disease or diseases of interest, and the desired relative risk detection limit. 
Historical exposure records such as those on occupational exposure histories 
may be used to reduce the time required to accumulate adequate person-years of 
observation. The direct sampling of subjects with variable exposures coupled 
with a plan of recording health effects as they occur is appropriate for relatively 
common diseases such as coronary heart disease, motor vehicle injury, common 
infections or general mortality. Cohort studies will require large sample sizes for 
the study ofrare diseases and may require extended follow-up time in studies of 
chronic diseases such as cancer. Nonetheless, cohort studies have demonstrated 
a doubling in overall mortality due to smoking (Doll and Peto 1976). 

Administrative records offer the potential means to conduct low-cost large
scale epidemiological investigations without the need to collect new data. Much 
valuable information on the health status of the Canadian population is 
collected on an ongoing basis in the form of hospital records, health insurance 
data, disease registries and national statistics on morbidity and mortality. The 
use of existing computerized databases for epidemiological purposes often 
requires that linkages be made between records on the same individual that may 
reside in several different files. The record linkage technology originally pro
posed by Newcombe (1967) has evolved over the years to the point where it has 
been successfully applied in a number of major studies such as that conducted 
by Howe et al. (1979) on the effects of isoniazid on tuberculosis patients. Studies 
of this type are currently underway within the Health Protection Branch to 
investigate possible relationships between cancer mortality and occupational 
exposure to radiation and certain agricultural chemicals. 

Because of ethical problems, randomized study designs for toxic effects in 
humans are not feasible. However, many randomized trials of risk factor 
interventions have been conducted to assess the effectiveness of drugs, surgical 
procedures, behavioural changes and dietary changes. For example, a random
ized trial for treatment of stable angina revealed virtually identical II-year 
survival rates for persons treated with coronary artery bypass surgery and those 
treated medically (Veterans Administration Coronary Artery Bypass Surgery 
Cooperative Study Group 1984). Recently, the feasibility of a trial to determine 
the effect of reducing dietary fat content on the risk of breast cancer among 
middle-aged women has been assessed in the United States. The results of this 
study are not yet available. 

In sum, epidemiological studies have provided considerable information on 
the environmental determinants of cancer in humans (Schottenfeld and 
Fraumeni 1982; Magnus 1982). These data have recently been used by Doll and 
Peto (1981) and Miller (1984) to estimate the fraction of total cancer mortality 
attributable to specific causes (Table I). Although these figures involve some 
judgment on the part of these investigators, there is good evidence that tobacco 
is responsible for about 30% of the total cancer burden. Estimates of the 
proportion of cancer mortality attributable to diet were similar, although 
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Table 1. Estimates of the percentage of cancer deaths attributable to known 
causal factors 

Factors 

Tobacco 
Diet 
Occupation 
Radiationa 

Alcohol 
Reproductive patterns 
Sexual activity 
Licit drugs 
Viruses 
General environment 

a Including sunlight. 

Canada 
(Miller 1984) 

26 
32 
9 
2 
6 
4 
3 

? 
? 

United States 
(Doll and Peto 1981) 

30 
35 

4 
3 
3 
7 

5 
2 

subject to much greater uncertainty. The remaining determinants of cancer were 
all considered to have attributable risks of less than 10%. 

Applications 

The role of epidemiological' data in health risk assessment may be further 
illustrated using a series of practical applications. The four case studies pre
sented here were selected to reflect the different ways in which epidemiology can 
contribute to human health risk assessment, depending on the magnitude and 
nature of the health effect involved and on the strength of the available data. 
These examples were also selected to contrast the complementary roles of 
epidemiology and toxicology in risk assessment. 

Active Smoking 

Cigarette smoking is one of the most important environmental factors con
tributing to premature cancer mortality in North America (Wigle 1984). There 
are approximately 3800 identified components in cigarette tobacco (DHHS 
1980, 1982). Several of the components in the gaseous and particulate phases of 
cigarette smoke are mutagenic or carcinogenic. Smoking directly exposes tissues 
in the oral cavity, throat, larynx, trachea, bronchis, lung and esophagus to these 
substances. Soluble substances in smoke are absorbed into the bloodstream and 
can exert their toxic effects on every responsive system of the body. 

The fact that cigarette smoking presaged a major health disaster did not 
become apparent until Wynder and Graham made their first epidemiological 
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survey of cigarette smoking and lung cancer in 1950 (see Wigle 1985, for a 
historical review). Epidemiological evidence on the consequences of cigarette 
smoking thereafter accumulated rapidly, with retrospective and prospective 
studies demonstrating that the risk for cancer of the lung, larynx, oral cavity, 
esophagus, pancreas, kidney and bladder is increased among cigarette smokers 
as opposed to nonsmokers (Wigle et al. 1980; Wynder and Hoffman 1982; Wigle 
1984). 

Canada's male lung cancer mortality rate increased sharply from 1930, 
corresponding to a rapid growth in the number of smokers during and after 
World War I (Mao and Smith 1983). Canada's female lung cancer mortality 
rate increased in a similar manner to that of males, but with a 25-year time lag 
(Mao et al. 1982). If this trend continues, more Canadian woman will die from 
lung cancer than breast cancer by 1990 (Wigle et al. 1986), the latter being the 
current leading cause of cancer death for women. 

Cigarette smoking is not only responsible for many smoking-related diseases, 
but may also modify the effects of other risk factors (Saraci 1987). The 
interaction of smoking and other risk factors may be seen synergistic as with the 
lung cancer risk among workers exposed to asbestos (Selikoff and Hammond 
1975) or radon (NRC 1988). Synergistic effects between alcohol consumption 
and cigarette smoking with respect to the development of the cancer of mouth 
and pharynx may also occur (Rothman and Keller 1972; NRC 1988). 

Toxicology has, for a number of reasons, made a relatively minor contri
bution to the development of our knowledge on the health effects of cigarette 
smoking. First, the presence of a large exposed human population has made the 
use of surrogate species unnecessary for the identification of the hazard. Second, 
at the time of rapid development of interest in the health consequences of 
cigarette smoking, knowledge of the techniques of inhalation toxicology was 
only poorly developed. Third, surrogate species appeated relatively insensitive 
to the chronic adverse effects of cigarette smoking possibly because the acute 
toxicity of tobacco smoke precluded the dose exaggeration that has proved so 
useful in investigating single chemicals. Laboratory studies have therefore 
concentrated on attempts to quantify the adverse consequences of smoke from 
modified cigarettes developed to determine whether it is possible to develop a 
safer product (Gori 1976). 

The experimental techniques used for the study of the adverse effects of 
tobacco smoking include machine smoking of cigarettes, the collection of the 
main-stream smoke in liquid nitrogen cooled traps and the induction of mouse 
skin tumors by painting this condensate, or fractions thereof, onto mouse skin. 
Such studies have shown that tobacco-smoke condensates, as well as those from 
the combination of other organic materials, are carcinogenic. This work has 
rendered the hypothesis that it might be possible to devise a safer cigarette 
highly questionable. In addition, a host of different chemical carcinogens have 
been identified as being present in small amounts in tobacco-smoke concentrate. 
Thus, this condensate contains traces of the human bladder carcinogen, 2-
naphthylamine, as well as other aromatic amines (Hoffman et al. 1969), and a 
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number of tobacco-specific N-nitrosamines capable of inducing cancer in 
several tissues in experimental animals (Hoffman et al. 1980). 

Collishaw et al. (1988) provided estimates of the number of deaths in Canada 
due to active smoking. The number of deaths Ns due to smoking is given by 

Ns=NxPAR, 

where N is the annual number of deaths in Canada and PAR is the population 
attributable risk for mortality for those who have ever been smokers. The 
number of deaths by age and sex is available directly from the Mortality Data 
Base maintained by Statistics Canada. The PAR is estimated from epidemi
ologic studies using the relationship 

PAR = p(RR-l)/{p(RR-l) + I}, 

where RR is the relative risk for those who have ever been smokers and p is the 
proportion of the population who have ever been smokers. Collishaw et al. 
(1988) used data from the 1985 General Social Survey conducted by Statistics 
Canada to estimate p along with data from Godley (1974) on a sample of 20 000 
death records in the United States to estimate the RR by age and sex. This 
analysis suggests that about 35000 deaths in Canada may be attributable to ever 
smoking. Johansen et al. (1987) obtained a similar estimate based on estimates 
of p and RR derived from a follow-up mortality study of individuals from the 
Nutrition Canada Survey conducted in 1972. 

Passive Smoking 

Lung cancer is the leading cause of cancer deaths in males in Canada, and is the 
second leading cause among females. In 1988, there will be an estimated 9300 
deaths from lung cancer among males and 4100 deaths among females (G.B. 
Hill et al. 1988). As discussed previously, the causal nature of the association 
between active smoking and lung cancer is well established (IARC 1986), with a 
very large proportion of lung cancer accounted for by active smoking. 

In view of the large number of deaths from lung cancer that occur in Canada, 
there remains a substantial number of such deaths which are not attributable to 
active smoking. It is thus of interest to determine to what extent the cancer 
burden unexplained by active smoking may be attributed to passive smoking. 
Passive smokers are exposed at lower levels to the constituents of tobacco 
smoke than are active smokers, with the possible exception that chemically 
unstable consituents may have largely decomposed before the passive smoker 
inhales sidestream smoke. 

The first studies to indicate a possible increased risk of lung cancer from 
passive smoking came from Japan and Greece, countries with a larger propor
tion of female nonsmokers than North America. On the basis of a large cohort 
study, Hirayama (1981) reported a RR of 1.8 for female nonsmokers married 
to husbands who smoke, in comparison with those whose husbands did not 
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smoke. Although the RR of Japanese female active smokers was 3.8, the 
amount of lung cancer attributable to passive smoking in women was poten
tially greater than from active smoking in Japan because there were four times 
as many women exposed to passive smoke as there were active smoking women. 
In a hospital-based case control study, in Greece, Trichopoulos et al. (1981) 
reported almost identical findings. 

These early studies were greeted with some skepticism because of the poten
tial for misclassification of smoking status. It would only be necessary for a few 
active female smokers to be misclassified as nonsmokers for the effects observed 
to be produced. The potential for this was particularly great in Hirayama's 
study as it was not as socially acceptable for women to smoke in Japan in 1966, 
when the data were collected, as is now the case. However, any such misclassi
fication would lead to underestimation of the relative risk. 

Publication of the early results led to a succession of studies. Some were 
largely negative (Kabat and Wynder 1984; Koo et al. 1985). An examination of 
the data from the large American Cancer Society cohort study was also negative 
(Garfinkel 1981). PaTt of the difficulty related to the overwhelming importance 
of active smoking in the etiology of lung cancer, and the rarity of lung cancer in 
nonsmokers. Thus, in order to obtain sufficient subjects in a case-control study, 
Garfinkel et al. (1985) had to identify cases from four hospitals over an II-year 
period. Patients with colorectal cancer served as controls. A significantly 
increased risk was found for nonsmoking women with husbands who smoked 
40 or more cigarettes a day, or 20 or more at home. This excess risk was largely 
restricted to cases with squamous cell carcinoma. 

A case-control study based on the atomic bomb survivors in Japan (Akiba et 
al. 1986) recently demonstrated results similar to the original reports by 
Hirayama (1981) and Trichopoulos et al. (1981). Specifically, the RR for 
nonsmoking women married to husbands who smoked 30 or more cigarettes a 
day relative to women married to nonsmoking husbands was 2.1, with a 95% 
confidence interval (CI) ranging from 0.7 to 2.5. 

Exce'ss risk for cases with histological types recognized as being strongly 
smoking related, such as squamous or small cell carcinomas rather than 
adenocarcinomas, has been found in a number of other studies, adding to the 
biological plausibility of the association. Thus, Dalager et al. (1986), in a joint 
analysis of the results of two case-control studies in the United States, found 
that the RR for the occurrence of squamous and small-cell carcinomas in 
nonsmoking women married to smoking husbands was 2.88 (95% CI 
0.91-9.10), for adenocarcinoma 1.02 (0.33-3.16) and for other histological types 
1.31 (0.48-3.57), women married to nonsmoking husbands being the referent. A 
similar effect was found in a nested case-control study set within a cohort of 
27409 nonsmoking Swedish women identified from questionnaires mailed in 
1961 and 1963 (Pershagen et al. 1987). In this study it was possible to examine 
the effect of both intensity of husbands smoking and histological type simultan
eously. The RR for occurrence of squamous or small-celled carcinoma among 
nonsmoking women married to husbands who smoked 15 or more cigarettes a 
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day was 6.4 (1.1-34.7). The RR for occurrence of other histological types with 
husbands who smoked with similar intensity was 2.4 (0.6-8.7), nonsmoking 
women married to nonsmoking husbands being the referent. 

Wald et al. (J 986) carried out a meta-analysis of 13 studies of passive smoking 
and lung cancer. There was a consistent tendency for excess risk to be seen from 
passive smoking. The conjoint risk from ten case-control studies was 1.27 
(1.05-1.53) and from three cohort studies 1.44 (1.20-1.72), the latter being 
heavily influenced by Hirayama's results. For all 13 studies the RR was 1.35 
(1.19-1.54). Adjustment for misclassification reduced this risk to 1.30, but 
adjustment for the fact that the referents (largely nonsmoking women married 
to nonsmoking husbands) were in fact exposed to some passive smoking from 
others raised the RR to 1.53. 

Drawing on the data base on passive smoking, Wigle et al. (l987a,b) recently 
estimated the number of lung cancer deaths in Canada due to involuntary 
smoking. Using methods similar to those described previously for active smok
ing, it was estimated that a total of about 50-60 lung cancer deaths each year 
may be due to spousal smoking. For environmental tobacco smoke in general, 
it was estimated that a total of about 330 deaths may be due to passive 
smoking. 

Saccharin 

Saccharin, an artificial sweetener widely used prior to the introduction of 
aspartame, is carcinogenic to the male rat bladder, but has failed to produce 
consistent and convincing evidence of being able to induce cancer in humans 
(Arnold et al. 1983). High levels of dietary saccharin induce bladder cancer in 
rats give the artificial sweetener from conception to parturition to death using 
the two-generation testing protocol involving exposure in utero or from im
mediately after parturition to death (Arnold and Clayson 1985; Schoenig et al. 
1985). However, the relatively large scale study conducted by the International 
Research Development Corporation failed to resolve the uncertainties as to the 
level of risk associated with low levels of exposure (Schoenig et al. 1985). 

Artificial sweeteners have been the subject of extensive epidemiological 
investigation (Armstrong 1985), including temporal trend studies, studies of 
diabetics, and case-control studies. Although studies of overall trends in bladder 
cancer mortality have been interpreted as being negative, such studies are of 
limited value due to the small proportion of the general population exposed to 
large quantities of artificial sweeteners (saccharin and cyclamate), and to the 
uncertain influences of other known risk factors for bladder carcinogenesis such 
as smoking and occupation. Changes in diagnostic criteria and methods of 
treatment may also affect the interpretation of such longitudinal data. 

Because of their greater consumption of artificial sweeteners, diabetic popul
ations have been selected for study in several investigations. Although clearly 
negative, such studies did not monitor artificial sweetener consumption on an 



Role of Epidemiology in Health Risk Assessment 13 

individual basis, and could not control for the possible effects of smoking and 
other risk factors for bladder cancer. 

Armstrong (1985) reviewed 13 case-control studies involving artificial sweete
ners conducted between 1974 and 1982. One further study has since been 
reported (Mommsen et al. 1983). In general, these studies were largely unable to 
distinguish between the use of saccharin and cyclamate, and could be subject to 
some degree of recall bias. Selection bias may also occur in studies using 
hospital controls if the disease status of these control patients was related to the 
use of artificial sweeteners (Silverman et al. 1983). 

Taken as a whole, these results provide little evidence that saccharin induces 
neoplastic change in the urinary bladder in humans (Cordle and Miller 1984). 
Nonetheless, Howe et al. (1977) reported a significant increase in the relative 
risk of bladder cancer in males using artificial sweetener. In contrast, Hoover 
and Strasser (1980) noted elevated risks only in selected population subgroups, 
such as nonsmoking white females otherwise at low risk from bladder 
cancer. 

The toxicological and epidemiological data on saccharin have been the 
subject of a series of reviews conducted by a number of national and inter
national organizations (Arnold and Krewski 1988), without reaching a firm 
position as to the status of this compound. Reconciliation of the toxicological 
and epidemiological evidence on the carcinogenic potential of saccharin was 
attempted at a symposium sponsored by the International Agency for Research 
on Cancer (Wald and Doll 1985). The consensus of opinion among the 
participants at this meeting was that the epidemiological data were, on balance, 
of greater relevance to the human situation. However, although it was con
cluded that "saccharin, used either alone or in combination with cyclamates, is 
not a demonstrable cause of bladder cancer in the human population at large 
under past conditions of use", it was noted that the possibility of a weak effect 
could not be completely excluded (Krewski 1985) as in the previous review 
conducted by the IARC (1982). 

The dilemmas posed by this artificial sweetener may possibly arise from the 
fact that the level of human exposure is too low to elicit an epidemiologically 
detectable effect. However, at present the possibility can not be excluded that 
the mechanism of action of saccharin is such that certain subgroups of the 
human population may be at risk. This seems to be the case in rats where 
exposure beginning immediately postpartum, or after certain toxic insults to the 
urothelium, appears to be critical. Resolution of this problem would be greatly 
facilitated if the carcinogenic mechanism of saccharin in rats could be resolved 
(Clayson 1984). 

Formaldehyde 

Formaldehyde is a colourless gas with a pungent suffocating odor. It is 
ubiquitous in the environment, due to release from both natural and man-made 
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sources, and is present in the body at low levels. Formaldehyde has long been 
recognized to be a sensory irritant in humans (Meek et al. 1988). More recently, 
it has been found to be carcinogenic in animals. Several epidemiological studies 
have been conducted to investigate the possibility that formaldehyde may be 
also carcinogenic in humans. 

Formaldehyde has been carcinogenic in two strains of rats, producing a high 
incidence of nasal tumours following inhalation exposure of 15 ppm 6 h/day 5 
days/week over a 2-year period (Swenberg et al. 1980; Albert et al. 1982). In 
mice, nasal tumours have also been observed at 15 ppm (Kerns et al. 1983), 
although the increase was not statistically significant and was restricted to one 
sex. Studies with hamsters have provided no indication of carcinogenic effects 
(Dalbey 1982). There is currently no evidence that formaldehyde increases the 
incidence of tumours at sites other than the nasal cavity. 

These toxicological findings of carcinogenicity in laboratory animals were 
followed by an extensive series of epidemiological investigations, including 
several historical cohort studies (IARC 1987). In none of these studies was there 
any clearly significant excess of nasal or nasopharnygeal cancer associated with 
exposure to formaldehyde (Meek et al. 1988). For example, Acheson et al. 
(1984a) reported increased mortality due to lung, rectal, bone and thyroid 
tumours in British chemical workers in comparison with the British population 
as a whole. However, these increases were not apparent when local residents 
were used as the basis for comparison. There was also little evidence of a dose
response relationship, rendering an association with formaldehyde exposure 
improbable (Acheson et al. 1 984b). 

Blair et al. (1986) studied 26000 workers in industrial facilities producing or 
using formaldehyde. Although an excess of Hodgkin's disease and cancer of the 
lung and prostate was noted, these effects were not consistently related to 
exposure level and duration. An increasing gradient in standardized mortality 
ratios was noted with exposure to formaldehyde in five workers with naso
pharyngeal cancer who were also exposed to particulate matter (Blair et al. 
1987). This latter analysis has been criticized by Collins et al. (1987), who raised 
questions concerning the consistency of these results, the measurement of 
particulate exposure, the short duration of employment of some of the cases, 
and the use of indirect rather than direct standardization to compare exposure 
groups. 

The association between exposure to formaldehyde and nasal or naso
pharyngeal cancer has been addressed in a series of ten case-control studies 
(IARC 1987; Meek et al. 1988). In a study of Scan dana vi an workers conducted 
by Hernberg et al. (1983), a possible association between formaldehyde ex
posure and nasal cancer was strongly confounded by exposure to wood dust. 
Vaughan et al. (1986) noted a significant association between cancer of the 
nasopharynx and residence in a mobile home for 10 years or more. However, 
these investigators were cautious in their interpretation of this finding, since it is 
based on a small number of cases and may be due to factors other than 
formaldehyde. 
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Hayes et al. (1986) examined 116 male cases of nasal and paranasal sinus 
tumours and corresponding controls with respect to occupational exposure to 
formaldehyde. After adjusting for smoking habits and exposure to wood dust, 
the RR for squamous cell carcinomas due to exposure to formaldehyde ap
peared to be elevated. However, the authors did not consider these results as 
providing conclusive evidence of formaldehyde carcinogenicity due to limit
ations in assessing formaldehyde exposure. 

An association between formaldehyde exposure and tumour occurrence at 
sites other than the nasal cavity has been observed in several of the proportion
ate mortality studies conducted to date (Walrath and Fraumeni 1983; Liebling 
et al. 1984; Stayner et al. 1985). However, these results add little to the weight of 
evidence concerning the carcinogenicity of formaldehyde because of the poten
tial for bias in these studies. These findings have also not been corroborated in 
the cohort and case-control studies discussed above. 

Taken as a whole, the evidence of the carcinogenicity of formaldehyde in 
human populations in epidemiological studies conducted to date is not conclus
ive (UAREP 1988). Slight increases in cancer at several sites, including the lung 
and nasal cavity, have been reported in some cohort and case-control studies. 
However, these results should be interpreted with caution due to inconsistencies 
between studies and the absence of an increase in risk with increasing duration 
of and level of exposure to formaldehyde. Limitations in exposure ascertain
ment and potential confounding with other risk factors such as particulate 
matter and wood dust also complicate the interpretation of the results. None
theless, the International Agency for Research on Cancer (IARC 1987) and the 
U.S. Environmental Protection Agency (EPA 1987) have recently concluded 
that the epidemiological data provide "limited" evidence of the carcinogenicity 
offormaldehyde in humans, according to their criteria for classifying the weight 
of evidence for carcinogenicity based on epidemiological data. 

Weight of Evidence for Carcinogenicity 

The existence of a series of well-conducted epidemiological and toxicological 
studies yielding consistently strong evidence of carcinogenicity leaves little 
doubt concerning the test agent's ability to induce neoplastic changes. In other 
instances, however, the available data will be less clear cut. This can occur when 
the effects seen are equivocal, or when inconsistencies between studies of a 
similar nature occur. Discrepancies between laboratory findings and human 
observations can also raise questions as to whether the toxicological results 
predict risks to humans which are difficult to detect epidemiologically, or 
whether the animal data are not relevant due to species differences in response 
or exposure conditions. While prudence would suggest that the epidemiological 
studies may simply be insensitive, the possibility that humans are genuinely 
resistant to the effects observed in animals cannot be wholly discounted, 
particularly in the presence of an extensive series of sound human studies 
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revealing no effects (Wald and Doll 1985). Such a conclusion should be 
supported by sound mechanistic evidence explaining why such discrepancies 
exist. 

In this regard, it has, until recently, generally been assumed that a carcinogen 
demonstrable in experimental animals will ipso facto be effective in humans and 
that, because carcinogenesis is a stochastic process, it is not possible to devise a 
safe exposure level of such an agent for humans. An examination of all the 
toxicological evidence may sometimes suggest that these assumptions are not 
necessarily valid. For example, the use of animals with a moderate to high 
background incidence of tumours in a specific tissue, or the use of levels of the 
test agent that induce toxicity in one or more tissues, may confound the direct 
application of a particular bioassay to humans (Clayson 1987). In such cases it 
is necessary to carefully evaluate the epidemiological and toxicological data to 
ensure that the overall evidence supports the conclusion that the animal' data are 
not relevant to humans. Further work to explain why a particular toxicological 
result is most unlikely to be of human relevance will be of basic importance, as 
illustrated in the recent case of butylated hydroxyanisole (BRA) (Clayson et al. 
1986; Iverson et al. 1985). In this case, the cellular proliferation which precedes 
tumorigenesis in the rat is not detectable at the low levels of exposure to which 
humans are subjected. 

A related issue is the level of evidence required to conclude reasonably that an 
agent is not carcinogenic to animals or humans. Even with well-conducted 
studies that are apparently negative, there can be no absolute assurance that the 
agent of interest possesses no carcinogenic potential (Clayson and Krewski 
1986). This reflects the statistical limitations in sensitivity inherent in studies 
involving only a sample of subjects rather than the entire population at risk 
(Day 1985; Krewski et al. 1988b). Since the denial of negative results in this 
fashion would preclude the rational regulation of carcinogens, the existence of a 
convincing body of negative toxicological and epidemiological data is taken to 
provide adequate assurance that the substance of interest will not present an 
appreciable risk. 

A logical conclusion of such considerations is the need for criteria to evaluate 
the weight of evidence for carcinogenicity. In this regard, the International 
Agency for Research on Cancer has established categories of evidence for 
carcinogenicity based on bioassay results (lARC 1987). Sufficient evidence of 
carcinogenicity in animals is comprised of positive results either in two or more 
species or in two or more independent studies; an exceptionally high rate of 
occurrence of neoplasms in a single strain or study may also suffice. Limited 
evidence of carcinogenicity occurs when positive results are observed only in a 
single experiment, when only benign neoplasms are involved, or when unre
solved questions about the data remain. Inadequate evidence exists when the 
bioassay results cannot be interpreted because of study limitations. The final 
category of carcinogenicity requires no evidence of carcinogenic effects in at 
least two species. 

IARC (1987) also classifies human carcinogenicity data using categories 
similar to those used to classify animal evidence. When studies indicate a 



Role of Epidemiology in Health Risk Assessment 17 

positive relationship in which chance, bias and confounding effects can be ruled 
out, there is sufficient evidence of carcinogenicity. If a positive relationship is 
found but such effects cannot be ruled out, evidence is limited. Several adequate 
studies which provide mutually consistent evidence not showing a positive 
association at relevant exposure levels provide evidence suggesting lack of 
carcinogenicity. If the available studies are judged to be of insufficient quality, 
consistency or statistical power, there is inadequate evidence of carcinogenicity. 

These two schemes may be combined to arrive at an overall evaluation of the 
weight of evidence for carcinogenicity (lARC 1987). When there is sufficient 
human evidence of carcinogenesis, an agent is considered carcinogenic to 
humans (group I). An agent with limited human evidence and sufficient animal 
evidence is considered probably carcinogenic to humans (group 2A); in the 
absence of sufficient animal evidence, the same agent is considered possibly 
carcinogenic to humans (group 2B). In contrast to the preceding proposal, a 
combination of animal and human evidence suggesting a lack of carcinogenicity 
is required for an agent to be designated as probably not carcinogenic to 
humans (group 4). Agents which do not fall into Groups 1, 2 or 4 are not 
classified with respect to their carcinogenicity to humans (group 3). 

Applying these criteria, saccharin falls into group 2B on the basis of incon
clusive human evidence but sufficient animal evidence of carcinogenicity (IARC 
1987). Formaldehyde falls into group 2A, with limited human evidence and 
sufficient animal evidence of carcinogenicity. Only one chemical- caprolactam
presently falls into group 4. Tobacco smoke falls into group 1 since there is 
sufficient evidence of its carcinogenicity in humans in active smokers. Although 
the epidemiologic evidence on passive smoking is consistent with either an 
increased cancer risk or an absence ofrisk, the IARC (1986, 1987) has concluded 
that involuntary smoking may give rise to some risk of cancer. Nonetheless, 
further epidemiologic research on passive smoking would be useful in clarifying 
this situation. 

Ultimately, the effective melding of epidemiological and toxicological data to 
provide a framework for public health protection demands an adequate know
ledge of the mechanisms that lead to cancer. Schemata such as these proposed 
by NTP (1985), EPA (1986) and IARC (1987) do little more than assume that 
certain epidemiologically or toxicologically determined facts have a specific 
significance. The recent emergence of the sciences of molecular biology, phar
macokinetics, genotoxicology and immunotoxicology hold the promise of re
placing assumption by factual knowledge in assessing the meaning of toxico
logical studies with reference to public health. 

Summary and Conclusions 

Human health risk assessment has been the object of systematic study in recent 
years, with formal models of risk assessment and risk management having been 
proposed by several national and international health agencies. The particular 
model developed by the Environmental Health Directorate of Health and 
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Welfare Canada was examined in some detail and used to focus on the role of 
epidemiology in the overall process of risk assessment. In addition to providing 
information fundamental to the identification of environmental carcinogens 
and the estimation of carcinogenic risks, epidemiology may also playa role in 
shaping risk preception and in improving risk communication practices. 

Taken collectively, epidemiologic data on health risks provide a basis for 
improved disease surveillance and prioritization of public health concerns. Both 
descriptive and analytic epidemiologic protocols may be used to gather inform
ation on disease etiology. Because of the potential for bias and confounding in 
observational studies of human populations, epidemiological data should be 
subjected to careful evaluation in accordance with established criteria before a 
causal relationship between exposure and disease is inferred. Toxicological 
studies using nonhuman test systems may be used to avoid these problems, but 
at the expense of obtaining indirect information on human health risks. Non
etheless, toxicological data provide an important complement to epidemiolog
ical data, providing information on potential health risks in advance of human 
exposure and offering a means of indirectly assessing risks in situations where 
human studies fail to provide informative results. 

The complementary roles of epidemiology and toxicology in health risk 
assessment were examined using four case studies. While the epidemiological 
evidence linking tobacco consumption to lung cancer is now unequivocal, the 
corresponding data on involuntary smoking, although strongly suggestive of 
increasing the relative risk of lung cancer, requires further confirmation before 
providing the same degree of evidence as now exists for active smoking. At 
present, the best estimates suggest that overall mortality attributable to active 
smoking may exceed that due to passive smoking by roughly lOO-fold. Despite 
this large difference in health impact, passive smoking continues to be the focus 
of much public concern, in part because of the involuntary nature of the risk 
involved. 

Because of the abundance of good epidemiological data on tobacco, toxico
logy has assumed a secondary role in defining the health risks associated with 
smoking. In contrast, while epidemiological studies with saccharin and for
maldehyde have provided less clear-cut evidence of adverse health effects in 
humans, laboratory studies have provided unequivocal evidence of carcinogenic 
effects in animals exposed to high doses, thereby raising concerns over potential 
human carcinogenicity. 

In assessing conflicting epidemiological and toxicological evidence, consider
ation needs to be given to the fact that human studies may, for various reasons, 
be unable to detect effects seen in nonhuman test systems. In this regard, 
classification schemes based on the combined weight of evidence for carcinogen
icity derived from animal and human studies may be used to arrive at a position 
on the potential for the agent of interest to induce cancer in humans. At the 
same time, the possibility that effects seen in animals at high doses may not be 
relevant to humans exposed to lower doses cannot be completely dismissed. 
Resolution of such differences will however require a clear understanding of the 
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mechanism by which such agents exert their carcinogenic effects in animals and 
humans. 
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Introduction 

The identification of environmental carcinogens is one of the main public health 
problems of our era. Many, if not most known carcinogens are occupational 
exposures (Doll and Peto 1981). There are two reasons for this. It is much easier 
to identify persons as having a common occupation or occupational exposure 
than it is to identify them as having common exposure to a dietary, atmo
spheric, psychosocial, or other type of environment. Also, the work environ
ment has tended to be more polluted than the domestic or general environment. 
However, of the thousands of substances to which workers are exposed in the 
workplace, only a handful have ever been assessed in epidemiologic studies for 
carcinogenic potential. It is reasonable to suspect that many occupational 
carcinogens have not yet been discovered. Considering the enormous number of 
chemical and physical agents in the workplace, what kind of epidemiologic 
monitoring approach can be applied to the problem to flag potential 
carcinogens? 

Discovering occupational hazards requires the juxtaposition of two sets of 
data: information on illness or death among workers and information on their 
occupations, industries, and/or occupational conditions. A third, optional data 
set which would improve the validity of inferences drawn from that juxta
position is the set of nonoccupational risk factors which may confound the 
relation between occupation and disease. The more detailed and valid the 
information, the greater the chance of finding true associations. Insofar as 
occupational carcinogens are concerned, it is information on chemical and 
physical exposures which is desirable, especially concerning exposure incurred 
many years before the onset of cancer. Most studies of occupational cancer, 
irrespective of the study design, have been based on analysis of job or industry 
titles. While such analyses can be useful, job titles, whether based on a national 
classification or on a company scale, may be inadequate as indicators of 
occupational exposures. Even within a company, a given job title typically 
covers a group of workers whose activities and chemical exposures are hetero
geneous. The variation in exposures when workers are grouped by common job 
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titles across industries and eras can be very substantial. Thus, a risk may go 
undetected because only a subset of a category may have been exposed to a 
carcinogen and the dilution may blur the association. For a product which is 
used by subsets of several occupational categories, considerable statistical 
power is lost if those workers with common exposure cannot be pooled. If 
workers could be categorized on the basis of common exposure rather than 
common job title, the contrasts would be sharper and relevant sample sizes 
larger. 

For several years my research team has been carrying out a large population
based case-control study in Montreal, focusing on occupational exposures as 
potential risk factors (Siemiatycki et al. 1981; Siemiatycki 1984). Several sites of 
cancer were included in the study, the main ones being: esophagus, stomach, 
colorectum, liver, pancreas, lung, prostate, bladder, kidney, melanoma of the 
skin, and lymphoid tissue. Eligible subjects were those incident cases of any of 
these cancer sites, among males aged 35-70 years and resident in the Montreal 
area. Cases were ascertained from the 19 largest hospitals in the Montreal area. 
Between 1979 and 1985 interviews were carried out for 3726 cancer patients 
(response rate 82%). There were also interviews with 533 population controls 
(response rate 70%). 

The in-depth interview elicited a detailed job history of each subject and 
information on potentially confounding covariables. A specially trained team of 
chemists and hygienists examined each completed questionnaire and translated 
each job into a list of potential exposures. They did this on a checklist which 
explicitly listed some 300 of the most common occupational exposures in 
Montreal. For each product thought to be present in each job, the chemists 
noted their confidence that the exposure actually occurred (possible, probable, 
definite), frequency of exposure during a normal workweek ( < 5%, 5%-30%, 
and > 30%), and the level of concentration of the agent in the work environ
ment (low, medium, high). Details of the exposure coding method have been 
described by Gerin et al. (1985) and Gerin (this volume). This data bank has 
already been exploited to describe associations between many occupational 
exposures and several types of cancer and to assess a number of methodologic 
issues. 

The purpose of this communication is twofold: to briefly list some of our 
more important substantive results to date and to review some of our methodo
logic findings with particular emphasis on those which elucidate the value of our 
approach as compared with some other plausible research designs. 

Review of Substantive Results to Date 

Each cancer group listed above constitutes a case series which can be invest
igated in relation to each of the exposures in our data bank. Furthermore, there 
are sufficient numbers of lung cancers that the histologic subtypes could each be 
analysed as separate case series. For each case series, controls could be selected 
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among other cancer sites or among population controls. Until now, we have 
used only the "cancer control" strategy, though in the future we will compare 
results using cancer controls and population controls. Thus, each subject could 
serve as a case in one analysis and as a control in others. The criteria for 
selecting controls among the other cancers and a discussion of the implications 
of using cancer controls have been presented elsewhere (Siemiatycki et al. 
1987b). 

Table 1 lists the main cancer site groups which were included in the study 
along with the numbers of cases and corresponding numbers of controls. 
Heretofore our strategy has been to focus on a small group of substances on the 
checklist and analyse each such group in turn. Table 2 shows the five groups of 
substances that have been the objects of distinct analyses and reports. 

The results which are summarized here were based on intensive and exhaust
ive analyses that took into account hundreds of potential confounders, both 
occupational and nonoccupational. Multistage analyses beginning with the 
Mantel-Haenzsel approach for identifying promising associations and potential 

Table 1. Types of cancer analyzed as case series, sites excluded from the reference 
series, and numbers of cases and referents 

Cancer case series Cancer sites excluded" Cases Controls 
from control series (n) (n) 

Esophagus Lung, stomach 107 2514 
Stomach Lung, esophagus 250 2514 
Colon Lung, other colorectal 364 2081 
Rectosigmoid Lung, other colorectal 233 2081 
Rectum Lung, other colorectal 190 1315 
Liver Lung 50 2806 
Pancreas Lung 117 2741 
Lung - oat cell Other lung 159 1523 
Lung-squamous cell Other lung 359 1523 
Lung - adenocarcinoma Other lung 162 1523 
Lung- other cell typesb Other lung 177 1523, 
Prostate Lung 452 1733 
Bladder Lung, kidney 486 2196 
Kidney Lung, bladder 181 2196 
Melanoma of skin Lung 121 2737 
Hodgkin's lymphoma Lung, other lymphoma 53 2599 
Non-Hodgkin's lymphoma Lung, Hodgkin's 206 2599 

" For each case series, all cancer patients interviewed served as referents with the 
exceptions listed in this column. Furthermore, for rectum, lung, and prostate, 
only those subjects interviewed during the same ascertainment periods as the 
three respective site series were used as referents. 

b This is a heterogeneous grouping which includes large cell, spindle cell, and 
adenosquamous carcinoma and "carcinoma, not otherwise specified". 
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Table 2. Groups of substances that have undergone intensive analysis 

Group (Reference) 

Organic dusts' 
(Siemiatycki et al. 1986) 

Petroleum-derived liquids 
(Siemiatycki et al. 1987a) 

Exhausts and combustion products 
(Siemiatycki et al. 1988) 

Inorganic dusts 
(Siemiatycki et al. 1989a) 

Formaldehyde 
(Gerin et al. 1989) 

Substances analysed 

Wood dust; grain dust; flour dust; fabrics dust; 
cotton dust; wool fibers; synthetics dust; fur dust 

Automotive gasoline; aviation gas; mineral 
spirits; kerosene; jet fuel; diesel fuel; heating oil; 
cutting fluids; hydraulic fluids; lubricating oils; 
other mineral oil; crude oil 

Gasoline exhaust; diesel exhaust; jet fuel 
exhaust; propane exhaust; propane combustion; 
natural gas combustion; liquid fuels combustion; 
wood combustion; coal combustion; coke 
combustion 

Silica; excavation dust; concrete; cement dust; 
brick dust; gypsum; lime; abrasives; alumina; 
silicon carbide 

Formaldehyde 

• Analysis based on first 2180 subjects interviewed. 

confounders and the logistic regression approach for estimating "adjusted" 
odds ratios were carried out (Siemiatycki et al. 1981b). 

With several sites of cancer (Table 1) and 42 substanoes (Table 2), hundreds 
of associations have been evaluated, each one at differenllevels and durations of 
exposure. We have chosen to present here those associations which, in our data, 
provide the strongest evidence of an effect. We used information on strength of 
association, statistical significance, and dose-response pattern. For each associ
ation we estimated the odds ratio corresponding to any exposure (i.e., any level 
for any duration) and corresponding to subgroups defined by less or more than 
10 years duration and by less or more than the median of a semiquantitative 
index of degree of exposure composed of the concentration, frequency and 
confidence levels. Exposure for more than 10 years at the high level of the index 
we call "high-long" exposure. Of all the associations, we selected for present
ation those which: had at least seven exposed cases, were statistically significant 
at the high-long exposure level, and had at least as high an odds ratio (OR) in 
the high-long category as in the any exposure category. A few associations are 
included which did not quite meet these criteria but which we considered 
interesting in the light of current hypotheses or controversies. 

Tables 3 through 6 present these noteworthy results based on the indepth 
analyses carried out to date. Table 3 shows the associations with sites of the 
gastrointestinal tract; Table 4 shows the associations with lung cancer and 
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Table 3. Noteworthy associations between gastrointestinal cancers and the substances 
thus far analysed 

Site Substance Exposure Level na ORb 90% CI 

Stomach Wood dust Any 55 1.8 1.3-2.6 
Long-high 18 1.9 1.2-3.0 

Stomach Gasoline Any 44 1.6 1.1-2.3 
Long-high 11 2.3 1.2-4.2 

Colorectum Synthetic fibers Any 34 2.1 1.2-3.6 
Long-high 16 3.0 1.6-5.7 

Colon Grain dust Any 22 1.6 1.1-2.5 
Long-high 8 1.9 1.0-4.0 

Colon Diesel exhaust Any 68 1.3 1.0-1.7 
Long-high 30 1.7 1.2-2.5 

Rectum Gasoline exhaust Any 89 1.3 1.0-1.7 
Long-high 36 1.6 1.1-2.3 

Rectum Heating oil Any 11 1.4 0.7-2.7 
Long-high 8 2.6 1.2-5.5 

Pancreas Coal combustion Any 10 1.9 1.0-3.6 
Long-high 8 3.5 1.7-7.3 

a Number of exposed cases. 
b Odds ratio adjusted for many confounders. 
CI, confidence interval. 

histologic types of lung cancer; Table 5 shows associations with sites of the 
genitourinary tract; and Table 6 shows associations with lymphoma. There were 
no noteworthy associations with skin melanoma. 

This is not the place to discuss the merits of each association presented here. 
Each must be evaluated on its own, taking account of the strength of evidence 
from our data, as well as any supporting epidemiologic or experimental data, 
information on route of entry, metabolism, fate of the substance, and any other 
relevant information. Of course there will be many false positives in any such 
systematic monitoring scheme. This should not be an excuse for dismissing 
these findings (Thomas et al. 1985). We believe that each one deserves the same 
consideration as any soundly based hypothesis. 

Given our results and information from other epidemiological or experi
mental evidence, the associations which we find most plausible and important to 
evaluate are: stomach-wood dust; stomach-gasoline; colorectum-synthetic 
fibers; loog-wood dust; lung (nonadenocarcinoma)-silica dust; lung (squamous 
cell)-mineral spirits; lung (squamous cell)-gasoline exhaust and diesel exhaust; 
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Table 4. Noteworthy associations between lung cancer and the substances thus far 
analysed 

Site Substance Exposure level na ORb 90% CI 

Lung-all Wood dust Any 144 1.2 1.0-1.6 
Long-high 46 1.7 1.1-2.6 

Lung-non- Silica Any 161 1.2 1.0-1.6 
adenocarcinoma Long-high 55 1.6 1.1-2.4 

Lung-non- Excavation dust Any 70 1.4 1.0-1.8 
adenocarcinoma Long-high 21 2.0 1.1-3.5 

Lung-non- Concrete dust Any 58 1.2 0.8-1.6 
adenocarcinoma Long-high 27 3.4 1.9-6.1 

Lung-squamous Mineral spirits Any 92 1.3 1.0-1.7 
Long-high 44 1.7 1.2-2.3 

Lung-squamous Diesel fuel Any 20 1.6 1.0-2.6 
Long-high 13 2.5 1.3-4.7 

Lung-squamous Crude oil Any 7 3.5 1.5-8.2 
Long-high 4 3.9 1.2-12.3 

Lung - squamous Gasoline exhaust Any 182 1.2 1.0-1.5 
Long-high 76 1.4 1.1-1.8 

Lung-squamous Diesel exhaust Any 81 1.2 0.9-1.6 
Long-high 28 1.2 0.8-1.8 

Lung - oat cell Heating oil Any 13 1.7 1.2-3.4 
Long-high 7 1.7 1.1-4.2 

Lung-other types Mineral oil Any 12 2.0 1.1-3.7 
Long-high 7 4.2 1.8-10.0 

a Number of exposed cases. 
b Odds ratio adjusted for many confounders. 
CI, confidence interval. 

bladder--cutting fluids; kidney-aviation gasoline (which closely resembles un
leaded automotive gasoline). To this group of particularly noteworthy associ
ations, it is worth adding one which was generated in an early report based on 
the first 1487 cases interviewed. It was an analysis of exposure to nickel 
compounds and we found a significant OR of 3.1 in relation to lung cancer 
(Gerin et al. 1984). This analysis was not as intensive as those which followed 
and for that reason we excluded it from the tables in this report. 

One general observation is of interest. A disproportionate number. of the 
significant associations concerned lung cancer, either as a whole or some 
particular histologic subtypes thereof. There are at least three plausible reasons 
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Table 5. Noteworthy associations between genitourinary cancers and the substances 
thus far analysed 

Site Substance Exposure level n' ORb 90% CI 

Prostate Liquid fuels combustion Any 39 1.7 1.1-2.4 
Long-high 16 2.2 1.2-3.8 

Bladder Synthetic fibers Any 22 1.8 1.2-2.6 
Long-high \0 2.1 1.1-4.0 

Bladder Cutting fluids Any 47 1.3 0.9-1.7 
Long-high 15 1.6 0.9-2.6 

Bladder Natural gas combustion Any 22 1.7 1.1-2.6 
Long-high 10 2.6 1.4--5.0 

Kidney Gasoline exhaust Any 80 1.2 0.9-1.6 
Long-high 34 1.4 1.0-2.0 

Kidney Aviation gasoline Any 7 3.1 1.5-6.5 
Long-high 6 3.9 1.7-8.8 

• Number of exposed cases. 
b Odds ratio adjusted for many confounders. 
CI, confidence interval. 

Table 6. Noteworthy associations between lymphomas and the substances thus far 
analysed 

Site Substance Exposure level n' ORb 90% CI 

Non-Hodgkin's lymphoma Cotton dust Any 12 1.5 1.0-2.4 
Long-high 7 3.0 1.5-6.0 

Non-Hodgkin's lymphoma Concrete dust Any 24 1.2 0.8-1.8 
Long-high 13 2.2 1.3-3.7 

Non-Hodgkin's lymphoma Cutting fluids Any 22 1.2 0.8-1.8 
Long-high 13 1.8 1.0-3.1 

Hodgkin's lymphoma Mineral spirits Any 16 1.6 0.8-3.0 
Long-high 12 2.0 1.0-4.1 

• Number of exposed cases. 
b Odds ratio adjusted for many confounders. 
CI, confidence interval. 
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for this: (a) The association between lung cancer and cigarette smoking is so 
strong, and the methods of controlling for confounding imperfect, that there is 
inevitably some residual confounding when smoking and occupational ex
posure are associated. (b) The numbers of cases for lung cancer exceeded those 
for other sites and thus the power to pick up real associations was greater. (c) 
The lung may be a particularly sensitive target organ for occupational carcino
gens. We believe all three of these may have some validity. 

Review of Selected Methodologic Findings 

Validity of Job History on Interview 

The validity of any interview-based case-control study of occupational cancer 
depends on the accuracy of job histories reported by respondents. For 321 of 
our study subjects, we carried out a comparison of job histories reported on 
interview with their corresponding records maintained by the Quebec Pension 
Plan, a universal ~overnment-run pension scheme. The men were interviewed in 
1979-1981 about their previous lifetime job history. The Pension Plan had 
computerized records since 1966 and the comparison between interview and 
record was carried out on a year by year basis from 1966 through 1978. The 
record contained only the subject's employer, not his occupation. Thus, what 
we compared was the employer as reported with the employer as recorded. 
There was 82% agreement between the record and the interview. Analysis of 
disagreements showed that these were more likely to be due to the methods of 
coding employers in the Pension Plan record than to respondent error. We 
concluded that the validity of job history reports was high (Baumgarten et al. 
1983). 

Interrater Agreement in Assessment of Exposure 

To evaluate the reliability of the exposure assessment process, we undertook six 
different trials of interrater agreement (Goldberg et al. 1986). Some involved 
only internal raters from our "in-house" team and others involved comparisons 
between our internal raters and other external raters who had expertise in 
certain industries. Ratings were carried out independently by the various 
participants. In assessing exposure as simply present or absent, two summary 
indices of agreement were used: per cent with perfect agreement and Cohen's 
kappa. In most of the trials the per cent with. perfect agreement among raters 
ranged from 95% to 98%, with kappa ranging from 0.5 to 0.7. This relatively 
high concordance represents a lower limit of our data quality because: (a) these 
trials were conducted during the first 3 years of our study while the methodo
logy itself was under development and the coders were new to the task, and (b) 
the trials were carried out among files of workers in particularly complex work 
environments. 
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Comparison of Exposure -Data Collection Methods for Case-Control Studies 

The final part of this presentation concerns the methodology of obtaining 
occupation exposure information for case-control studies. Our study used a 
very expensive and time-consuming approach to obtain exposure information. 
Less expensive approaches have been used such as interview-based studies to 
obtain and analyse job titles, routine-record based studies (e.g., death certi
ficates) to obtain and analyse job titles and more recently there have been 
suggestions that job-exposure matrices (JEMs) could provide additional useful 
information for job title studies. 

In the hope of providing guidance as to the relative merits of alternative 
approaches to exposure data collection in case-control studies of occupation 
and cancer, we carried out a special series of analyses within our data set 
(Siemiatycki et al. 1989b). In addition to our own data collection approach, an 
interview plus a chemist-hygienist evaluation, there were four other strategies 
which we were able to evaluate: (a) an interview to obtain and analyse job titles 
only, (b) an interview to obtain job titles supplemented by a JEM applied to the 
job titles to obtain substance exposures, (c) abstraction of routine records to 
obtain job titles, and (d) abstraction of job titles from routine records supple
mented by a JEM to obtain substance exposures. These are all plausible 
strategies. The most commonly used ones have been the ones based onjob title~ 
only (a and c). The application of a JEM to such data has been widely discussed 
recently (MRC 1983), but the implementation of such approaches has been 
hampered by the unavailability of a general purpose good quality lEM. A JEM 
is simply a method for automatically inferring the job exposures of subjects 
given their job titles. The five approaches that we compared are listed in Table 7, 

Table 7. Main distinguishing features of five types of case-control study design 

Design 
name 

REC ONLY 
REC+JEM 

INT ONLY 
INT+JEM 

INT+CHEM 

Exposure data collection 

Abstract main job title from routine record 
Abstract main job title from routine record 
Apply JEM 
Interview to obtain lifetime job title history 
Interview to obtain lifetime job title history 
Apply JEM 
Interview to obtain detailed lifetime job history 
Subject-by-subject exposure assessment 

Exposure 
variables 
that can be 
analysed 

Job titles 
Job titles 
Substances 
Job titles 
Job titles 
Substances 
Job titles 
Substances 

REC ONLY, routine record only; REC+JEM, REC plus job-exposure matrix; INT 
ONLY, interview only; INT + JEM, interview plus job-exposure matrix; INT + CHEM, 
interview plus chemist/hygienist evaluation. 
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together with the acronym that will be used to designate each one. The objective 
was to provide a comparison of the relative costs and benefits of the five 
approaches. Costs were estimated in dollar terms; benefits were estimated in 
terms of statistical power to detect associations. 

Fieldwork costs in epidemiology tend to be very idiosyncratic, depending not 
only on minutiae of study design but also on the time and place in which the 
study is carried out and the skill and affiliation of the investigators. Neverthe
less, we attempted to roughly cost out the five study designs. We have consid
ered most aspects of the running costs of the study including, where applicable, 
overhead, case-ascertainment, data abstraction, interviewing, chemical coding, 
training of chemist-coders, cost of a JEM, and data management. We have 
excluded some of the most idiosyncratic features like costs of set-up and costs of 
statistical analysis and reporting. For a study with 500 cases and 500 controls, 
the expected approximate costs for the five designs would be: INT + CHEM, 
$450000; INT+JEM, $170000; INT ONLY, $150000; REC+JEM, $50000; 
REC ONLY, $30000. With increasing sample size, the cost of interview-based 
designs would increase steeply, while costs of routine record-based designs 
would increase slightly. 

Given certain parameters-alpha, sample sizes, relative risk, and prevalence 
of exposure-there is a well-known method to estimate the statistical power to 
detect the risk (Schlesselman 1982). If there is nondifferential misclassification 
error in the attribution of exposure, then this will reduce the relative risk 
estimate and in turn reduce the statistical power. In fact, if the degree of 
misclassification can be quantified, then the formula for computing power can 
be adapted to estimate statistical power in the presence of misclassification. In 
comparing designs what we are comparing is different degrees of validity of 
exposure assessment. This can be expressed in terms of sensitivity and specifi
city. If we know the sensitivity and specificity of one design as compared with 
another, which might be considered the standard, then we can compute the 
power of the alternative design vis-a-vis that of the standard. We adopted 
design INT + CHEM as the standard and computed power of the others relative 
to this one. The loss in power of different approaches was computed in two 
stages. First, we estimated the sensitivity and specificity of exposure data 
generated by each design using as the "gold standard" the information available 
from design INT + CHEM. Then we applied an algorithm, which allowed us to 
compute the power when the exposure variable was measured with a certain 
specified sensitivity and specificity (Siemiatycki et al. 1989b). 

Statistical power was computed for the situation where the relative risk as 
measured in design INT + CHEM = 2.0, alpha = 0.05, and number of cases = 
number of controls = 500. 

Our own ongoing study involved interviews to obtain lifetime job histories of 
4261 men, who had a total of nearly 15 000 jobs. For each job our team of 
chemists had determined whether there was exposure to each of 300 different 
substances on a checklist. The prevalence of exposure to these substances, along 
with the above assumptions (i.e., risk ratio (RR) = 2.0; alpha = 0.05, N = 2 x 500) 
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allowed the computation of statistical power corresponding to each substance in 
the INT + CHEM design. We limited the study to the 160 most prevalent 
substances in our data bank. 

To compute the power of the other four designs a number of devices were 
used. To evaluate the INT +JEM design, it was necessary to create a JEM. This 
was based on the empirical matrix with entries indicating the proportion of men 
in job i who were considered exposed to substance j. For each of the 160 
substances we applied the derived matrix to our data bank of 4261 job histories. 
This generated an exposure status for each person which could be cross
tabulated with his exposure status as given by the chemists, i.e., the "gold 
standard." It was thus possible to derive a 2 x 2 table for exposure to substancej 
as given by the chemist and by the job title plus JEM, and thereby to derive the 
sensitivity and specificity of the INT + JEM design. With the derived sensitivity 
and specificity it was possible to derive the resultant statistical power. This was 
repeated for each of the 160 substances evaluated, and we thus derived the 
distribution of power. 

A substance-cancer association detectable in the INT + CHEM design might 
also be detectable by analysing a job title-cancer association. That is, the 
substance may be strongly enough correlated with a particular occupation that 
the job title-cancer analysis picks up the corresponding substance-cancer 
association. 

In order to estimate the power of the INT ONL Y strategy to pick up the 160 
associations under consideration, we examined for each substance that job code 
which was most strongly correlated with the substance, using the job code 
histories obtained in the interview. This job code was then used as a surrogate 
measure for exposure to the substance. This again led to a 2 x 2 table allowing 
the estimation of sensitivity and specificity when the optimal job code is used as 
a surrogate for exposure to the substance. And thus we computed the corres
ponding power. This was repeated for all 160 substances and provided the 
distribution of power according to this surrogate. 

Our study involved interviews with subjects to obtain lifetime job histories. 
There was no routine record abstraction of job information. However, for the 
purpose of evaluating the REC + JEM and REC ONLY designs, we carried out 
a special data collection. 

Medical records of all interviewed patients were reviewed and job informa
tion was abstracted. For the evaluation of the REC+JEM and REC ONLY 
designs, we included only those subjects with mention of occupation in the 
record. With the job codes abstracted we proceeded to estimate power for 
REC + JEM in a fashion analogous to that used for INT + JEM (the same JEM 
was used) and for REC ONLY in an analogous fashion to that used for INT 
ONLY. 

Table 8 summarizes the statistical power to detect a given risk in the five 
strategies. By definition, the INT + CHEM strategy, the gold standard, provides 
greatest power. Power is lost in other strategies because the twofold risk that is 
assumed in the INT + CHEM strategy is diluted by misclassification, and the 
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Table 8. Distribution of the power to detect substance-cancer associations for each 
design based on 160 substances 

Power" 

Design 0.05--0.19 0.20--0.39 0.40--0.59 0.60--0.79 0.80--1.0 Total 

REC ONLY 153 7 0 0 0 160 
REC+JEM 51 92 15 2 0 160 
INT ONLY 23 95 38 4 0 160 
INT+IEM 12 33 54 31 30 160 
INT+CHEM 0 0 8 9 143 160 

" Power to detect twofold risk with alpha = 0.05 and n = 2 x 500. The twofold risk is that 
obtained in the INT + CHEM design. For the other designs, misclassification leads to a 
lower relative risk that must be detected, and thereby lower power. 
Note that with an alpha level of 0.05, the lower limit of power is also 0.05. For 
abbreviations, see Table 7. 

other strategies are therefore required to detect relative risks lower than 2. As 
the relative risk to be detected decreases, for fixed sample size and alpha, the 
power decreases. 

The REC ONLY strategy provides hopelessly low power. The INT ONLY 
strategy is rather better, with 42 of the 160 substances being detectable with 
greater than 0.40 power. The use of our JEM significantly improves the power 
of the data bases, and in particular the INT + JEM strategy retains reasonably 
high power (i.e., > 0.60) for 61 of the 160 substances. 

The above results on power are anchored in the particular 160 substances 
chosen for study and their distribution across job categories. For these and 
similar substances, the power to pick up a twofold risk using a job code 
analysis - either INT ONLY or REC ONLY - would be very low. The only way 
that a job code analysis could be expected to detect a risk would be: if the risk 
due to the substance were much greater than twofold, or if the sample sizes were 
much greater than 500, or if the carcinogenic risk factor was very strong in a 
particular occupation. 

In a typical population-based case-control study, there are very few occupa
tions to which a large percentage of men have been exposed. In our study 
population, using the four-digit level of the Canadian Classification and Dic
tionary of Occupations (1974), most of the job titles had between 0.1 % and 
1.0% lifetime prevalence. Only 13 four-digit job codes had greater than 5% 
lifetime prevalence as compared with 103 substances which had greater than 5% 
lifetime prevalence. The lower prevalence of job titles as compared with sub
stances mitigates against the usefulness of the former in population-based case
control studies. 
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Conclusions 

The study design we have been using is very expensive compared with other 
conceivable designs for case-control studies. The data collected in this design 
are probably of better quality than can be obtained using other approaches. It is 
not evident whether the benefit to be derived is worth the extra expense. If a 
good quality JEM were available, then the application of the JEM to job codes 
obtained by interview or even by routine record abstraction would allow some 
associations to be detected. If necessary, statistical power could be improved by 
increasing sample size; this is particularly feasible in the context of a routine 
record study. However, at present there is no generally available good quality 
JEM. We hope to develop one. In the absence of a JEM, investigators analyse 
job titles. Statistical power to detect risk is generally very low with such data. 

The case-control study undertaken in Montreal in 1979 has begun providing 
substantive results. These are in our view important results to follow up and to 
compare with those of other investigators. It is too soon to be able to evaluate 
the absolute cost-effectiveness of the expensive approach we took. In the 
fullness of time, it will be seen whether the evidence produced by our study, both 
the "positive" and "negative" evidence, is valid and indicative. 
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Introduction 

The primary aim in occupational cancer epidemiology is the identification of 
carcinogens, thus allowing the implementation of preventive measures. The 
identification of carcinogens rests on the retrospective assessment of subjects' 
specific occupational exposures, beyond the basic assessment of their occu
pational titles. Various efforts have resulted in standardized methods for disease 
assessment and sophistication in various aspects of study design and statistical 
methods. It is, however, becoming recognized that too little emphasis has been 
placed on the crucial exposure variable in the exposure-disease tandem. Indeed 
retrospective assessment of exposure to specific chemical agents is fraught with 
several difficulties related to, inter alia, (a) the obtaining of subjects' occu
pational histories with detailed and relevant information; (b) the complexity of 
most workplace environments with exposures being to mixtures of agents as a 
rule rather than as an exception; and (c) the lack of systematic industrial hygiene 
documentation on past and even present levels of exposure for most industries 
and occupations and for the majority of chemical agents. 

The various approaches to retrospective exposure assessment that have been 
developed over the years depend on a number of critical factors such as (a) the 
basic design of the study, being either population based or cohort based 
(including case-control studies within a cohort); (b) the level of detail on 
occupational history with, at one extreme death certificate information on last 
occupation held and, at the other, a complete face-to-face interview with the 
subject with the use of relevant questionnaires; (c) the nature of the chemical 
exposure(s) investigated, being either easily recognizable or well-documented 
substances such as wood or asbestos dust, or agents necessitating a more 
complex assessment procedure such as formaldehyde or a given specific solvent; 
and (d) the number of agents investigated, being either limited to one or a few in 
most hypothesis-testing types of studies and studies aiming at estimating 
etiological fractions, or potentially large in hypothesis-generating studies. 

It is the purpose of this report to review methods in the field of retrospective 
exposure assessment, and more specifically on recent developments for 
population-based studies. The job-exposure matrix (JEM) approach and the use 
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of expert coders in the framework of a large hypothesis-generating case-control 
study in Montreal are described by way of illustration. Emphasis has been put 
on the "mechanics" of exposure assessment rather than on the epidemiological 
uses or advantages of the various methods. 

Retrospective Exposure Assessment in Cohort Studies 

One of the most classical type of studies is the retrospective cohort study where 
the mortality or morbidity experience of a group of workers having worked in 
the past for a company or in a specific industry is compared with that of a 
suitable reference group. Cohorts may equally be defined on the basis of a 
specific profession or occupation which could regroup several employers. In 
cohort studies exposure is often simply defined as having worked for a min
imum given amount of time in the company, industry or occupation under 
investigation. When more specific information is available, various sub
classification schemes can be adopted to regroup workers into various separate 
exposure subgroups i.e. by administrative category (clerical, maintenance, 
operations, laboratory), by geographical subdivision (specific buildings, plants 
or departments), by occupational title related to process and task, or by a 
combination of these approaches (Esmen 1979; Gamble and Spirtas 1976; 
Nelson et al. 1983). 

The cohort study may provide the ideal situation, however, for assessment of 
exposure to specific agents. This usually involves a limited number of exposures 
and job situations and potential availability of detailed retrospective informa
tion on processes and agents. Even though exposure assessment has often been 
limited to a judgement on the presence or absence of exposure, several schemes 
have been used whereby exposure has been evaluated on a semiquantitative 
scale such as low-medium-high or more detailed yet qualitative indices taking 
into account such elements as proximity to the source of exposure, time spent 
exposed, possibility of spikes or spills, or of cutaneous contact (Bend et al. 1986; 
Greenberg and Tamburro 1981). 

In several instances, however, it has been possible to associate quantitative 
levels of exposure to the subjects' various job titles or work situations. These are 
usually best estimates based on a combination of the following sources of 
information: past and present industrial hygiene measurements; company files 
on processes; interviews with engineers, foremen and workers about past 
conditions and their integration into exposure assessment panels; and even 
physical reconstitution of past conditions (Armstrong et al. 1986; Steward et al. 
1986). In those situations where information, either qualitative or quantitative, 
on exposure to a series of agents has been systematically evaluated over all job 
titles within a cohort, one can conveniently refer to the set of data as a JEM. In 
contrast to JEMs developed in the population-based study context (see below) 
these matrices are usually too idiosyncratic to be directly usable outside of their 
own cohort. 
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Exposure Assessment in Population-Based Studies 

In population-based studies, where by definition subjects' jobs cover a very 
broad spectrum of occupations and industries, it is usually impractical or 
impossible to access exposure information directly from individual employers. 
Indeed the only exposure information available is often limited to the subjects' 
main job titles. This is the case, for instance, in many large death certificate- or 
register-based surveillance or case-control studies. When basic information on 
exposure is limited to job titles it may be possible to generate specific exposure 
information through the use of a job exposure matrix; this methodology is 
presented in a subsequent section. 

In studies based on questionnaires, specific questions may be asked on use or 
exposure to the agents of interest and the subjects' answers used directly as 
evidence. This self-report approach has the obvious advantage of simplicity and 
can be easily implemented for a number of common agents or general categories 
of exposures that can be validly reported by a general population e.g. wood dust 
or cutting oils or gasoline. Its validity is highly questionable, however, for the 
majority of individual chemicals, whose names or presence in the work environ
ment are usually unknown to the working population, e.g. formaldehyde or 
benzene. Self-report may furthermore be tainted by the phenomenon of dif
ferential recall between cases and controls. Means have been proposed in order 
to evaluate the importance of this recall bias in a given study (Axelson 1980). 

Another approach to specific exposure assessment is through interpretation 
of the available information on each subject's work history. In the usual 
hypothesis-testing situation this may simply involve the traditional regrouping 
of subjects on the basis of job titles that are judged to bring out exposure to a 
common agent. If, however, detailed job descriptions have been obtained 
through the use of a work history questionnaire, it may be possible to infer 
potential exposure to the investigated agents by using such expertise as that of 
industrial hygienists (Hernberg et al. 1983). This task may be facilitated if 
specialized questionnaires have been used that are specifically designed to elicit 
critical information on the agents of interest. The use of exposure assessment 
experts in the framework of a large occupational cancer hypothesis-generating 
case-control study in Montreal is detailed in a subsequent section. 

Job-Exposure Matrices in Population-Based Studies 

A JEM is basically "an occupation and exposure linkage system" (Hoar et al. 
1980), systematically documenting a number of exposures over the complete 
range of occupations encountered in the general population. Practically speak
ing it is a data bank characterized by the following elements: (a) a job 
classification consisting of either a classification of occupational titles or in
dustrial (economic) activities, or a cross-classification integrating both dimen
sions; (b) a list of agents of interest; and (c) an indication for each combination 
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of job and agent on whether and to what extent exposure takes place, using a 
given index of exposure. 

These exposure values, constituting the core of the matrix, are assigned by 
taking into account one or several potential sources of information based on 
bibliographical data, consultation with experts or industrial hygiene surveys. 
Table 1 summarizes the main features of matrices for which published descrip
tions are available. The development of JEMs can be seen to be still quite 
limited with basically four groups of investigators from three countries having 
been involved. The matrix from Hoar et a!. (1980) served as a pioneering work, 
opening the way for the U.K. matrix from Pannett et a!. (1985) and the Italian 
matrices (Macaluso et a!. 1983; Vineis and Magnani 1985) developed by closely 
collaborating investigators. It can readily be seen from Table 1 that the matrices 
presented differ considerably in their main features, i.e., the job classifications 
used and the ways to combine them, the number and the nature of the agents 
included, the indices of exposure, as well as the sources of information used. 

Except in the case of the NIOSH matrix, based on a walk-through survey ofa 
sample of U.S. industries, exposure values are essentially judgemental, reflecting 
the best evaluations of a small group of experts from nonsystematically organ
ized sources of information. (The NIOSH matrix itself is not based on actual 
measurements of agents but on their observation in workplaces.) The validity of 
JEM data can further be questioned in relation to the known variations of 
exposure patterns in time (from era to era) and in space (in different regions or 
countries). More generally, exposure misclassification in matrices results from 
the fact that job titles are usually not precise enough in terms of actual tasks 
performed or processes used, thus diluting exposures specifically encountered 
by subgroups. This type of error results in biasing exposure-disease associations 
towards null. 

Except in the case of the prototype matrix of Hoar et a!., other population
based matrices have as yet been the object of little usage by groups other than 
their originators. This may be explained partly by the anticipated pitfalls of the 
method, already alluded to, but also by the relative recency of their introduc
tion. Even though the most' obvious potential epidemiological applications of 
JEMs are to studies where subjects' exposure information is limited to job titles, 
they may additionally find use as a complement or basis to other types of 
exposure assessment such as subject by subject expert judgements. 

Clearly more work is necessary, such as the completion of studies using 
presently available matrices, to fully evaluate this strategy of exposure assess
ment. The introduction of more objective matrices, derived from survey data, 
such as the NIOSH matrix, holds great promise. New matrices may also 
fruitfully develop from the set of exposure data collected in the framework of 
large case-control studies with subject by subject exposure assessment perfor
med by experts (Gerin et al. 1985). 
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Subject by Subject Exposure Assessment by Experts 
in a Large Population-Based Case-Control Study in Montreal 

Since 1979, a large case-control study of occupational cancer has been under 
way in Montreal. Only methods of exposure assessment are summarized here, 
as an example of what could be achieved in population-based hypothesis
generating studies where experts are asked to evaluate a multiplicity of expos
ures from questionnaire data. Details of the study design, general methods and 
some results can be found in a number of reports (Gerin et al. 1984, 1985; 
Goldberg et al. 1986; Siemiatycki et al. 1981, 1986, 1987a, b, 1988). About 20 
sites of cancer were selected for study. The target population consisted of males 
aged 35-70 years, resident in the area of Montreal. Cases eligible were incident 
from 1979 to 1985. Altogether ca. 4600 cases were ascertained and, for 3700, 
interviews (92%) or self-administered questionnaires (8%) were obtained. The 
primary strategy has been to compare each case series with a control group 
drawn from among the other sites. 

The Occupational Interview 

A group of trained interviewers were involved in the critical step of administer
ing the questionnaire to each subject as soon as he was identified. Occupational 
history is obtained through the use of a semistructured general questionnaire 
covering, for each job of each subject, the following points: (a) activity of 
employer or company, (b) occupation of subject, (c) description of specific 
tasks, machines and materials used, and (d) description of the work environ
ment in terms of the usual place of work, the presence of dusts, fumes, gases or 
vapours, the activities of other workers and the use of protective equipment. 
Most of the questions are open-ended with the subject being encouraged to give 
as much detail as possible on his work activities and conditions. Having realized 
early that exposure assessment would be rendered easier if some specialized 
questions were asked in order to probe specific professions, a set of profession
specific questionnaires have been developed (e.g. welders, painters). These are 
administered immediately after the general occupational questionnaire. 

Interviewers and hygienist-coders have ample opportunity to interact with 
each other in order to discuss interviewing problems, improve the technical 
proficiency of interviewers and the acceptability of specialized questionnaires. 

Translating Occupational Histories into Exposure Histories 

A team of three to four chemists and hygienists has been given the task of 
exposure assessment. A brief outline of the developed methodology is 
presented. 

A coding checklist of some 275 occupational exposures of sufficient preval
ence and well-documented in the literature has been established. These agents 
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include some specific chemicals ( e.g. benzene), chemical groups or functions 
(e.g., aromatic amines), mixtures of relatively fixed composition (e.g. gasoline) 
or variable composition (e.g. paints), complex materials (e.g. cement), as well as 
general categories (e.g. solvents). A few radiations are also included. The 
complete list of agents is given in Appendix 1 of the report by Gerin et al. (1985). 
Agents are classified into categories according to their usual physical state: 
dusts, gases, fumes and smoke, liquids and their vapours, and a special category 
for chemical groups. To each possible exposure of a worker, coders associate 
the following qualitative indices of exposure: (a) reliability, indicating the 
coder's estimate of the degree of certainty that the worker has been occupation
ally exposed to the substance (1, possible; 2, probable; 3, certain); (b) level, 
indicating the relative average level of exposure to the substance according to a 
scale specific to each agent (1, low; 2, medium; 3, high); and (c) frequency, 
indicating the average proportion of working time during which exposure 
occurred at the level coded (1, less than 5% of time; 2, from 5% to 30%; and 3, 
more than 30%). Additionally, a contact code indicates whether exposure was 
respiratory, cutaneous or both. Coders are experienced chemists or hygienists. 
They complement their own knowledge with information provided by the 
scientific and technical literature, trade directories and frequent contact with 
experts or consultants from industry or the occupational safety and health 
network. Each occupational history is examined successively by at least three 
coders with the objective of deriving a consensus coding. 

Exposure Assessment Validity 

The exposure coding method presented relies largely on the judgement of the 
chemist-coders. In order to shed light on the accuracy of their assessments 
several trials of inter-rater agreement were implemented (Goldberg et al. 1986). 
Some of these trials involved only internal raters, whereas others involved 
comparisons between the internal raters and other external raters who had 
expertise in certain industries. The six trials involved a limited number of job 
descriptions with the following characteristics: paint industry (inside and out
side raters), rubber industry (inside raters), welding activities (inside and outside 
raters), chemical manufacturing (inside and outside raters), metal products 
manufacturing (inside and outside raters) and a miscellaneous assortment 
(code-recode by internal raters). 

In assessing exposure as simply present or absent, two summary indices of 
agreement were used: per cent with perfect agreement and Cohen's kappa. In 
most ofthe trials the per cent with perfect agreement among raters ranged from 
95% to 98%, with kappa ranging from 0.5 to 0.7. The kappas were slightly 
higher for internal-internal comparisons than for internal-external ones. These 
results indicate a relatively high degree of inter-rater agreement over a range of 
industries, occupations and time periods of employment. 

Even though these results lend credibility to the overall validity of this type of 
retrospective exposure assessment, there is little data in the literature to allow 
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comparisons to be made. Furthermore, the degree of agreement from substance 
to substance has not been evaluated in these trials. More work is in progress to 
clarify this last point. 

Discussion 

After 8 years of involvement in the development and implementation of a 
particular type of exposure assessment method, several comments may be 
ventured that could perhaps be useful to other investigators. For the most part 
these remarks are relevant to the situation of a population-based hypothesis
generating case-control study, though they may also be relevant to other designs 
such as cohort or nested case-control studies or job-title based studies making 
use of JEMs. 

Feasibility 

Our experience is ample evidence that implementing a wide range exposure 
assessment method is feasible. The financial aspects and merits of this type of 
study are presented in a companion report (Siemiatycki et aI., this volume). It is 
also clear that, because of the innovative nature of this assignment, a long 
developmental period has preceded the full-scale implementation period. It can 
be expected that, in any study of this type, extensive time will be allocated, inter 
alia, to hiring and training of chemists and hygienists, to the establishment of an 
extensive and systematically organized literature data bank on exposures, jobs 
and industries and to the set-up of basic exposure profiles to be used as a basis 
for exposure coding. 

Possible improvement in the exposure assessment process would be through 
the use of an integrated computerized information management system through 
which chemists could have direct screen access to all job descriptions and 
previous codings, with word searching features, the capability of sorting files by 
occupational and industry titles, company names and years. Access to exposure 
data banks such as existing JEMs and industrial hygiene data bases could be an 
additional feature. 

Importance of Questionnaire and Interviewers 

The exposure assessment step is strongly dependent on the quality of the 
information provided to the coders by the interviewers. In our type of 
hypothesis-generating study we had to use a semistructured type of question
naire with no specific emphasis on certain types of exposure. We found, 
however, that a set of questions directed towards specific professions (special
ized questionnaires) could greatly improve the reliability and ease of coding. 
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This strategy could be fully developed by implementing specific questionnaires 
covering systematically all potentially exposed job situations. 

Answers to open-ended questionnaires such as were used in this study are 
dependent on the proficiency ofthe interviewer both in technical matters and in 
his/her human approach towards the subject. Furthermore, chemists have 
noted shifts in the quality of interviews over time. This has been attributed to a 
kind of burnout of interviewers who are faced with a more demanding job than 
in the case of a structured questionnaires. One last point worth noting is that the 
quality of coding was found to be better when chemists were dealing with 
interviewer administered questionnaires than with self-administered question
naires. The latter had to be used for 8% of the subjects who could not be 
interviewed. 

Limits on Number and Type of Exposures 

Even though tens of thousands of different specific chemicals may find their way 
into the work environment only a small fraction of these may reasonably be 
coded in such a type of study. The main criteria that limit the number and type 
of exposures that can be assessed are (a) the prevalence of the agents, even 
though this criterion is partly a function of the sample size expected and (b) the 
presence and the quality of documentation on agents. As a result only the most 
frequent exposures and those having been the object of previous occupational 
studies can be assessed the most reliably. The length of our coding list (of some 
275 agents) represents, we believe, an upper limit to what can be routinely 
assessed. It is worth noting that a high proportion of agents on our list represent 
mixtures, broad categories of products or chemical families. 

Indices of Exposure 

In the course of this project we have developed and consistently used three main 
indices to describe exposure, namely level, frequency and reliability. All three 
indices are on a three-point scale (low, medium, high, plus the implicit zero for 
not coded). The relative and qualitative nature of these indices needs to be 
stressed, however. For instance, generally, it is impossible to formally assign 
concentration ranges to the various level points. It is important, however, to 
attempt to associate, as reference categories, typical jobs to the various index 
values for each agent. We are satisfied with these types of indices which have 
provided the necessary flexibility for exposure judgement. Furthermore, in the 
analysis, the statistician has the opportunity to combine these indices in various 
ways. Other approaches to the definition of exposure indices may be equally 
appropriate. 
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Conclusions 

Most of the main methods of exposure assessment in occupational cancer 
epidemiology have been reviewed in this report with varying levels of detail. It is 
rather clear that there is no standardized method applicable to all studies but 
rather a strong dependence on the basic epidemiological design of each study 
(population- or cohort-based, hypothesis-testing or -generating) and on 
idiosyncratic factors such as financial resources and ease of access to informa
tion sources. 

Some common important features of methods of specific exposure assessment 
can be summarized as the following conclusions or recommendations: (a) 
emphasis to be placed on the front-end of the studies i.e. questionnaires and 
interviewers; (b) involvement of exposure specialists, mainly industrial hygien
ists or chemists but also engineers, foremen and workers; (c) the need to 
characterize exposure by precisely defining the agents and indices of exposure; 
(d) the need to validate the exposure assessment process by implementing, when 
feasible, comparison trials or by pulling expertise from various sources; and (e) 
the need to develop new tools such as industrial hygiene data bases and job
exposure matrices. 
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Effects of Measurement Errors on Estimates of 
Exposure-Response Relationships* 
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Montreal, Quebec H3A lA3, Canada 

Introduction 

Establishing a causal association between an occupational exposure and the 
incidence of cancer requires the consideration of many criteria. One of these is 
whether an association between level of exposure and risk has been demon
strated. For this purpose an association between an ordinal measure of expos
ure (e.g. three exposure categories) and risk is generally considered sufficient. 
Once a causal association has been established with reasonable certainty, 
interest often focusses on a more quantitative relationship between an absolute 
measure of exposure and risk - for a given quantity of exposure, what is the 
increase in risk? In particular, estimates of such relationships are required to 
inform the process of setting standards for "acceptable"'limits of exposure. This 
paper is relevant mainly to these quantitative estimates of exposure-response 
relationships. 

All estimates of exposure-response relationships made from epidemiological 
studies require estimates of exposure for persons in the study. However expos
ure is measured, there is almost always a possibility of error. We are concerned 
here with exposures measured on a numerical scale. In this case, the amount by 
which the measurement differs from the "true" exposure (often hypothetical), is 
called measurement error. The notion of true exposure here is not absolute 
(such as a biologically effective dose), but relative. Usually it will represent the 
exposure that would have been observed had the worker worn an accurate 
personal dosimeter throughout their working life. The error may be systematic 
(constant for all persons in the study) or random, or a combination of both. We 
can generally work out the effect of systematic measurement error on estimates 
of exposure-response relationships from common-sense arguments. The effect 
of random measurement error can be more obscure. The objective of this paper 
is to provide an overview, accessible to epidemiologists, of the basic statistical 
results relevant in the context of occupational cancer epidemiology. A general 
epidemiological review in the context of dietary studies is given by Willett 
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(1989). Throughout, emphasis is on simple' results, which are obtained by 
making assumptions which may not be well approximated in all situations. 

Attenuation Due to Measurement Error in Simple Linear Regression 

Defining x as true exposure and z as the (approximate) measurement of x, we 
may write: 

z=x+e (1) 

where e is an additive measurement error. In the usual ("classical") measure
ment error model we assume error e to have a distribution independent of the 
true value x, with no systematic error, so that the average z of many replicated 
measurements zl' Z2' .•. of the same x is x, i.e. E(elx)=O and E(zlx)=x. 
Measurement error e does not depend on outcome y in this model (i.e. it is 
"nondifferential"). We shall also assume for simplicity that the distributions of 
error e and true exposures x are normal (Gaussian), although most of results 
below (but less so in the third section) are valid more generally. 

In the simple linear regression model a response y measured on a numerical 
scale depends on true x according to the regression equation: 

(2) 

where 8 is a random variable with zero mean, here taken to be normally 
distributed. Although response is rarely measured on a numerical scale in 
cancer epidemiology, we consider this model first because of its simplicity, and 
the generalizability of many results obtained for it. 

The relationship between y and the approximate exposure z is: 

y = P~ + Pf z + 8* 

with P~ and Pf not equal to Po and Pl' In particular 

Pf =RP I , 

(3) 

(4) 

where R is the reliability of z as a measurement of x, equal to the proportion of 
variance of z which is due to x, i.e. 

R = var(x)/var(z) = var(x)/{ var(x) + var(e)}. (5) 

Equivalently R is the square of the correlation of x and z. Since 0 < R < 1 the 
regression line is made less steep (attenuated) by random measurement error. 
The overall effect of measurement error is to tilt the regression line about a 
fulcrum at the point (Jly , Jlz) = (Jly , Jlx), where Jly , /lx, and Jlz are the mean 
response, true, and observed exposures in the study population. 

If R is known, an unbiased ("corrected for attenuation" or "deattenuated") 
estimate of the true slope PJ' is Aobtainable from a "naive" estimate Pf using 
approximate exposures, as PI = PUR. Valid confidence intervals for PI may be 
constructed (from those for Pf) by applying the correction factor (1/R) to the 



52 B. Armstrong 

limits obtained for [3t by the usual methods. The estimation of R from available 
validity or reliability data sets is discussed below. 

The usual t-test and F-test against the null hypothesis that [3t = 0, carried out 
using the approximate data {y, z}, are also valid tests against the same hypo
thesis for the true parameter [31 = 0; i.e. for testing we can ignore measurement 
error. Furthermore, this "naive" test is as powerful as possible given that the 
data were measured with error, although such a test will have less power than 
one based on the data without such error. 

The basic results for measurement error in linear regression have been known 
for many years, and details are presented in some elementary statistics text
books (e.g. Snedecor and Cochran 1967). Cochran (1968) summarizes many 
useful results, and Fuller (1987) includes an authoritative discussion and review 
of this and other models in which y is measured on a numerical scale. 

Attenuation Due to Measurement Error in Relative Risk Regression 

The Relative Risk Regression Model 

In cancer epidemiology, where interest is in the effect of exposure on disease 
incidence, or equivalently survival (time to disease occurrence), simple re
gression for a numerical response is not appropriate. However, regression 
models for relative risks have become increasingly popular in this context (see 
Prentice and Farewell 1986 for review). For cohort studies with times of disease 
occurrence observed, disease rate ratios (here called relative risks) may be 
regressed on risk factors using "Cox" regression. For case-control studies which 
are matched or stratified by age, essentially the same relative risk regression 
model is appropriate. 

For a single exposure x, the relative risk model may be written in somewhat 
simplified form: 

RR(x, t) = r{[31' x(t)} (6) 

Risk in this model is relative to risk at x = 0, and r is a mathematical function 
which can take several forms; popular models are the exponential relative risk 
model (closely related to the logistic model): 

RR(x, t)=exp{[31x(t)} (7) 

and the linear relative risk model: 

RR(x, t) = 1 + [31 x(t) (8) 

The exposure x is written as a function x(t) of time t (usually age) to stress that 
the value of x may change with time. A common example in occupational 
studies is cumulative exposure. 



Measurement Errors on Estimates of Exposure-Response Relationships 53 

The Effects of Measurement Error 

As with simple linear regression, the primary effect of replacing true exposures x 
with approximate measurements z in the classical measurement error model is 
to attenuate the regression parameter /31' Since there is no intercept parameter 
/30 the attenuated "naive" regression line is uniformly below the "true" relation
ship in relative risk regression models (the lines meet at a relative risk of one for 
zero exposure). Thus, relative risks predicted at given observed approximate 
levels of exposure are lower than they would be if true risk factor values had 
been available. For the exponential relative risk model, if measurement error 
and the true risk factor follow a normal distribution and certain other unexcep
tional assumptions are met, the attenuation of /3 1 is that for /3 1 in simple linear 
regression, i.e. /3i=R/31' Here R=var(x)/{var(x)+var(e)} as before, but var(x) 
is the variance of true exposure within age strata. For the linear relative risk 
model the attenuation is more pronounced: 

(9) 

The extent to which this bias is more severe than that in the exponential model 
depends on /3 1f-lx, the mean increment in relative risk in the study population. If 
var(x) (or f-lx for the linear model) depends strongly on age, these simple 
formulae become poor approximations. This will be the case if the magnitude of 
the effects of exposure on mortality is sufficient for early deaths among highly 
exposed persons to importantly effect the distribution of exposures. 

The bias in the relative risk regression parameter /31 under the exponential 
and linear models with standard deviation of measurement error (SD(e» 

Table 1. Bias in estimated relative risk parameter due to 
normal measurement error 

SD(e)a Exponential Bias in parameter fJ 1 

SD(x) model Linear model with mean relative risk 
(=R) in study population: 

1.1 1.5 2.0 5.0 

0.00 1.00 1.00 1.00 1.00 1.00 
0.10 0.99 0.99 0.99 0.98 0.95 
0.20 0.96 0.96 0.94 0.93 0.83 
0.30 0.92 0.91 0.88 0.85 0.69 
0.40 0.86 0.85 0.81 0.76 0.56 
0.50 0.80 0.78 0.73 0.67 0.44 
0.75 0.64 0.62 0.54 0.47 0.26 
1.00 0.50 0.48 0.40 0.33 0.17 
1.50 0.31 0.29 0.23 0.18 0.08 
2.00 0.20 0.19 0.14 0.11 0.05 

a Ratio of standard deviation of errors e to standard deviation 
of true exposures x. 
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ranging from 0.1 to 2.0 of a standard deviation of the true exposures (SD(x)) is 
given in Table 1. (It is this relative variation (SD(e)/SD(x)) which determines R, 
and hence bias.) Perhaps the most striking observation that we may make from 
this exercise is that, because reliability R is a ratio of variances rather than 
standard deviations, measurement error with a standard deviation as large as 
one-half of the standard deviation of the true x results for the exponential 
relative risk model in an observed regression parameter which is 80% of the true 
value - a minor bias by most epidemiological standards (Willett 1989). The 
increase in the degree of bias in PI in the linear model relative to the exponential 
model can be observed to be important only in study populations with quite 
high mean relative risk. As with simple linear regression, if R is known a 
corrected estimate and confidence interval (CI) for PI in the exponential relative 
risk model may be obtained by applying the correction factor (1/R) to the 
"naive" estimate Pi and its CI from the observed data z, i.e. 

PI =Pi/R (10) 

In the linear model the correction factor is, from (9): 

PI =Pi/(R-Pi J1.! (1-R)) (11) 

The "naive" tests against Pi = 0 (e.g. chi-square score, Wald, or likelihood ratio 
tests) using the crude-data are valid and efficient tests for PI =0, but with less 
power than those based on true exposures. The efficiency of most types of 
regression analyses using approximate exposures relative to those using true 
exposures has been shown in a result of remarkable generality to be equal to 
reliability R (Lagakos 1987). 

Prentice (1982); Armstrong and Oakes (1982); Clayton (1988); Pepe et al. 
(1989); and Armstrong et al. (1989) discuss measurement error in relative risk 
models further. 

Example 

Theriault et al. (1984) and Armstrong et al. (1986) studied the relationship 
between exposure to coal tar pitch volatiles and bladder cancer in aluminum 
reduction plant workers. A linear relative risk model of cumulative exposures to 
benzo-a-pyrene (in J1.g/m3 years) fitted the observed data well. The parameter PI 
was estimated at 0.018 (95% CI 0.007-0.042). Table 2 shows the effects of 
correcting this estimate for measurement error if the normal measurement error 
model discussed above applied. Effects of mild (SD(e)/SD(x)=O.l) to quite 
severe (SD(e)/SD(x)=0.5) measurement error- are shown. To emphasize the 
practical implication of these corrections, the table also shows the relative risk 
predicted after 40 years working at 5 J1.g/m3 - the hygiene standard in some 
countries. At R = 0.5 estimates of risk increment become very large, suggesting 
that the measurement error model assumptions may be unrealistic at these 
values. Indeed the normal measurement error model is a poor fit to these data 
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Table 2. Bladder cancer and exposure to coal tar pitch vola
tiles: estimates of linear relative risk increment corrected for 
normal measurement error 

SD(e)a Rb 

SD(x) 

0.00 1.00 
0.10 0.99 
0.20 0.96 
0.30 0.92 
0.40 0.86 
0.50 0.80 
0.75 0.64 
1.00 0.50 
1.50 0.31 
2.00 0.20 

Correction 
factorC 

1.00 
1.02 
1.04 
1.09 
1.16 
1.25 
3.27 

20.00d 

Estimate of P Relative 
risk at 
200 pg/m3 

years 

0.Ql8 4.6 
0.Ql8 4.7 
0.019 4.9 
0.021 5.3 
0.024 5.9 
0.029 6.8 
0.059 12.8 
0.360d 73.0d 

a Ratio of standard deviation of errors e to standard deviation 
of true exposures x. 

b Reliability R of z as a measurement of x. 
C See Eq. (9) in text. 
d Model unrealistic, estimates unreliable for error of this mag

nitude and greater. 

(see below). The results in Table 2, in particular those for higher SD(e), should 
thus be interpreted with caution. 

Parallels with Misclassification 

The general results given above are consistent with the well-known results for 
categorical (in particular dichotomous) exposure measures subject to misclassi
fication that is "nondifferential" (equally likely in cases and noncases). Odds 
ratios are biased towards I; tests for association remain valid but with reduced 
power compared with those using data without misclassification. See Kelsey 
et al. (1986) and Chen (1989) for reviews from an epidemiological and statistical 
perspective respectively. 

A numerical exposure is often used to divide study subjects into several 
categories (bins), so that simple methods of estimating relative risks can be used. 
Accounting for errors may then be approached using either the misclassification 
or measurement error framework. The measurement error framework is prob
ably more useful if the objective is to estimate the relationship between number 
of units of exposure and risk, in which case essentially the same results apply as 
for continuous numerical exposures (see also below). 
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Logistic and Other Binary Regression Models 

Logistic and related models are often used for binary responses, for example in 
simple cohort studies with time to disease occurrence not observed. The effects 
of measurement error in these models are generally similar, but not identical, to 
those described above. More precise but considerably more computationally 
arduous methods of accounting for measurement error bias in these models are 
discussed by Carroll et al. (1984), Stefanski and Carroll (1985), Armstrong 
(1985), Schafer (1987), Whittemore and Grosser (1986), and others. When 
"logistic" regression is used to analyse case-control data, it is generally the 
(exponential) relative risk model which is assumed in the underlying population 
(Prentice and Farewell 1986), so that the simpler results for this model remain 
applicable, if the assumptions discussed above hold. 

Other Measurement Error Models Arising in Occupational Cancer Epidemiology 

Unfortunately, the simple models for measurement error described above rarely 
apply exactly to the data typically arising in occupational cancer epidemiology. 
Often the results from these simple models will be sufficiently valid to examine 
the possible impact of measurement error or otherwise aid interpretation even 
when assumptions are not met exactly, but if precise corrections are required, or 
if departures from model assumptions are substantial, other models should be 
considered. We discuss below some important situations in which this is so. 

The Distribution of Measurement Error and of Exposures 

The results above depend on measurement error and true exposures being 
distributed normally. This is clearly an imperfect model, since exposures are 
usually. measured on a scale with an origin at zero. Further, the distributions of 
cumulative exposures to airborne contaminants and many other exposure 
measures thought to be relevant for occupational carcinogens are generally 
skewed to the right, often approximating to the lognormal distribution. Also 
measurement errors may be better represented in a multiplicative rather than 
additive model: 

z=xe, E(e) = 1 (12) 

One such model has measurement error following a lognormal distribution, so 
that: 

log(z) = log(x) + log(e) (13) 

Under this model, while taking logarithms has the effect of returning to the 
additive, normal distribution measurement and exposure model (and thus 
allowing the simple methods given above to be applied) exposures measured on 
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the log scale will not be related to risk according to the same model that relates 
(original true) exposures to risk. Even if the model with logged exposures is as 
plausible as that with exposures on the original scale, the more difficult 
interpretation of parameters in the former will usually lead researchers to prefer 
the latter. Thus, in the preferred model exposures and measurement errors are 
lognormal, but relative risk is related to exposure on its original scale. 

Estimating the true regression parameter in this model is more complex. The 
general approach of Prentice (1982) and Clayton (1988) leads to an estimator 
discussed by Armstrong and Oakes (1982), but the properties of this estimator 
remain to be explored. Although the naive test of Pi = 0 using the crude data 
remains a valid test of PI =0, it is no longer as powerful as some alternatives 
(Tosteson and Tsiatis 1988). 

Nonnormal measurement error models may importantly alter the shape as 
well as the magnitude or the slope of relationships of relative risk to exposure 
(Prentice 1982). For example, Doll and Peto (1978) speculated that a quadratic 
relationship of lung cancer risk with true pack-years of exposure to tobacco 
smoke may be distorted to a linear form due to this type of measurement 
error. 

Predictive and Structural Relationships 

We have assumed in the above discussion that the parameter of interest is PI' 
the "true" regression slope in the population, rather than Pi, the "naive" 
regression slope in the population. However, if the object ofa study is to predict 
say relative risks in persons drawn from a population with the same distri
butions of true exposures and measurement error as the study group, then the 
naive Pi is the appropriate parameter, and standard uncorrected estimate of it 
may be made from the crude data. For this reason the regression involving Pi is 
called the "predictive" relat~onship in contrast to that involving PI which is 
known as the "structural", or in a slightly different context the "functional" 
relationship (Kendall and Stuart 1979). 

When in occupational epidemiology we wish to predict risk we rarely wish to 
do so only for persons drawn from the same population with exposure meas
ured with similar precision as the study group. In some situations (generally for 
discussions on setting standards) the structural relationship is clearly the one of 
interest. In others (e.g. predicting risk in workers from different populations) a 
predictive relationship is of interest, but not the same one as that estimated from 
the study. In the latter case the desired predictive relationship can be derived 
from the structural relationship using an inverse "correction for attenuation" 
appropriate for the new distributions of measurement error and true exposures. 
The original predictive relationship does seem the appropriate one for assessing 
compensability of cases, if risk (and hence probability of causation) is to be 
predicted for cases from the study group and exposure is measured using the 
same methods as for the study. 
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Classical and Berkson Models 

The model, Eq. (2), in which error e is independent of x is generally called the 
classical measurement error model. An alternative (the Berkson model, after 
Berkson 1950) assumes that the error e is independent of the observed z. This is 
appropriate, for example, in experimental situations where the experimental sets 
the value of a variable to a nominal value (z), but the true value (x) may be in 
error in either direction (thus the model is sometimes called the "control-knob" 
model). Remarkably, in the exponential and linear relative risk regression 
models with normal measurement error of the Berkson type, the naive estimate 
iJ! is unbiased for the true PI' although random error is reflected in a higher 
standard error, and reduced power to test PI =0 (Prentice 1982). Berkson type 
error does attenuate the regression parameter in a logistic model, but this bias is 
usually small compared with that due to classical measurement error. See 
Schafer et al. (1989) for results in the similar pro bit model. 

It would seem at first that for occupational epidemiological studies that are 
not experimental the classical measurement error model is more appropriate 
than the Berkson model. However, this is not always the case. If for example a 
single estimate of concentration of exposure is taken to apply to all persons with 
the same job title, that error which is due to variation of individual workers 
exposures about this value is of the Berkson type. However, the single estimate 
of concentration of exposure is itself usually an approximation to the true mean 
concentration of exposures among men with the job title. The difference 
between this true mean and the exposure estimate constitutes "classical" 
measurement error. Thus, the many occupational epidemiological studies using 
this type of exposure estimation are generally subject to both Berkson and 
classical types of measurement error, only the latter causing attenuation in 
linear regression slopes. By a similar argument, the approximation involved in 
putting numerical continuous exposures into categories, and representing these 
categories in a regression by the mean exposures in each, introduces additional 
error of the Berkson type, but leaves the classical error structure essentially the 
same. 

Differential Measurement Error 

All the models discussed so far require the assumption that measurement error e 
is independent of disease status. For case-control studies in particular, recall or 
other information bias may act to create such a dependence. The qualitative 
effects of such error may be derived on common-sense grounds. Their effects 
and correction for them have been discussed formally for exposures which are 
normally distributed in cases and controls-the discriminant analysis model 
(Armstrong et al. 1989). Significance tests based on the crude data are not in this 
case valid tests of no association between true exposures and disease. 
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Cohort Studies Using Person Years at Risk Analyses and 
Standardized Mortality Ratios 

The person-years at risk method of analysing cohort studies may be placed 
within the relative risk regression framework. Estimates of exposure-response 
relationships from internal person-years at risk analyses which assign numerical 
exposures to categories can thus be corrected for measurement error using the 
methods discussed above. However, the use of an external standard to calculate 
standardized mortality ratios (SMRs) gives additional information which can 
be useful in identifying and correcting measurement error effects. 

Table 3 shows SMRs by cumulative exposure in miners exposed to tremolite 
fibers (McDonald et al. 1986). To estimate increment in risk per fiber-year (fy) 
we may fit a linear relationship to the observed SMRs and exposures (Hanley 
and Liddell 1985), giving SMR = 1.52 + 0.011 fy. Expressed as a risk relative to 
that at zero exposure by dividing through by 1.52, we get RR = 1 + 0.007 fy. If 
the reference rates are appropriate, so that an underlying SMR of 1.00 at zero 
exposure can be assumed, we may alternatively constrain the relationship to go 
through an SMR of 1.00 at zero exposure, giving SMR ( = RR) = 1.00 + 0.013 fy. 
This last approach is in any case more precise under this assumption, but it has 
added credibility and merit if measurement error is operating. Measurement 
error could explain the higher SMRs for lower exposure groups (which would in 
fact include some misclassified highly exposed persons) and the steeper con
strained estimate of regression slope is consistent with attenuation of the 
unconstrained estimate due to measurement error. Putting aside some minor 
technical details and using Eq. (11) it can be shown that in this situation of 
relatively high mean risk in the study population, an attenuation of this 
magnitude would under a normal measurement error model follow from 

Table 3. Standardized mortality ratios (SMRs) for respiratory 
cancer in miners exposed to mineral fibersa 

Cumulative Mean cum. Observed SMR (95% CI) 
exposure expo in deaths 
(fy) groupb 

0-24 6 4 1.68(0.46-4.30) 
25-199 77 3 1.85(0.38-5.41) 
200-499 332 5 9.80(3.18-22,87) 
500+ 836 3 6.77(1.40-19.79) 
All 145 15 2.85(1.60-4.70) 

a Including only years at risk at least 20 years from first 
employment (see McDonald et al. 1986). 

b Mean among men terminating in this group, cumulated to 
end of service. 



60 B. Armstrong 

measurement reliability for cumulative exposure of about 0.75. The constrained 
estimate of exposure-response discussed above is very similar to a crude 
constrained estimate obtained by drawing a line between an SMR of 1.00 at 0 fy 
and that of2.85 for the entire group (mean exp 145fy). This may be shown to be 
an unbiased' "instrumental variable" estimate; it also gives the relationship 
SMR (=RR)=1.00+0.013 fy. Both these constrained approaches trade 
measurement error bias off against the possibility of bias due to using an 
inappropriate reference. 

Estimating the Measurement Error Distribution 

Application of the simple corrections for attenuation of the regression para
meter given above depend on the reliability R being known. Usually R itself 
must be estimated, ideally from a validity study in which approximate measures 
of exposure are compared with a "gold standard", or from a reliability study of 
repeated independent approximate measures of exposure in the same indi
viduals. The way in which this should be done, and the manner in which 
uncertainties in the resulting estimate of R can be reflected in the estimate and 
more importantly the confidence intervals (and test results) of the regression 
parameter /3 1 is the subject of much of the measurement error literature (Fuller 
1987). We only have space to touch on some of the issues involved here. 

Estimating R from a validation or reliability data set which is not a random 
sample from the main study population requires the assumption that not only 
the variance of measurement error, var (e), but also that of the true exposures, 
var(x), is the same as those in the main study. To avoid the latter assumption, 
we may estimate measurement error variance from the validation or reliability 
data set, and then use that estimate to estimate variance of true exposures and 
hence R from the distribution of approximate exposures observed in the main 
study. Where information from which R is estimated is not so substantial that 
uncertainties in R may be ignored, the simple methods given above should be 
refined so that this uncertainty can be reflected in wider confidence limits for the 
corrected estimate of /31' for example by using the delta method to estimate 
var(R/3i). 

In occupational cancer epidemiology exposures must generally be estimated 
using retrospective hygiene surveys depending as much on hygienists' judge
ment as on any actual measures of available concentration of exposure avail
able. "Gold standards" are almost never available. Estimates of exposure may 
be repeated, for example by different hygienists, and considered as a reliability 
study. However, it is difficult to envisage a situation in which such repeated 
estimates could be considered independent. The historical base of quantitative 
and qualitative information on which estimates must be based would be the 
same in each case; furthermore, a "random sample" of independent hygienists 
would be 'inconvenient to assemble, perhaps not even possible to conceive of. 
However, despite limitations, such studies can give important information on 
the possible magnitude of errors. At least one has been carried out for exposures 
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retrospectively estimated in categories (Goldberg et al. 1986). Similar exercises 
do not seem to have been reported for quantitative retrospective exposure 
estimates. 

Where more formal estimates of measurement error variance are unavailable, 
the best approach may be to carry out sensitivity analyses in which the 
consequences of measurement errors of various magnitudes are investigated, 
using the method in which R is assumed known. Choices of R used in these 
analyses may be informed by any data available, as well as general plausibility 
arguments. An alternative is to estimate the true regression parameter, using 
"instrumental" variables, a method which does not require any direct inform
ation on measurement error variance. However, although this has been dis
cussed in some detail for regression models with numerical outcome variables 
(Kendall and Stuart 1979), its use for relative risk models remains largely 
unexplored. 

Models with Many Explanatory Variables: Errors in Confounding Variables 

Even when we are mainly interested in a single occupational risk factor, we 
often wish to control in the analysis for confounding by one or more nonoccu
pational factors-for example smoking habit. Furthermore, we may be inter
ested in investigating several occupational exposures simultaneously. Much of 
the popularity of relative risk regression models lies in their capacity to carry 
out these functions, and to enable the investigation of interactions (effect 
modification). 

Measurement error may be present in the observed occupational or nonoccu
pational factors. Although many of the statistical models for measurement error 
discussed above can be extended simply in theory to many variables, the 
computations required are generally substantially more involved, and most 
importantly the qualitative effects of measurement error on a specific variable 
can be quite different to those in the univariate case. Armstrong et al. (1989) 
discuss the exponential relative risk model with normal measurement error. The 
qualitative effect of measurement error in this model in one or both of two 
explanatory variables, which we shall interpret as being an occupational expos
ure of interest and a confounder, are discussed briefly below. 

If the occupational exposure is subject to error, the regression parameter for 
this exposure is attenuated in a similar way to the univariate case, but this 
attenuation will be more accentuated. This accentuation of the attenuation 
(increase in bias) may be important, and occurs even if the nonoccupational 
factor is not actually associated with the disease (Le. has been unnecessarily 
included as a confounder). This may occur in occupational studies when length 
of service is unnecessarily included as a possible confounder (to guard against 
"survivor effect" confounding) and interest is in a measure, for example 
cumulative exposure, which is strongly correlated with length of service. Of 
course, if length of service is a risk factor independently from the effect of 
cumulative exposure, not including it will introduce confounding bias, so that in 
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the absence of methods for controlling measurement error bias the investigator 
must choose between the possibility of confounding bias and that of accen
tuated measurement error bias. 

If the confounder is measured with error, then its inclusion in the regression 
can only partially control for its confounding effect. The "residual confound
ing" remaining may act to bias the regression parameter for the exposure of 
interest either way. If the exposure of interest is also subject to error, then this 
residual confounding is coupled with the accentuated attenuation discussed 
above. If the two errors are correlated, the extent and direction of the bias may 
be altered. 

The effects of misclassification in dichotomous measures of an exposure of 
interest and a confounder have been discussed by Greenland (1980), and those 
of measurement error on partial correlation coefficients by Kupper (1984). 
These authors obtain similar qualitative results to those above. Greenland also 
observes that spurious interactions between variables may be introduced by 
misclassification, a result which seems likely to apply also to numerical meas
ures of exposure subject to random error. 

Discussion 

This brief overview could not include reference to many important advances in 
methods available to address the effects to measurement error on estimates of 
exposure-response relationships. However, for the structures of measurement 
error common in occupational cancer epidemiology, there remains much work 
to be done before fully appropriate methods are sufficiently established for 
ready application by epidemiologists. In the meantime, ad hoc arguments 
concerning the likely impact of measurement error may usefully be based on the 
results from simpler models described above and elsewhere. 
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The historical cohort mortality study, the most common method for determin
ing occupational cancer risk factors, is usually conducted without adjusting for 
important confounding variables, such as smoking. This is because obtaining 
data on confounders is often costly and difficult. To what extent this lack of 
information is likely to cause serious bias in the estimation of occupation
disease relationships is the object of this paper. 

Confounding is a bias that occurs in the estimation of the effect of an 
exposure on disease occurrence; due to the association of another factor with 
both the disease and the exposure. A confounder, then, is any factor that when 
properly controlled, gives an estimate of a causal parameter that is closer to the 
true value. To be a confounder a factor must meet two criteria, it must be a risk 
factor for the disease in the unexposed population, and it must be associated 
with the exposure of interest. 

The degree of confounding can be expressed quantitatively as follows. Let Ie 
and Ie be the incidence rates of a disease in the presence and the absence of a 
particular potential confounding factor. And let Ie and Ie be the incidence rates 
of a disease in the presence and absence of an exposure. Let Re be the incidence 
rate ratio (or risk ratio) due to the factor, which is the ratio of the incidence rate 
in the presence of the factor to the incidence rate in the absence of the factor 
(le/le). Also, let Re be the true risk ratio for the exposure, and Pee and Pee be the 
proportion with the factor in the exposed and unexposed populations. Then, the 
risk ratio for the exposure unadjusted for the effect of the factor which I will 
refer to as Reu, (u standing for unadjusted), is 

Reu = Ie/Ie 

=R UePee+le (I-Pee)] 
e IePee+le(I-Pee) 

_ R [RiePee + Ie (I- Pee)] 
- e RiePee+le (I-Pee)] 

[(Re-I)Pee + 1] 
= Re --,------,--

(Re-l)Pee + I 
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(1) 
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The degree of confounding can be measured by the ratio of the unadjusted 
risk ratio, Reu' and the true (or adjusted) risk ratio, Re, and has been labelled the 
confounding risk ratio, or CRR by Miettinen (1972). Substituting the right
hand side of Eq. (1) for the unadjusted risk ratio gives 

CRR= Reu = (Re-1)Pee + 1 
Re (Re-l)Pee + 1 (2) 

Reu substantially different from Re, or equivalently, the confounding risk ratio 
much different from one, implies that the factor is a confounder for the exposure 
of interest. 

Note that if the risk ratio due to the factor, Re, equals one, or if the 
proportion with the factor in the exposed and unexposed populations is equal 
(Pee = Pee) then the confounding risk ratio equals one, and the factor is not a 
confounder. This agrees with the definition that a confounder must be related to 
the disease and related to the exposure of interest. Also, the right-hand side of 
Eq. (2) provides a method of indirectly estimating the confounding effect of a 
factor without information on the exposure-disease association. 

Two assumptions were made in the derivation of the confounding risk ratio. 
The first assumption is that the effect of the confounding factor and the 
exposure act multiplicatively on the risk of disease. That is, the risk ratio in the 
presence of both the confounder and the exposure is equal to the risk ratio for 
the confounder times the true risk ratio for the exposure. The definition of the 
confounding risk ratio under an additive risk model will not be considered in 
this article, but is discussed in a paper by Gail et al. (1988). The second 
assumption is that the true risk ratio for the exposure is not influenced by the 
level or value of the confounding factor. The violation of this assumption is 
referred to as interaction or effect modification. These assumptions can only be 
tested by direct estimation of the effect at each level of the exposure and 
confounding factor. Two other points need to be considered. First, by substitut
ing the rates and proportions of the general population for those in the 
unexposed group, we obtain the risk ratios for a standard cohort study in which 
the incidence or mortality rate in the exposed group is compared with that of the 
general population. Second, the calculation of the confounding risk ratio can be 
easily extended to confounders with more than two levels by allowing different 
risks and prevalence rates for each level ofthe confounder. If in fact, the risk ratio 
varies among different levels of the confounding factor and these levels are not 
taken into account in estimating the true risk ratio, Re, then the risk ratio will be 
biased. The degree of this bias depends on the variability in the risk ratio for the 
different levels of the confounder not being taken into account (Breslow and Day 
1980). 

It has been shown that the confounding risk ratio is considerably less than 
either the association of the confounder with the disease or the association of 
the confounder with the exposure (Breslow and Day 1980). Thus, only those 
factors with a strong association with the disease of interest and with large 
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differential prevalence rates across particular occupations will be major con
founders in occupational studies. 

Clearly, the factor with the largest association to diseases of importance in 
occupational studies is smoking and the disease with the largest smoking 
association is lung cancer. Smoking is also causally related to several other 
diseases including nonmalignant lung diseases, other types of cancer, and 
coronary heart disease, which have also been related to occupation. 

Axelson provided evidence of the degree of smoking confounding in occu
pational cancer studies by constructing Table 1 showing the potential con
founding risk ratios for hypothetical populations compared with a referent 
group approximating the smoking rates for the Swedish population (Axelson 
1978). To obtain a confounding risk ratio due to smoking of greater than 3, a 
population with 100% heavy smokers is needed. As well, a confounding risk 
ratio greater than 2 requires a population with no nonsmokers and 35% heavy 
smokers. Similarly, confounding risk ratios of less than 0.5 are only obtained 
for populations with no heavy smokers. In view of these results, observed 
occupational risk ratios of greater than 2 are unlikely to be due entirely to 
confounding by smoking. However, any occupation-disease association with a 
risk ratio less than 2 could be totally confounded by smoking. 

Very large relative risks for lung cancer were attributed to moderate and 
heavy smokers. For smaller relative risks, the confounding risk ratios would be 
closer to one. Thus, other potential confounding factors with smaller relative 
risks, socioeconomic status, for example, or the effect of smoking on other 
causes of death, such as coronary heart disease or bladder cancer are likely to 
have confounding risk ratios much closer to one. 

Table 1. Confounding risk ratios (CRR) for smoking in estima
tion of the risk ratio (RR) for lung cancer (from Axelson 
1978) 

Non-smoker 
(RR= 1) 

100 
80 
60 
50' 
40 
20 
10 
0 
0 

Percentage of group 
Moderate Heavy 
smoker smoker 
(RR= 10) (RR=20) 

0 0 
20 0 
35 5 
40 10 
45 15 
55 25 
60 30 
65 35 
0 100 

• Referent population. 

CRR 

0.15 
0.43 
0.78 
1.00 
1.22 
1.65 
1.86 
2.08 
3.08 
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It is apparent that for significant smoking confounding to exist, the occu
pational group studied needs to have a very different smoking profile than the 
general population. Several studies have been published examining the smoking 
habits of different occupational groups. Table 2 presents data from the 1985 
report from the u.S. Surgeon General which showed that the percentage of 
current smokers among male workers ranged from 55% for painters, con
struction and maintenance workers to 16% for electrical workers and electrical 
engineers. Substituting these rates into the equation for the confounding risk 
ratio, using the general population smoking rate of 41 %, and assigning a risk 
ratio for lung cancer for current smokers of ten, gives a range of confounding 
risk ratios of 0.53 to 1.27. 

Additional information on the range of smoking in occupational groups 
comes from a study by Asp who surveyed the smoking habits of 1990 males 
participating in a health screening program in Finland, and found that the 
percentage of current smokers ranged from a high of 68%-74% in mobile 
machine operators and construction workers, to a low of 22%-30% in civil 
servants, and business executives (Table 3) (Asp 1984). This study offers the 
improvement of examining smoking in three categories: never, ex, and current 
smoker. Using Asp's study population as the comparison group, the con
founding risk ratio for smoking varied from 0.67 for civil servants to 1.31 for 
construction workers. 

The previous two studies were examples of indirect estimation of the con
founding risk ratios. Studies have also been conducted which directly estimate 
the confounding risk ratio for smoking by examining unadjusted and smoking
adjusted risk ratios. This direct approach has the advantage that it does not 
require a prior assumption about the risk ratio for the confounder, but 
estimates it directly for the population of interest. However, the disadvantage is 
that the estimates of the crude and adjusted risk ratios are subject to sampling 
error. 

Blair et al. (1985) directly estimated the confounding effect of smoking using 
data from a cohort study of 294000 white male U.S. veterans. They examined 

Table 2. Confounding risk ratios (CRR) for smoking in estima
tion of the risk ratio (RR) for lung cancer (from US Surgeon 
General 1985) 

Electrical workers and electrical 
engineers 

Population 
Painters, construction 

and maintenance workers 

Percentage 
current 
smokers 

16.2 
40.9 

55.1 

CRR 
(RR= 10) 

0.53 
1.00 

1.27 
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Table 3. Confounding risk ratios (CRR) for smoking in estimation of the risk ratio (RR) 
for lung cancer. (From Asp 1984) 

Occupational Percentage CRR 
group Non-smoker exsmoker Current 

(RR= I) (RR= 10) smoker 
(RR=20) 

Civil servants 41 37 22 0.67 
Business executives 30 40 30 0.81 
Total population 24 28 48 1.00 
Mobile machine 

operators 7 25 68 1.28 
Construction workers 10 16 74 1.31 

Table 4. Confounding risk ratios (CRR) for smoking in estimation of the standardized 
mortality ratio (SMR) for lung cancer. (From Blair et al. 1985) 

Occupational group Crude Adjusted CRR 
SMR SMR 

Tailors and upholsterers 0.93 1.44 0.65 
Bakers and cooks 1.57 2.25 0.70 
Editors and reporters 1.09 0.79 1.37 
Tinsmiths and sheet-metal workers 1.36 0.94 1.45 

smoking in four categories: never smokers, ex-smokers, current cigarette smok
ers and smokers of other tobacco products or with missing smoking informa
tion. Usual occupation was the exposure variable examined. In order to 
minimize the sampling variability, they excluded occupations with less than five 
observed and expected deaths. 

Table 4 shows the crude and adjusted standardized mortality ratios (SMRs) 
and confounding risk ratios for the occupations with the most extreme con
founding risk ratios. The smallest confounding risk ratios were found for tailors 
and upholsterers (0.65) and bakers and cooks (0.70). The largest confounding 
risk ratios were for tinsmiths and sheet-metal workers (1.45) and for editors and 
reporters (1.37). Notice that for editors and reporters and tinsmiths and sheet
metal workers the crude SMRs were greater than one and the adjusted SMRs 
were less than one. Also, the crude SMR was less than one and the adjusted 
SMR greater than one for tailors and upholsterers. In these situations, the 
unadjusted SMR estimate would incorrectly assess the occupation-lung cancer 
relationship. 

In a recently published report, Siemiatycki et al. (1988) looked at crude and 
adjusted odds ratios for occupation and lung cancer from a study of 791 lung 
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cancer cases and 2063 other cancer and population controls, providing addi
tional information on smoking confounding by directly estimating the con
founding bias of smoking in a case-control study. The report also assessed the 
effect of degree of smoking stratification on the estimation of the confounding 
bias by examining several smoking classifications with different degrees of 
stratification. Among the smoking variables examined were never smoker vs 
ever smoker, and cumulative amount of cigarettes smoked in three and five 
levels. 

Exposure in this study was defined as working in a particular occupation for 
more than 6 months. To minimize the effect of sampling variation, only the 25 
occupations with the most subjects were considered. 

The measure of the confounding effect utilized was the confounding bias 
factor rather than the confounding risk ratio. The confounding bias factor is 
defined as the ratio of the unadjusted to the adjusted odds ratio, or the ratio of 
the adjusted to the unadjusted odds ratio, whichever is greater. This was done 
because the investigators felt that the extent of confounding was more import
ant than the direction of the confounding. Because for certain smoking cat
egories only the confounding bias factor was reported, the magnitude of 
negative and positive confounding cannot be evaluated. The level of the 
confounding bias factor for each of the 25 occupations studied by Siemiatycki 
and his colleagues is shown in Table 5. The largest confounding bias factor was 
1.62, for teachers. No other occupation had a confounding bias factor greater 
than 1.30 and, for the five-level smoking adjustment, 21 of 25 or 84%, were less 
than 1.20. 

The data suggest that the greater the degree of smoking stratification the 
greater the confounding bias factor. The proportion of occupations with a 
confounding bias factor greater than 1.20 are 1 of 25 or 4% for both the 
never/ever smoking variable and the three-level cumulative amount smoking 
variable and 4 of 25 or 16% for the five-level cumulative amount smoking 
variable. Additional information on smoking confounding in occupational 

Table 5~ Number of occupations with indicated con
founding bias factors by smoking stratification in the 
estimation of the risk ratio for lung cancer. (From Siemia
tycki et al. 1988) 

Confounding Never/ Pack years Pack years 
bias factor ever (3 levels) (5 levels) 

1.00-1.10 20 13 10 
1.11-1.20 4 11 11 
1.21-1.30 1 0 3 
1.31-1.40 0 0 0 
1.41-1.50 0 0 0 
1.51-1.62 0 1 1 
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cancer studies is provided from two studies conducted at the Cancer Control 
Agency of British Columbia; an historical cohort study of aluminum workers 
and a population based case-control study examining occupational risk factors. 

The cohort study of aluminum workers includes all workers with 3 or more 
years experience at the Alcan aluminum plant in Kitimat, British Columbia. 
The mortality and cancer incidence of these workers will be compared with that 
of the British Columbia population. The primary contaminant of interest is 
polycyclic aromatic hydrocarbons or PAHs and the major suspected cancer 
risks from exposure to PAHs are lung and bladder cancer. We have identified 
6210 individuals as past or current employees with 3 or more years of experience 
of whom 2127 are active employees. Data collected on each individual include 
identifying information and a complete work history. Smoking information is 
also being collected on each worker, and comes from four sources, self-reported 
(62%), next-of-kin (7%), collected information from a 1981 respiratory disease 
study conducted by the University of British Columbia (Chan-Yeung et al. 
1983) (30%), and company health records (1 %). Smoking information is still 
being collected, but complete smoking information (defined as known smoking 
status (non, ex, or current smoker) and usual amount of cigarettes smoked) is 
available for 75% of the total cohort and 86% of the active employees at this 
time. The follow-up of the cohort is not yet complete, but the potential 
confounding effect due to smoking in estimation of the lung cancer risk can be 
indirectly estimated using the available smoking information. 

The smoking distributions for the British Columbia population, obtained 
from Health and Welfare Canada's 1983 Labour Force Survey (Jassa 1983), for 
the total cohort and for the active employees in the cohort are in Table 6. In 
British Columbia, never smokers comprise 43% of the population, ex-smokers 
28% and current smokers 29% of which 6% are heavy smokers. The smoking 
rates of the cohort are higher than that of the general population, as there are 
fewer never smokers (26%), more ex-smokers (38%) and more moderate and 
heavy smokers, 21 % and 8%. The formula for indirectly assessing the con
founding risk ratio was applied using the following risk ratios for lung cancer 
mortality; 10 for ex and light smokers, 15 for moderate smokers and 25 for 
heavy smokers. This results in a confounding risk ratio of 1.26, which indicates 
that SMRs of 1.30 or greater for lung cancer cannot be explained by a 
differential smoking distribution. Direct estimates of the smoking-adjusted 
SMR and tests for interaction effects will be made upon completion of the 
study. 

The smoking rates of the active cohort were examined to determine the effect 
of using a sample of active workers from whom information is easier to obtain 
in order to indirectly assess confounding. This is a useful technique if the 
smoking distribution of the active workers approximates the smoking distribu
tion of the entire cohort. As shown in Table 6, active employees smoke slightly 
more than former employees with 24% and 10% moderate and heavy smokers 
respectively. Using this information, a confounding risk ratio of 1.32 was 
obtained. This estimate is similar although slightly higher to that obtained from 
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Table 6. Confounding risk ratio (CRR) for smoking in estimation of the risk ratio (RR) 
for lung cancer in the cohort of aluminum workers 

Percentage 
Never Ex-smoker Current smoker (cig/day) CRR 
smoker 

<10 11-25 26+ 

RR= 10 10 IS 25 
B.C. population 
(males 1983) 42.9 28.5 7.2 15.2 6.2 

Total 
cohort 26.2 37.6 7.1 21.0 8.0 1.26 

Active 
cohort 26.6 31.3 7.9 23.8 10.2 1.32 

the smoking data from the entire cohort, indicating that smoking information 
from current employees yields a reasonable indirect estimate of smoking con
founding. 

The remainder of the paper will focus on the results derived from a project 
referred to as the "Health in the Workplace Study," a population-based 
occupational case-control study. All male cancer cases in British Columbia aged 
20 years and over have, since 1983, received a questionnaire requesting detailed 
information on work and smoking history. To this date over 14000 question
naires have been collected. Substantive results from this study are presented 
elsewhere in this volume (Band et al.). 

The data used for the analysis of smoking confounding were 715 squamous 
cell lung cancer cases collected over the first 4 years of the study, and 1430 other 
cancer controls, matched 2: 1 on 5-year age group and year of identification. The 
objectives to this analysis were first to provide independent evidence of the 
extent of smoking confounding in occupational cancer studies, and second to 
determine the confounding effect of different levels of smoking stratification. 
Exposure was defined as more than 1 year employment in a particular occu
pation or industry. Occupations and industries were coded according to the 
1981 Canadian Standard Occupational Classification and Standard Industrial 
Classification, respectively (Statistics Canada 1981a,b). Three-digit occupa
tional and two-digit industrial groups were examined, for a total of 55 occupa
tions and 76 industries. 

In order to reduce the effect of sampling variation on confounding bias, only 
occupations and industries with at least 5 cancer cases or 10 controls were 
included in the analysis, for a total of 52 occupations and 60 industries. A 
greater restriction would have further reduced sampling variation, but might 
have eliminated jobs with extreme smoking distributions. 
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The effect of confounding was examined according to three different levels of 
smoking stratification. The first used three categories: never smoker, ever 
cigarette smoker and smokers of other tobacco products and unknown smoking 
status. The second consisted of four categories, with ever cigarette smokers 
separated into 1-30 and over 30 pack years. For the final stratification, ever 
cigarette smokers were separated into three categories, 1-24, 25-49 and 50 or 
more pack years. Table 7 presents the smoking distribution of the control 
group. 

The proportion of never smokers in the control group was 18%, much lower 
than the 43% of the B.c. population which had never smoked as seen in Table 
6. This is likely due to the inclusion of smoking related cancer sites, such as oral 
cavity and esophagus, in the control group. Four percent smoked other tobacco 
products only and 0.3% had unknown smoking status. In the four-level 
smoking classification, the percentages in the low and high cumulative amount 
of cigarettes smoked were 33% and 37% respectively, and for the five-level 
grouping 26%, 25% and 20% fell in the low, moderate and high categories 
respectively. Of the controls 8% had missing information on duration or 
intensity of cigarette. smoking and were grouped with the unknown and other 
smokers for the analysis of the four- and five-level smoking classifications. 
Unadjusted and adjusted odds ratios used in the calculation of confounding risk 
ratios were estimated by conditional logistic regression using the program 
PECAN on a Sun 3 minicomputer running UNIX (Storer et al. 1983). 

Table 8 shows the number of occupations with various confounding risk 
ratios by level of smoking stratification. The confounding risk ratios for the five
level smoking classification ranged from 0.47 to 1.50. Of the 52 occupations 11 
or 21 % had a confounding risk ratio outside of the middle range 0.80-1.25, and 
only two occupations had confounding risk ratios outside the range of 0.67-1.5. 
The dispersion of the confounding risk ratio increased slightly with the degree 
of smoking stratification, the standard deviations being 0.13, 0.17, and 0.19, 
respectively, for the three smoking groupings. Also, the proportion of occu
pations with confounding risk ratios outside the middle range 0.80-1.25, 

Table 7. Percentage of controls in smoking categories from the Health in the Workplace 
Study 

3" 4 5 

Never smoker 18.0 18.0 18.0 
Pack years (cigarette) All 78.0 1-30 32.9 1-24 26.2 

31 + 37.3 25-49 24.6 
50+ 19.5 

Other smoker (pipe, cigar) 3.7 3.7 3.7 

Unknown smoking status 0.3 8.0 8.0 

" Number of levels of smoking stratification. 
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Table 8. Number of occupations with indicated 
confounding risk ratios (CRR) by smoking strati-
fication 

Levels of smoking stratification 

CRR 3 4 5 

0.46--{).56 I I 
0.57-0.66 0 0 
0.67-0.79 2 3 4 
0.80-0.90 5 5 4 
0.91-0.99 9 13 14 

1.00 4 4 
1.01-1.10 23 13 13 
1.11-1.25 8 11 9 
1.26--1.50 0 5 
1.51-1.75 0 I 0 

Mean 1.01 1.01 1.02 
S.D. 0.13 0.17 0.19 

Table 9. Odds ratios for selected occupations and lung cancer, unadjusted and adjusted 
for smoking 

Occupation SOC· nb uORc .OR3d .OR4d .ORsd CRR" 

Apparel service 616 7 2.33 4.85 5.05 4.89 0.47 
Processingf 815-816 19 1.73 1.94 2.12 2.69 0.64 
Forestry 751 79 1.08 1.07 0.93 0.87 1.24 
Water transport 915 38 1.29 1.09 0.98 1.00 1.29 
Health professionals 311 3 0.27 0.26 0.24 0.18 1.50 

• Canadian Standard Occupational Classification. 
b Number oflung cancer cases who worked more than 1 year in the specific occupation. 
C Unadjusted odds ratio. 
d Odds ratio adjusted for the 3, 4, and 5 level smoking classifications, respectively. 
" Ratio of the unadjusted odds ratio to the five-level smoking adjusted odds ratio 

(uOR/.ORs)· 
f Chemicals/petroleum/rubber /plastics. 

increased with increasing smoking stratification, as there were 3 of 52 or 6% for 
the three-level grouping, 6 or 12% for the four-level stratification and 11 or 21 %, 
for the five-level classification. 

The unadjusted and adjusted odds ratios for occupations with extreme 
confounding risk ratios are shown in Table 9. The smallest confounding risk 
ratios, 0.47 and 0.64, were observed for apparel service occupations, for 
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example, dry cleaners, and for processing occupations in chemicals, petroleum, 
rubber or plastics. Most of the confounding in the apparel service occupations 
was accounted for by the three-level smoking classification, as the adjusted odds 
ratio was twice as large as the unadjusted one. Further smoking adjustment had 
little effect. However, the opposite was found for the processing occupations as 
the odds ratios increased steadily with increasing smoking stratification. For
estry and water transport occupations both had unadjusted odds ratios greater 
than 1.0 which steadily decreased to 1.0 or lower after adjustment for smoking. 
Health professionals had the largest confounding risk ratio, as the small 
unadjusted odds ratio became even smaller with increasing smoking stratifica
tion. 

The results for industries revealed similar patterns. The confounding risk 
ratios for the five-level smoking stratification ranged from 0.63 to 1.68. Out of the 
60 industries, 14 or 23% had confounding risk ratios outside the middle range 
0.80-1.25 (compared with 21 % for the occupations), and four had confounding 
risk ratios outside the range of 0.67-1.5 (compared with two for the occupations), 
shown in Table to. The dispersion of the confounding risk ratio again increased 
with greater smoking stratification. The percentage of industries with confoun
ding risk ratios outside the middle range were 4 of 60 or 7% for the three-level 
smoking stratification, 10 or 17% for the four-level grouping and 14 or 23% for 
the five-level classification. The standard deviations for the three levels of 
smoking stratification were 0.12, 0.19 and 0.21, respectively. 

The unadjusted and adjusted odds ratios for the industries with the most 
extreme confounding risk ratios are shown in Table 11. The personal service 
industry which includes barbers and dry cleaners and the mineral products 
industry, for example, concrete products, had the smallest confounding risk 

Table 10. Number of industries with indicated 
confounding risk ratios by smoking stratification 

Levels of smoking stratification 

eRR 3 4 5 

0.57-0.66 1 3 1 
0.67-0.79 3 3 7 
0.80-{).90 7 12 9 
0.91-0.99 17 II 8 

1.00 2 1 6 
1.01-1.10 !3 19 12 
1.11-1.25 7 7 II 
1.26-1.50 0 2 3 
1.51-I.75 0 2 3 

Mean 1.00 1.00 1.02 
S.D. 0.12 0.19 0.21 
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Table 11. Odds ratios for selected industries and lung cancer, unadjusted and adjusted 
for smoking 

Industry SIC n uOR aOR3 aOR4 aORs CRR 

Personal Service 97 22 1.63 2.27 2.53 2.55 0.63 
Mineral Products 35 7 0.93 1.06 1.05 1.30 0.71 
Food Service 92 33 2.15 2.02 1.83 1.62 1.32 
Storage 47 6 1.33 1.10 0.91 0.87 1.52 
Banking 70 19 1.23 1.11 0.81 0.73 1.68 

SIC, Canadian Standard Industrial Classification; for definition of other column hea
dings, see Table 9. 

ratios, 0.63 and 0.71 respectively. The five-level smoking-adjusted odds ratio for 
mineral products was 1.3, whereas the three- and four-level smoking adjusted 
odds ratios were close to one and the unadjusted odds ratio was less than one, 
0.93, showing a change from an estimated reduced risk to an estimated 
increased risk. This represents an example of an increased risk which would 
have been missed in a cohort study without a finely stratified smoking adjust
ment. The odds ratios for the food service industry, that is, restaurants and 
taverns, steadily declined with increasing smoking stratification, giving a con
founding risk ratio of 1.32, but the odds ratio after the five-level smoking 
adjustment remained elevated at 1.62. This exemplifies the situation where a 
large smoking confounding effect does not totally explain the unadjusted excess 
risk. The storage industry, which includes grain elevators, and the banking 
industry had the largest confounding risk ratios with moderate unadjusted odds 
ratios of 1.33 and 1.23 steadily dropping to less than one after adjusting for 
increasing smoking stratification. An odds ratio which changed from greater 
than one to less than one after adjustment was uncommon, as it occurred for 
only three occupations and four industries. However, it is important as it 
illustrates the situation where an excess risk would be erroneously reported if no 
smoking adjustment was made. 

Table 12 summarizes the results of the studies discussed which examined the 
confounding effect of smoking in estimation of the occupation-lung cancer 
relationship in a range of occupations or industries. There are two conclusions 
to be drawn from this table. The first is that the studies show consistency in the 
range of confounding risk ratios with all falling being between 0.46 and 1.68. 
This indicates first that an odds ratio greater than 1.70, would be very unlikely 
to be confounded by cigarette smoking, and second that for an observed 
unadjusted odds ratio of one, the true odds ratio would not likely be greater 
than 2.2, a situation which would arise with a confounding risk ratio of 0.46. 

The final conclusion is that the range of the confounding risk ratio, and 
particularly the highest value, increases with the degree of smoking stratifica
tion. Confounding risk ratios calculated from smoking variables of two or three 
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Table 12. Range of confounding risk ratios (CRR) for smoking in 
estimation of the relative risk for lung cancer 

Study 

u.S. Surgeon General (1985) 

Asp (1984) 

Blair et al. (1985) 

Siemiatycki et al. (1988) 

Health in the Workplace (occupation) 

Health in the Workplace (industry) 

Levels of 
smoking 
stratification 

2 

3 

4 

2 
3 
5 

3 
4 
5 

3 
4 
5 

CRR range 

0.53-1.27 

0.67-1.31 

0.67-1.45 

(0.77-1.30) 
0.62-1.19 
(0.62-1.62) 

0.48-1.22 
0.46--1.61 
0.47-1.50 

0.61-1.25 
0.61-1.53 
0.63-1.68 

levels such as in the reports of the U.S. Surgeon General, Siemiatycki et aI., or 
our Health in the Workplace study show confounding risk ratios of less than 
1.30. Analyses using a higher degree of smoking stratification show larger 
confounding risk ratios, as is particularly evident by our own results. This 
demonstrates that adjusting for smoking by a dichotomous variable could lead 
to biased estimates of the risk ratio, as not all confounding would be accounted 
for. 
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Statistical Issues in the Analysis of Data 
from Occupational Cohort Studies* 

N. Breslow 
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The overwhelming majority of statistical analyses of occupational cohort data 
are conducted in terms of the standardized mortality ratio or SMR. Saracci and 
Johnson (1987) reviewed 55 cancer epidemiology papers published during 1982 
in the American Journal of Epidemiology, the British Journal of Industrial 
Medicine and the Journal of Occupational Medicine. All but one of 20 occupa
tional cohort studies that they identified employed the SMR as the principal 
method of analysis. In spite of its evident popularity, the SMR is particularly 
susceptible to the selection and confounding biases that affect observational 
studies generally (Hill 1953; Cochran 1983) and its uncritical use as a summary 
measure has received frequent criticism (e.g., Gaffey 1976). The continuing 
debate regarding the relative advantages of local vs national rates as a basis for 
comparison (Gardner 1986) is a reminder that many other factors besides 
membership in a particular occupational cohort affect disease rates. "Back
ground" variation in SMRs computed for cohorts in different geographic areas 
can be expected to swamp the Poisson sampling variability that is reflected in 
the usual measures of statistical uncertainty. 

Doubts about the validity of SMR analyses and the desire to make fuller use 
of the available data have stimulated the recent development of several altern
ative methods of analysis of occupational cohort data. Greater emphasis is now 
given to within cohort comparisons of disease rates, to control of confounding 
through multiple regression analysis and to mathematical modelling of dose
time-response relationships (Thomas 1988). These methods are reviewed in a 
recent monograph on the design and analysis of cohort studies (Breslow and 
Day 1987), from which much of the material in this paper is drawn. 

Factors Affecting Disease Risk 

Appropriate statistical analysis of data from any observational study requires 
careful consideration of factors that could influence the outcome measure so 
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that their effects may be controlled to the greatest possible extent. Other factors 
may modify the primary associations of interest in such a way as to influence the 
causal interpretation. Relevant factors for occupational cohort studies include 
the following. 

Age and Calendar Year at Follow-Up 

These are the only factors controlled for in a standard SMR analysis. Age serves 
as a surrogate for cumulative nonspecific exposures, as well as changes in host 
susceptibility due to the aging process per se, while calendar year is a surrogate 
for nonspecific environmental exposures or secular changes in life-style factors. 

Age at and Calendar Year of Hire 

Modern industrial plants are generally much cleaner than those of yesteryear 
and thus the date of hire is often strongly correlated with exposure intensity. 
Differences in excess and relative risks according to age at hire are important in 
assessing whether the occupational exposure affects an early or late stage of the 
disease process (Day and Brown 1980). 

Period of Employment 

The "latent interval" is best defined in terms of excess disease risk as a function 
of time since initial employment, rather than from the observed distribution of 
time from employment to diagnosis in affected individuals (Peto 1985; Thomas 
1987). The evolution of risk following the cessation of exposure may provide 
clues as to the nature of the disease process and has clear implications for public 
health policy. Gilbert (1982) demonstrated that short-term nuclear workers had 
elevated death rates, especially from infectious diseases, compared with more 
stable elements of the work force and also that death rates were higher in the 
years immediately following termination of employment. Both observations 
are presumably related to selection biases known collectively as the "healthy 
worker" effect. 

Intensity of Exposure 

Quantitative measurements of exposure in occupational studies are often based 
on the history of job titles and work areas and are thus subject to substantial 
errors that may bias the estimates of dose-response trends (B. Armstrong, this 
volume). Nevertheless, qualitative comparisons between workers of similar 
backgrounds who are employed in different parts of the plant is of great 
relevance because of the relative lack of selection and confounding bias. 
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Personal Characteristics 

Differences between disease rates in the working cohort and those in the 
national or local comparison group are often ascribed to differences in ethnicity, 
education, social class and the personal habits that are correlated with these 
demographic variables. Moderate increases in lung cancer SMRs are essentially 
uninterpretable without concomitant information on smoking. A major issue in 
the statistical analysis of occupational cohort data is the control of confounding 
by personal characteristics for which data are lacking in the available company 
or union records (J. Spinelli, this volume). 

Methods of Statistical Analysis 

Person-Years and Rate Calculations 

The first and often the most difficult step in the analysis of occupational cohort 
data is the categorization of each risk factor into discrete levels and the creation 
of a multidimensional table whose cells contain, for each combination of factor 
levels, the number of deaths from each cause of interest and the person-years of 
observation. Age and calendar year are usually included as factors and the 
product of standard rates by person-years thus gives the "expected" number of 
deaths as an additional cell entry for use in SMR analyses. When there are a 
large number of factors, the total number of cells can easily exceed the total 
number of observations. Many cells will contain no deaths and very few person
years of observation. (Those with no person-years need not be retained.) 
Nevertheless, construction of this table in as much detail as possible is re
commended since it greatly facilitates the subsequent analyses. Computer 
programs are available for this purpose (Coleman et al. 1986; Marsh and 
Preininger 1980; Gilbert and Buchanan 1984; Preston and Pierce 1986; 
Waxweiler et al. 1983). 

If interest is focused on a single time-dependent factor, the nonparametric 
estimate of the cumulative mortality rate (Nelson 1969) provides a powerful 
tool for descriptive analysis. Shore et al. (1977) used this to advantage in their 
study of breast cancer following radiation treatment for postpartum mastitis as 
did Peto et al. (1982) in their analysis of mesothelioma rates among asbestos 
insulation workers. Such exploratory analyses are highly recommended as a 
prelude to more formal inferential analyses. 

A Single SMR for Each Cause of Death 

In spite of its deficiencies, the usual table of SMRs by cause of death provides a 
useful synopsis of the relative effects of cohort membership on different diseases. 
It is wise to exclude the first few years of follow-up and to limit the calculation 
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to members of the "stable" work force. The main point is not to stop here but to 
use this as a starting point for a more comprehensive analysis. 

Within Cohort Comparison of SMRs 

Current practice frequently involves the comparison of SMRs according to, for 
example, time since initial employment or predominant place of work. Formal 
statistical tests for heterogeneity and trend in such a series of SMRs are 
available. However, these are strictly valid only when the age/calendar year 
specific rates in each comparison group are a constant multiple of the standard 
rates and when the unexplained variation in SMRs is no more than that 
specified by the standard (Poisson) sampling assumptions. It is well known that 
comparison of indirectly standardized rates may be misleading when these 
conditions do not hold (Yule 1934; Miettinen 1972a). Examples are easily 
constructed where the trend in SMRs by exposure category points in the 
opposite direction from the trend in the age-specific rates. Closer examination 
reveals that the problem is one of confounding of the SMR ratios by age or 
calendar year and. that it can be overcome by inclusion of the confounding 
variables in a carefully validated regression model (Breslow and Day 1985). 
However, this approach is tantamount to estimating the background rates 
internally. 

Internal Standardization 

Doll and colleagues (1970) attempted an adjusted analysis of individual risk 
factor effects by stratifying the sample on the remaining factors. The pooled 
stratum specific rates were then used as the "standard" to determine the ex
pected numbers of deaths in each risk category in an SMR analysis. While it 
avoids some of the more extreme biases of comparisons based on an external 
standard, this approach is conservatively biased and the degree of conservatism 
increases with the degree of confoum,ling between risk and control factors. 

Mantel-Haenszel Analyses 

The Mantel-Haenszel technique offers a simple, robust approach to sum
marizing the age/stratum specific rate ratios between two or more comparison 
groups (Rothman and Boice 1979). Related tests are available for testing the 
null hypothesis of equality in the age-specific rates against alternatives of 
heterogeneity or trend (Hakulinen 1981; Gilbert 1983). The Mantel-Haenszel 
methods do not suffer from the problems of SMR comparisons. Their main 
drawback is the limitation on the number of strata that affects any stratified 
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analysis and the awkwardness of having to consider each risk factor separately 
rather than evaluating joint effects in a single comprehensive equation. 

Poisson Regression Analysis of Grouped Cohort Data 

Poisson regression analysis of the cross-classified numbers of deaths and 
person-years offers an efficient means of estimating the joint effects on mortality 
rates of several different risk factors (Holford 1980; Berry 1983; Frome 1983). 
Flexible computer programs like GUM (Baker and Neider 1978) and EGRET 
(Mauritsen 1988) facilitate the interactive fitting of many different models 
during a single work session. Incorporation of external standard rates into the 
model leads to a regression analysis of the SMR that can help identify situations 
where there is a serious problem of "noncomparability." Table 1 illustrates this 
aproach with grouped data from the Montana smelter workers study (Lee and 
Fraumeni 1969). The model with internal estimation of age- and calendar-year
specific respiratory cancer rates (not shown) yields estimated relative risks of 
approximately 1.6 for workers hired before 1925 vs those hired later and for 
foreign vs U.S. born and suggests an increase in rates according to the number 
of years of exposure especially to "high" levels of airborne arsenic. There is 
good agreement between the parameter estimates for this model and those for 
the SMR regression model in which calendar year has been included as a 
confounding variable. 

Table 1. Regression coefficients estimated by the Poisson mo-
del for the Montana cohort. (From Breslow and Day 1987) 

Variable External SMR analysis Internal 
Calendar year effects control 

Included Excluded 

Constant 0.26 0.58 
Hired before 1925 0.56 0.44 0.44 
Foreign born 0.49 0.41 0.46 
Heavy arsenic (years) 

1-4 0.17 0.20 0.19 
5+ 1.07 1.07 1.07 

Moderate arsenic (years) 
1-4 0.59 0.60 0.60 
5-14 0.25 0.26 0.26 
15+ 0.68 0.68 0.69 

Calendar period 
1950--1959 -0.08 
1960--1969 -0.23 
1970--1977 -0.48 
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Proportional Hazards Regression of Continuous Cohort Data 

When the data are of sufficient magnitude and quality to justify a more refined 
approach, Cox's (1972) proportional hazards regression model provides for 
regression analysis of the data in their original continuous form. Two main 
differences with Poisson regression are: (a) the "Cox" model allows the baseline 
cumulative mortality rates associated with one of the time factors to be 
estimated nonparametrically; and (b) continuous, time-dependent covariables 
representing the entire past history of exposure may be incorporated into the 
regression equation. The price paid is a limitation on the possible model 
structures and greatly increased computing costs. Depending on the goals of the 
analysis, one may wish to use age, time since first employment, or time since 
entry into the cohort as the basic time variable in the analysis, with the effects of 
the other time factors being modeled parametrically. Caution is needed when 
controlling for time since first employment in this fashion lest one mask the very 
exposure effects one is looking for (Breslow et al. 1983). 

Continuous time analyses of the SMR are accomplished by inserting the 
logarithm of the standard rates into the model equation as an offset, i.e., a time
dependent variable whose regression coefficient is fixed at unity (Andersen et al. 
1985; Breslow and Langholz 1987). As an example, Fig. 1 presents smooth, 
nonparametric estimates of the SMR for respiratory cancer in the Montana 
study as a function of time since initial employment, with and without adjust
ment for covariates. After accounting for the strong effects of employment 
before 1925, when introduction of a selective flotation process markedly re
duced airborne exposures, the apparent peak in the SMR some 30-40 years 
after employment completely disappears. 
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Fig. 1. Smoothed estimates of the standardized mortality ratio (SMR) for years since 
first employment for Montana smelter workers with (- - -) and without (--) adjust-· 
ment for covariable effects. From Breslow and Langholz (1987) 
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Alternative Model Structures 

Poisson regression is remarkably flexible in the variety of parametric model 
structures that it can accommodate. The computer program GUM gives the 
user a choice between excess risk models in which the effects of different risk 
factors on disease rates combine additively, relative risk models in which the 
effects combine multiplicatively, and power law models in which a power 
transform of the rates is expressed as a linear combination of co variable effects. 
Maximum likelihood estimates of the best-fitting power transform are facil
itated by GUM macros that employ "constructed" regression variables based 
on the results of previous fits. Figure 2 graphs the deviances for a range of 
models fitted to coronary heart disease rates occurring among British doctors. 
Smoking neither adds a constant amount to the age-specific background rates, 
nor does it multiply them by a constant amount. Rather its effects are best 
expressed on an intermediate scale: smoking increases the square root of the 
background rates (cases per 1000 person-years) by half (Breslow and Day 1987). 

As flexible as they are, one is by no means restricted to such "generalized 
linear models" with Poisson regression. Models with inherently nonlinear 
parameters are used increasingly (Frome 1983; Muirhead and Darby 1987). 
Preston and Pierce (1986) developed the computer program AMFIT to fit 
Poisson models where the rates are expressed as a sum of products of both linear 
and multiplicative functions of the regression variables. With continuous vari
able modelling, on the other hand, one is at present restricted to relative risk 
models for the covariable effects unless the baseline rates are estimated para
metrically rather than nonparametrically. 

A more ambitious approach to statistical modelling is to base the equation on 
an explicit biomathematical model of the disease process. For example, the 
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Fig. 2. Goodness-of fit statistics (deviances) for a variety of power models fitted to the 
British doctors data. From Breslow and Day (1987) 
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multistage model of carcinogenesis (Armitage and Doll 1961) predicts that a 
continuous lifetime exposure of constant intensity that affects exactly 2 of K 
stages will result in disease rates that are proportional to the square of the dose 
rate and the K - 1 power of duration of exposure. Doll and Peto (1978) fitted 
this model to lung cancer data from the British doctors study grouped by 
smoking rate and age to arrive at the equation 

rate=0.273 x 10- 12 (cigarettes/day + 6)2 (age-22.5)4.5 

for rates between 40 and 80 years of age. They argued that smokers tended to 
start smoking at about age 20-25 and that the exponent of 4.5 represented an 
(empirical) compromise between a disease process with 5 or 6 stages. Industrial 
exposures, however, are unlikely to occur at a constant rate over the lifespan 
and workers may vary substantially in the ages at which they start and stop 
exposure. Fitting of rather complicated dose-time-response models to the 
continuous data on exposure history is typically required in such circumstances. 
Thomas (1988) reviews a number of attempts that have been made to fit such 
models to epidemiological data. 

Selection of Models and Variables 

Criteria for the selection of a particular model equation include the plausibility 
of the basic model structure, the interpretability of the parameters in the model 
and the goodness-of-fit of the model to the data. When assessing the fit of any 
particular model, global measures such as the deviance or chi-square statistics 
should be supplemented by regression diagnostic procedures (Cook and 
Weisberg 1982) that identify particular regions of the data that are either poorly 
fit by the model or else have an inoridnate influence on the estimated para
meters. The decision to engage in statistical modelling of any kind rests on the 
belief that the bias due to misspecification of the model structure is of lesser 
consequence than the reduction in variance from model-based estimates. More 
highly parameterized models lead to predictions of disease risk that are less 
biased by an inadequate model structure but more affected by sampling vari
ability in the parameter estimates. Statisticians have suggested that goodness
of-fit measures such as the deviance be penalized by addition of twice the 
number of estimated parameters when evaluating models in terms of their 
ability to accurately predict future observations (Akaike 1973; Efron 1986). 
This criterion produces a reasonable tradeoff between bias and variance for 
models with varying numbers of parameters. 

A notable deficiency in current statistical practice is the tendency to present 
results exclusively in terms of a single "best" model, chosen for example by a 
stepwise variable selection algorithm based upon some standard model form. 
This ignores the fact that other models that involve different variables or 
different structures, that have roughly equivalent explanatory power, and that 
fit the data equally well may have notably different epidemiologic interpreta-
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tions or lead to notably different risk estimates, especially when these are 
extrapolated to or beyond the boundaries of the observed data. There is a much 
greater role for sensitivity analyses that explore the dependence of study 
conclusions on the modelling assumptions that are made in the course of the 
statistical analysis. 

Collection and Analysis of Data on Personal Characteristics 

A particular problem affecting occupational cohort studies is the fact that data 
on personal characteristics such as smoking, alcohol consumption and diet are 
not available in the usual industry records. Ascertainment of such covariable 
data may require expensive abstraction of medical charts or personal interviews. 
Several proposals have been made to limit the number of subjects for whom 
covariable data need to be collected and analyzed. 

Nested Case-Control Studies 

Analysis of cohort data via the proportional hazards model involves the 
enumeration of the distinct times at which the events of interest occur and the 
formation of risk sets consisting of all subjects who were under observation just 
prior to that time. Regression variables of the cases in each risk set are 
compared with those of the non-cases using a probability model in which the 
conditional probability of being a case is assumed proportional to the relative 
risk. The number of risk sets is typically small in comparison with the number of 
subjects and can be reduced even further by minor grouping of observations 
along the time axis. For example, in our analyses of the 8014 Montana smelter 
workers followed between 1938 and 1963 the 142 respiratory cancer deaths gave 
rise to 91 distinct risk sets defined by integral ages (in years) and 5-year calendar 
periods at death. Since the average risk set size was 322 subjects, this effectively 
meant that 30000 data records needed to be processed for each iteration in the 
fitting algorithm. Thomas (1977) suggested that one could approximate the 
resultant estimates by drawing a small sample of control subjects, usually no 
more than four or five, from each risk set and performing the same analysis on 
reduced risk sets consisting of just the cases and sampled controls. For the 
Montana study, this would reduce the number of subjects for whom co variable 
data needed to be collected from 8000 to about 450 (or fewer, since some 
controls may be sampled in more than one risk set). Similarly it would reduce 
the effective size of the data file needed for the full analysis from 30000 to 450. 
Table 2 demonstrates that the nested case-control approach accomplished its 
goal of approximating the results of the full proportional hazards analysis 
(Breslow et al. 1983). However, more than four or five controls per risk set may 
be desirable when the object is to accurately approximate the relative risks 
associated with rare exposures and the cost of additional data collection is not 
at issue. 
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Table 2. Comparison of regression coefficients and standard errors from Cox 
regression analysis of Montana data with those from nested case-control 
samples. (From Breslow et al. 1983) 

Variable Cox Nested case-control 
model n=20 n=lO n=5 

A. Regression coefficients 
Foreign born 0.72 0.70 0.66 0.75 
No. of decades of heavy arsenic 

exposure 0.60 0.69 0.74 0.85 
No. of decades of moderate arsenic 

exposure 0.22 0.21 0.29 0.35 

B. Standard errors 
Foreign born 0.20 0.21 0.23 0.25 
No. of decades of heavy arsenic 

exposure 0.13 0.16 0.18 0.23 
No. of decades of moderate arsenic 

exposure 0.Q7 0.08 0.10 0.11 

Case-Cohort Sampling 

Prentice (1986) proposed an alternative case-cohort design for use especially 
with disease prevention trials where all subjects are enrolled during the same 
short calendar period. A subcohort is sampled at the outset for purposes of 
covariable ascertainment and analysis. As disease cases occur outside this 
subcohort, additional covariable data are collected for them. Risk sets are 
formed from the pool of subcohort members plus other cases and the analysis 
proceeds as before. However, estimation of the standard errors of the regression 
coefficients is more complicated due to the necessity of accounting for cor
relations between risk set contributions to the (pseudo) likelihood equations. 

The case-cohort design appears more advantageous than the nested case
control design for two reasons. First, when more than one disease outcome is to 
be considered, controls in the single subcohort may be compared with the cases 
of each disease. A completely separate control sample would be required for 
each disease with the nested case-control approach. Second, since subcohort 
members and cases are analyzed in each risk set in which they occur, whereas 
controls in the nested study are analyzed only in the particular risk sets from 
which they were sampled, the risk set sizes for the case-cohort study tend to be 
larger for the same total number of subjects and standard errors of the 
parameter estimates are accordingly smaller. However, Langholz and Thomas 
(unpublished data) have shown that this improvement in efficiency is not nearly 
so great as imagined earlier due to the fact that controls may be sampled more 
than once with the nested design. Furthermore, when the entry period is spread 
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widely over calendar time and there is considerable censoring due to deaths 
from competing causes or loss-to-follow-up, the case-cohort design loses effici
ency because the latest risk sets contain too few controls. 

Two-Stage Designs 

A serious drawback to both the nested case-control and case-cohort designs is 
that they ignore data on exposure and disease for subjects not included in the 
subsamples selected for co variable ascertainment. If exposure is rare, both may 
fail to sample many of the informative subjects who are exposed and disease
free. One needs "selectivity in both series" so that all rare subjects, whether 
cases or exposed, are included in the sample (Miettinen 1972b). 

A "two-stage" design is now available that accomplishes this goal. At the 
conclusion of the cohort study, subjects are classified jointly on the basis of the 
disease outcome and a small number of exposure categories. Balanced sub
samples consisting of an equal number of cases and controls are drawn from 
each exposure stratum for purposes of covariable ascertainment. When both the 
exposure indicator and the covariable are binary, White (1982) demonstrated 
how to combine the data from both first and second stage samples to estimate a 
covariable adjusted relative risk with appropriate standard error. Breslow and 
Cain (1988) developed the requisite modifications of logistic regression analysis 
so that the design could be used also with multiple or continuous variables. 
When a separate relative risk is to be estimated for each of the exposure strata 
used to select the second stage sample, simple adjustments are made to the 
logistic analysis of the second stage data so as to correct the regression 
coefficients for the biased sampling and their standard errors for the extra 
information available in the first stage data. 

The two-stage design is illustrated here with data from the first 18 years of the 
Framingham study (Kannel and Gordon 1974). Table 3 shows the distribution 
of 5052 study subjects with no prior diagnosis of coronary heart disease (CHD) 
who had known values for the relevant baseline covariables. From each of the 

Table 3. Distribution of 5052 Framingham residents by age, 
sex, and CHD. (First 18 years of FU) 

Age Males Females 
(years) CHD NoCHD CHD NoCHD 

30-39 73 742 24 996 
40-49 158 603 75 870 
50+ 189 481 154 687 

Total 420 1826 253 2553 



Statistical Issues in the Analysis of Data 89 

Table 4. Regression coefficients and standard errors in logistic analysis of 
CHD risk in Framingham 

Variable Full dataset Balanced sample (n = 298) 
(n=5052) 

Unadjusted Adjusted 

A) Regression coefficients 
Constant -1.42 -0.18 -1.28 
Sex -0.85 0.14 -0.92 
Age 0.68 -0.14 0.68 
FRW 0.95 -0.12 -0.07 
SBP 1.56 2.58 2.55 
Cigarettes 0.38 0.26 0.27 

B) Standard errors 
Constant 0.10 0.23 0.16 
Sex 0.10 0.26 0.16 
Age 0.06 0.16 0.11 
FRW 0.27 0.78 0.78 
SBP 0.18 0.61 0.62 
Cigarettes 0.07 0.23 0.23 

FRW, Framingham relative weight; SBP, systolic blood pressure. 

six age/sex strata, 25 cases who developed CHD and 25 controls were sampled, 
except that for females aged 30-39 years all 24 available cases and an equal 
number of controls were used. Table 4 presents the results of logistic regression 
analyses for the entire cohort of 5052 subjects and for the sample of 248 
subjects, with and without appropriate adjustment for the known sampling 
ratios. Adjustment is needed to get unbiased estimates of the coefficients for age 
and sex. The difference between adjusted and unadjusted standard errors shows 
how much the use of the first stage data improves the precision. Note that the 
coefficients and standard errors for the "covariables" Framingham relative 
weight, systolic blood pressure and cigarettes are little affected by the adjust
ment since most of the information about them comes from the subsamples. 

Dealing with Selection Bias; the Healthy Worker Effect 

Perhaps the most difficult issue to deal with in the statistical analysis of 
occupational cohort data is "healthy worker" selection bias. Persons selected 
for initial employment tend to have lower mortality rates than the general 
population, and those who remain at work many years later have lower 
mortality rates than those who have already terminated (Fox and Collier 1976). 
Workers who accumulate the heaviest exposures tend to be those who have 
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worked the longest and stayed the healthiest. Peto (1985) has called attention to 
the dose-response fallacy that results from uncritical examination of relative or 
excess risks according to categories of cumulative exposure. Mortality rates are 
generally lower during the first few years following entry into a new cumulative 
exposure category by virtue of the fact that a person is necessarily still employed 
at the time of crossing the boundary. This biases the dose-response curve in the 
direction of a negative relationship. 

The essential dilemma here is the existence of an unmeasured confounding 
variable, namely health status, that strongly affects both continuing exposure 
and disease mortality. Workers who develop signs or symptoms of chronic 
illness, even before an outright diagnosis, are removed from hazardous areas or 
voluntarily terminate their employment and thus cease their exposure. Gilbert 
(1983) suggested lagging the time-dependent exposure variables by a period of 2 
or more years on the grounds that: (a) any exposure received within, say, 2 years 
of death could not have contributed to it; and (b) the disease process is so rapid 
that signs or symptoms would not appear earlier than 2 years prior to death and 
so could not influence exposure during that period. These assumptions seem 
reasonable for a disease like lung cancer that has a long latent interval and 
a rapidly fatal course. However, they do not apply when the endpoint is 
cardiovascular disease mortality. Robins (1987) has proposed some rather 
complicated analytic procedures for this situation whose validity also, unfortu
nately, rests on un testable assumptions. Nonetheless, some further experience 
with his proposals would be desirable. 

Conclusions 

Statistical methods for the analysis of occupational cohort data are now 
available that make full use of the collected data and that avoid some of the 
more obvious biases associated with traditional SMR analyses. Nonparametric 
estimates of cumulative mortality rates and ratios as a function of age and other 
time variables lend themselves to exploratory, graphical analyses as a prelude to 
formal model building. Poisson regression analyses of multidimensional tables 
of deaths and person-years make efficient use of the data and are flexible as 
regards model structure. Proportional hazards analyses of continuous data are 
available for special situations. Provided that appropriate regression analyses 
are carried out to validate their use, tables of observed and expected numbers of 
deaths by various combinations of exposure factors offer a convenient way of 
summarizing the results of the study in synoptic form for publication. Several 
new methods of design and analysis of substudies of covariable effects should 
see increasing use in future years. Lagged exposure variables provide one 
means, admittedly imperfect, of dealing with "healthy worker" selection 
biases. 
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Introduction 

Predictions concerning human responses to carcinogen exposures depend to a 
large extent on the extrapolation of results obtained from tissue cultures or 
animal models. Because of differences in the pharmacology of carcinogens in 
different species, such extrapolations are of restricted value. Furthermore, there 
is a tendency to compare the effects of high carcinogen doses such as are used in 
experiments with cultured cells and rodents, with the actions of low doses to 
which humans are usually exposed. These difficulties can be overcome by using 
markers which are applicable to cultured cells, animal models and human 
subjects. We have previously shown that micronuclei are suitable internal 
dosimeters for revealing tissue-specific genotoxic damage in individuals exposed 
to carcinogenic mixtures (Stich et al. 1982a, b; Stich 1987; Stich and Rosin 1983, 
1985) and for following the response to chemopreventive agents in short-term 
intervention trials (Stich 1986a, b, 1987; Stich et al. 1984, 1988). In this paper, 
we place particular emphasis on the automated scoring of micronuclei, which 
would make this test applicable to large-scale studies of human population 
groups. 

Micronuclei: Background and Definition 

Micronuclei have recently received considerable attention. As examples, they 
have been used as markers in genotoxic tests for carcinogens (Bruce and Heddle 
1979; Jenssen and Ramel 1980; Schlegel and MacGregor 1984), in detecting 
organ-specific effects of carcinogens in animals (Wargovich et al. 1983; Blakey 
et al. 1985; Ronen and Heddle 1984), in tracing the transplacental action of 
genotoxic agents (Cole et al. 1981; Henderson et al. 1984), in examining the 
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effect of protein deficiency (Rabello-Gay et al. 1985), in quantitating the 
synergistic actions of smoking and alcohol consumption (Stich and Rosin 
1983), in recognizing patients with chromosomal instability syndromes (Rosin 
and German 1985; Rosin and Ochs 1986), in identifying carcinogen-exposed 
human tissues at elevated risk for cancer (Raafat et al. 1984; Stich and Rosin 
1985; Mandard et al. 1987), in the prognosis of non lymphocytic leukaemia 
(Hogstedt et al. 1981), in evaluating the response to anti1eukaemic agents (Abe 
et al. 1984), and in following the response to the administration of chemo
preventive agents in clinical trials (Stich et al. 1984, 1985). 

The term "micronucleus" has been applied to a variety of structures, all of 
which give a positive Feulgen reaction, are located in the cytoplasm, have no 
connection to the main cell nucleus, and are considerably smaller than the main 
nucleus. Micronuclei result from acentric chromosome and chromatid frag
ments or from aberrant chromosomes which have not been included in the main 
nucleus, and thus appear as separate entities in the cytoplasm. Our recent 
electron microscopic studies have revealed numerous small micronuclei which 
would escape detection in a light microscopic examination (Figs. 1-6). Further
more, the tiny Feulgen-positive, irregular, round clumps seen by light micro
scopy also proved to be membrane-bound micronuclei containing internal 
structures which resemble chromatin (Figs. 1 and 2). Many investigators 
exclude irregularly shaped cytoplasmic DNA bodies from their micronuclei 
counts. In our laboratory, we score all Feulgen-positive bodies because of the 
difficulty in distinguishing one micronucleus from another. Thus, our scores of 
micro nucleated cells are somewhat higher than those of, for example, Fontham 
et al. (1986) and Munoz et al. (1987), who restrict their counts to the larger 
round bodies in the cytoplasm. 

If the size distribution of the micronuclei follows a fixed pattern, then whether 
all Feulgen-positive bodies are served, or only the larger ones that can be 
positively' identified as round, membrane-bound micronuclei under the light 
microscope, should not affect the comparison between controls and carcinogen
exposed tissues. However, the question must be asked whether the size distribu
tion of micronuclei actually varies in cell populations exposed to different doses 
of one genotoxic agent, or among cells treated with different genotoxic chemi
cals. To resolve this issue we measured the sizes of micronuclei in Chinese 
hamster ovary (CHO) cells exposed for 3 h to methyl methanesulfonate (MMS) 
and benzo(a)pyrene (B(a)P), respectively. No major differences in the size 
distribution pattern were detected between two different doses of MMS or 
between MMS and B(a)P treatment (Fig. 7). However, a completely different 
distribution pattern became evident when the effect of a chromatid-breaking 
agent (MMS) was compared with that of colchicine which blocks the formation 
of mitotic spindles and leads to aberrant chromosomes (Fig. 8). The results 
clearly show that large micronuclei predominate in the colchicine-treated cell 
population. Thus, a comparative study that would restrict the scoring to only 
the large bodies could lead to erroneous conclusions. We suggest that all 
detectable DNA-positive micronuclei should be scored, and that no arbitrary 



Figs. 1-6. Electron microscopic pictures of nuclear structures in CHO cells exposed for 
3 h to MMS (1 x 1O - 4 M) and sampled 24 h after treatment. 1- 3 Small micronuclei with 
nuclear membranes and internal structures. 4 Nuclear protrusion which, on light 
microscopic examination, could be mistaken for a micronucleus. 5 A chromatid or 
chromosome fragment which is partially surrounded by a nuclear membrane. This 
structure will later form a micronucleus. 6 Micronucleus into which cytoplasmic 
components are being included. 
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Fig. 7. Size distribution of micronuclei in CHO cells exposed for 3 h to (1) MMS at 
I x 1O-4M (n=761) or (2) 4 x 1O-4M (n=708) and (3) B (a)P at 5 x 1O - 4M (n=468), 
and sampled 24 h after treatment (Feulgen reaction measurements done visually on 
enlarged photographs) 
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Fig.8. Different size distribution of micronuclei in CHO cells treated with the mutagenic 
MMS (1 x 1O-4M, lined boxes) and the spindle toxin colchicine (final concentration 
0.001 %, dotted boxes) for 3 h (Fe ulgen reaction, image analysis) 

line should be drawn between small and large Feulgen-positive structures in the 
cytoplasm. 

Micronuclei as Internal Dosimeters 

A measure of the range of biologically effective doses of carcinogens in various 
human tissues would be highly desirable. However, prior to accepting micro
nuclei as internal markers, several issues must be resolved. Among them the 
collection of human specimens appears to be of primary importance. Exfoliated 
cells can be readily obtained from oral and nasal mucosa, sputum and urine 
using noninvasive procedures. In these cases, repeated sampling is feasible. This 
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possibility is a prerequisite when responses to the administration of chemo
preventive agents are being traced, when the progression of precancerous 
lesions into carcinomas is being followed and when the efficacy of chemothera
peutic agents is being evaluated. On the other hand, the collection of exfoliated 
cells from cervical, oesophageal and bronchial tissues is semi-invasive, and can 
be repeated only at longer time intervals. Another approach consists of scoring 
micronuclei in tissue sections. However, since the taking of biopsy material is in 
most cases restricted to diagnostic or therapeutic purposes, this approach is not 
acceptable for large-scale population studies. Somewhat neglected are the 
immense possibilities offered for study by human tissue sections and smears 
which are stored in pathology departments around the globe. By using this 
material, the frequency of micro nucleated cells can be traced throughout the 
medical history of a patient. 

A possible source of error is the variation in the site from which exfoliated 
cells are sampled, since the frequency of micronuclei can vary among different 
areas of a carcinogen-exposed tissue (Stich 1987). For example, the highest 
frequency of micro nucleated cells was observed in areas of the oral mucosa 
which come into close contact with betel quids or snuff (Stich et al. 1982b; Stich 
1987). Brushings, swabbings, or flushings of large tissue regions will invariably 
contain a mixture of cells from areas with high and low frequencies of micro
nucleated cells. This "averaging" of the counts could result in an under- or 
overestimation of the real frequency of micro nucleated cells in a particular 
tissue segment. Moreover, frequencies of micronuclei could be affected by the 
mistaken inclusion of individuals with chromosome instability syndromes 
(Rosin and Ochs 1986) into the "control" group. The sampling of tissues 
infected by viruses that produce chromosome aberrations (Stich and Y ohn 
1970) could also elevate the formation of micronuclei in "controls". 

A further complication of the micronucleus assay is the necessity of cells to 
divide. Chromatid and chromosome fragments or aberrant chromosomes can 
only be excluded from a nucleus during mitosis. Thus, differences in the mitotic 
rate of various cell populations could affect the scoring of micro nucleated cells 
and lead to erroneous conclusions. There are several ways to cope with this 
situation. Micronuclei in tissues with similar mitotic rates are directly compar
able. The mitotic rate can be readily estimated on biopsy specimens which are 
either treated in organ cultures with colchicine to accumulate metaphases or 
with H3TdR to measure DNA synthesis. A more convenient procedure is to 
restrict the scoring procedure to binucleated cells which can occur "spontan
eously", or are induced by the application of cytochalasin-B which in the 
lymphocyte system proved to be the method of choice (Fenech and Morley 
1985a, b, 1986). 

A more detailed discussion of the pros and cons of the micronucleus test can 
be found in a previous publication (Stich 1987). If we consider that the 
micronucleus assay has only recently been applied'to human tissues, then the 
results on human population groups that are exposed to environmental or 
lifestyle carcinogens or carcinogenic mixtures are quite impressive (Table 1). 
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Table 1. Frequency of micronuclei in human tissues at elevated risk for cancer 

Tissue Suspected Elevation of Reference 
carcinogenic micro nucleated 
factors cells (fold) 

Oral mucosa: 
Gingival groove Snuff 4.2 Stich et al. (1985) 
Inner lip Khaini tobacco 4.4 Stich et ill. (1982a) 
Floor of mouth Nass 8.2 Stich (1987) 
Buccal mucosa Betel quid 9.4 Stich et al. (1982b) 

Smoking and drinking 4.6 Stich and Rosin 
(1983) 

Smoking 3.4 Fontham et al. (1986) 
Curry 1.5 Picker and Fox (1986) 

Oesophagus Unknown 
(oesophagi tis) 3.4 H.F. Stich and D.G. 

Zaridze (unpublished 
data) 

Smoking a Mandard et al. (1987) 

Urinary bladder Schistosoma 
haematobium 13.5 Raafat et al. (1984) 
Smoking 6.0 Fontham et al. (1986) 
Smoking and coffee 
drinking 9.4 Stich (1987) 
Smoking Shift to higher 

values Reali et al. (1987) 

Bronchial epithelium Smoking 2.6 Fontham et al. (1986) 
Smoking 2.2 H.F. Stich 

(unpublished data) 

Cervical epithelium Smoking 5.1 Fontham et al. (1986) 
Unknown (dysplasia) 3.0 Stich (1987) 

Blood lymphocytes Styrene 1.5 Hogstedt et al. (1983) 
Styrene 9.0 Meretoja et al. (1978) 
Styrene 4.0 Nordenson and 

Beckman (1984) 
X-ray contrast media 1.6-4.3 Parvez et al. (1987) 

Bone marrow Antileukaemic agents > 34.0 Abe et al. (1984) 

Spermatids Smoking 1.4 Liihdetie (1986) 

a Elevated frequencies were observed in only 5% of patients examined. 



100 H.F. Stich et al. 

Micronuclei in Chemopreventive Trials 

A considerable number of studies have been dedicated to the search for so
called intermediate endpoints, which could predict the development of pre
cancerous lesions. These endpoints are envisaged as surrogates for cancer. Since 
micronuclei can reveal exposure levels of a tissue to carcinogens, and since the 
incidence of cancer is linked to exposure levels of carcinogens, the use of this cell 
marker seems to be justified. Based on this assumption, the micronucleus assay 
was recently applied to follow the response of tobacco chewers to the adminis
tration of chemopreventive agents. A reduction in the frequency of micro
nucleated cells following the administration of chemopreventive agents should 
indicate the efficacy of these agents in preventing·carcinogen-induced injury to 
the genome. The rationale of this approach is also based on the hypothesis that 
an increase in micronuclei indicates a reshuffling of gene sequences, including 
oncogenes, and that this will increase the chance of neoplastic transformation. 
Consequently, a reduction in the frequency of micronuclei will diminish the 
probability of a genomic reshuffling. Our recent pilot intervention trials were 
conducted on fishermen in Kerala (India), who chewed an average of 17 betel 
quids daily and are at elevated risk for oral carcinomas. The chewers were 
distributed at random into four groups: I, placebo capsules; II, beta-carotene 
(180 mg/week); III, beta-carotene (180 mg/week) plus vitamin A (l00 000 
IV/week); and IV, vitamin A (200000 IV/week). The participants continued to 
chew in their accustomed manner during the entire course of the trial. All 
treatments led to a reduction in the number of micro nucleated cells, to a 
remission of oralleucoplakias, and to a reduced development of new leucoplak
ias. Figure 9 shows the rapid reduction in micronucleated buccal mucosa cells 
and the slower remission of oralleucoplakias among chewers receiving beta
carotene and vitamin A. 
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Fig. 9. Reduction of micronucleated oral mucosa cells and concomitant remission of 
oral leucoplakia during an intervention trial with beta-carotene on tobacco/betel nut 
chewers 
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Automated Detection of Micronuclei 

To detect small but significant changes in the frequency of micro nucleated cells, 
relatively large numbers of micronuclei must be scored. Assuming a 1 % to 2% 
background frequency of micronucleated cells, it would require the examination 
of 500 to 2000 cells to detect a two-fold increase within a 95% confidence 
interval. Assaying such a large number of cells is tedious, slow and expensive. It 
is also open to subjective interpretations. Thus, if the micronucleus assay should 
become routinely used as a diagnostic tool or should become applicable to 
monitor larger population groups, it must be fully automated. 

An automated scoring system requires the preparation of stained cells (e.g., 
Feulgen reaction or the fluorochrome Hoechst 33258) (MacGregor et al. 1983) 
with a minimum of overlap to minimize the incidence of false positive and 
negative errors. Such a scoring system must (a) discriminate between nuclear 
and cytoplasmic material; (b) recognize fully separated micronuclei from main 
nuclei (Fig. 10); (c) recognize partially separated (touching) micronuclei from 
main nuclei (Fig. 10); (d) measure area of nucleus and micronucleus; (e) 
measure DNA content of nucleus and micronucleus; (f) measure shape para
meters of nucleus and micronucleus; (g) measure texture parameters (distribu
tion) of DNA in the nucleus and micronucleus; and (h) mark nuclei of cells 

Fig. 10 A-H. Various shapes and sizes of micronuclei found in CHO cells exposed for 3 h 
to MMS (I x 1O- 4 M). Arrows point to structures which could be either micronuclei or 
nuclear protrusions 
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which divided at least once prior to sampling (binucleated cells) (Fenech and 
Morley 1986). 

Due to the small size of most micronuclei, a high spatial resolution will be 
required. This calls for a good optical resolution with available sensors. Precise 
segmentation of nuclear material from the cytoplasm will require a high degree 
of spectral resolution, particularly as the segmentation has to be made fast and 
reliable. For estimating the amount of DNA in nuclei and micronuclei , includ
ing very small ones, a very high photometric resolution must be achieved. In 
many cases, fluorescent nuclear stain may prove more advantageous than 
conventional stoichiometric nuclear stains. 

At present, there is no image cytometry device commercially available which 
would fulfill all the above requirements (Callisen et al. 1986). We believe that the 
development of such a system is possible. However, it would require a new 
generation of image cytometry devices. The present-day image cytometry 
devices have been designed by equipping a conventional microscope with an 
image transducer, most often a video tube. Neither the optical properties of the 
microscope, nor the sensing properties of the video transducers are adequate for 
the development of a simple and inexpensive apparatus for micronucleus 
detection and characterization in a fast and reliable manner. All the above-listed 
objectives can be met by a Solid State Microscope, which is currently under 

Fig. 11. Digital image of nuclei with micronuclei. DNA of CHO cells (treated with 
6 x 1O - 4M MMS) was stained with Feulgen stain, and the images captured by the Cell 
Analyzer at 60 + magnification. The images were segmented into nuclear material and 
background. From the optical density measurements of the picture elements (pixels) in 
the nucleus, the amount of high, medium and low density chromatin was calculated, 
shown as black, grey and white pixels. The number, frequency, size, shape, amount of 
DNA, distribution of DNA and other texture parameters in the nuclei and micronuclei 
can be computed from such data. Scanning for nuclei and micronuclei and feature 
analysis can be performed in a fully automated manner 
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development in the Cancer Imaging Section of the B.C. Cancer Research 
Centre, incorporated into a device such as the Cell Analyzer (palcic and Jaggi 
1990; Jaggi et al. 1989). If used in a scanning mode, imaging the mathematical 
transformation of spectral information, stained DNA, nuclei and micronuclei 
can be readily detected and segmented from the cytoplasm. Figure 11 shows a 
picture of a nucleus and micronucleus imaged by a simulated system of a Solid 
State Microscope. Size, DNA amount, shape and texture features could also be 
determined-while the slide is being scanned. When the Solid State Microscope is 
developed, its usefulness for the scoring of micronuclei in large-scale ex
periments will be validated. 
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Introduction 

Population-based cancer registries provide a unique opportunity for epi
demiologic research aimed at identifying occupational cancer risks. However, 
this potential has been underutilized due to insufficient information on occu
pation and industry or data on important confounders such as cigarette 
smoking, alcohol consumption and socio-economic status (McCrea Curnen et 
al. 1984). Due to these limitations, occupational studies using population-based 
cancer registries for case ascertainment have generally focussed on studies of 
occupational risks associated with a single tumor site,(Jarvisalo et al. 1984; 
McLaughlin et al. 1987; Pearce et al. 1986a,b), and have rarely encompassed the 
broad spectrum of human malignancies with the possibility to control for 
confounding variables (Williams et al. 1977). 

We have undertaken a study to determine occupational cancer risk in male 
cancer patients in British Columbia (B.c.), the most westerly province of 
Canada with a population of 2.7 million. Cancer care and services in this 
province are under the responsibility of the Cancer Control Agency of British 
Columbia (CCABC), which operates two cancer centres as well as the popula
tion-based British Columbia Cancer Registry (BCCR). In this report, the study 
methodology and preliminary data on occupational risk in non-Hodgkin's 
lymphoma and squamous cell lung cancer will be presented. 

Methods and Procedures 

The British Columbia Cancer Registry 

In British Columbia, cancer has been a notifiable disease since 1932, although 
good ascertainment was not achieved until 1969. Since 1969, duplicates of all 
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bustion products have been associated with scrotal tumors in chimney sweeps 
since as early as 1775 (Pott 1775). The carbonization of bituminous coal to 
produce coke also emits complex organic mixtures similar to coal combustion 
emissions. Epidemiological studies (Lloyd 1971; Redmond et al. 1972, 1976, 
1979) revealed that coke oven workers were at an increased risk of mortality 
from lung cancer, prostate cancer, and kidney cancer. Mazumdar et al. (1975) 
showed a dose-response relationship between exposure of coke oven emissions 
and development of lung cancer in coke oven workers. 

A China national cancer survey for the cancer mortality rate during 
1973-1975 first revealed that Xuan Wei County in rural Southern China has an 
unusually high lung cancer mortality rate (Li et al. 1979). A subsequent clinical 
survey conducted at a local hospital confirmed this finding (Coordinative 
Group of Lung Cancer in Xiang Wei District 1979). These survey results caused 
great public health concern and prompted investigations into lung cancer 
problems in Xuan Wei. In this report, we use the Xuan Wei lung cancer study as 
a case study to evaluate lung cancer risks from exposure to the complex organic 
mixtures of coal and wood combustion emissions. 

Xuan Wei Background 

Xuan Wei county, which encompasses a total area of 6257 km2, is located in 
qortheastern Yunnan Province, China. The county is situated on a plateau with 
high mountains, its altitude ranging from 920 m to 2866 m. The county has a 
population of 1 million people, who live in 20 communes. Ninety percent or 
more are farmers. Most residents (94%) are Han, the predominant ethnic group 
in China. Local industries include coal mining; production of fertilizer, solvent, 
and cement; and electric power generation. All these plants were built after 
1960. More than 40% of Xuan Wei males smoke tobacco, and less than 1 % of 
Xuan Wei females smoke. The tobacco products used are commercial cigarettes 
and locally grown tobaccos. Tobacco is often smoked through water pipes 
(He et al. 1986). 

High concentrations of air pollutants are generated in Xuan Wei homes 
(Mumford et al. 1987). In Xuan Wei, home heating is required in the winter 
months. For generations, Xuan Wei residents have used one of three fuels, 
"smoky" coal, "smokeless" coal, or wood, for domestic heating and cooking. 
Smoky coal is equivalent to medium-volatile bituminous coal with 0.2% sulfur, 
20% ash, and a heating value of 27.1 MJ/kg (Mumford et al. 1987). Burning of 
smoky coal generates high concentrations of smoke in the homes. Smokeless 
coal is a low-grade coal with 1.9% sulfur, 49% ash, and a heating value of 
14.5 MJ/kg. Before it is burned, the pulverized smokeless coal is usually mixed 
with clay to form briquets. A much lower level of smoke is generated by 
smokeless coal than by smoky coal. Both types of coal come from small local 
mines distributed throughout the county (see Fig. 1). Women usually are 
responsible for most household chores, which include starting the fire and 
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Fig. 1. Map of Xuan Wei County, showing commune boundaries, each commune's 
unadjusted annual lung cancer mortality rate per 100000 (both sexes, 1973-75), and 
mines supplying domestic coal: • smoky coal; 0 smokeless coal. Designated communes: 
high mortality - CG, Cheng Guan; LB, Lai Bin; RC, Rong Cheng; low mortality - P L, Pu 
Li, RS, Re Shui; YL, Yang Liu. (From Mumford et al. 1987, with permission; copyright 
1987 by the AAAS) 

cooking. A survey of 64 Xuan Wei residents showed that women on average 
spend about 7 h near the household fire, and men spend 3.7 h near the fire. Men 
spend more time (9.6 h) working outdoors than women (6.7 h; He et al. 1986). 

Characteristics of Lung Cancer in Xu an Wei 

High Lung Cancer Mortality Rate 

In Xuan Wei, respiratory disease is the number one leading cause of death 
(He et al. 1986). Of the Xuan Wei deaths due to cancer, the mortality rate for 
lung cancer is the highest, followed distantly by those for liver cancer and 
stomach cancer. In the overall statistics for China, stomach cancer is the leading 
cause of cancer deaths. Lung cancer in Xuan Wei is the only cancer for which 
the mortality exceeds China's national average (Li et al. 1979). Lung cancer 
reported in this paper includes carcinomas of the lung parenchyma, bronchus, 
and trachea. Table 1 presents the annual lung cancer mortality rates in Xuan 
Wei. The lung cancer mortality rate for women in Xu an Wei is the highest in 
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Table 1. Annual lung cancer mortality rates in China and the United States. (From 
Mumford et al. 1987, with permission; copyright 1987 by the AAAS) 

Mortality rate (per 100(00) 

Unadjusted Age-adjusted to Age-adjusted to 
1964 1970 
China population US population 

Males Females Combined Males Females Males Females 

China, 1973-75 5.0 6.8 3.2 12.3 5.7 
United States, 1970 53.7 12.0 30.0 6.3 53.7 12.0 
Yunnan Province, 1973-75 2.8 4.3 1.5 6.9 2.5 
Xuan Wei County, 1973-79 27.0 24.5 27.7 25.3 43.2 38.7 
Three high-mortality Xuan 

Wei communes (Cheng 
Guan, Lai Bin, Rong 
Cheng), 1973-79 114.4 120.6 118.0 125.6 186.8 193.4 

China, and the rate for Xuan Wei men is among China's highest (Department of 
Public Health, People's Republic of China 1979). 

Lung Cancer Types 

A clinical study conducted in a high-mortality commune, Lai Bin, showed that 
of 115 sputum specimens from lung cancer patients, 58% contained cells with 
squamous carcinomas, and 28% contained cells with adenocarcinomas; cells in 
the remaining 14% of the specimens were characterized by mixed-cell, un
differentiated, or alveolar carcinomas (Coordinative Group of Lung Cancer in 
Xiang Wei 1979). In general, percent distribution of these cancer types is similar 
in males and females, even though females have a slightly higher percentage of 
the adenocarcinoma cell type (31 %) than males (25%) and a lower percentage 
of the squamous carcinoma cell type (55%) than males (62%). 

Similarity of Lung Cancer Rates in Males and Females 

In most countries, the lung cancer mortality rates for males are higher than 
those for females. This difference is mainly due to more cigarette smoking and 
higher occupational exposure in males than in females. In China overall, the 
ratio of male-to-female lung cancer mortality is 2.1 (Li et al. 1979). In contrast, 
the corresponding ratio in Xuan Wei is only 1.09. In Lai Bin, one of the 
communes with a high rate of lung cancer, the ratio is 0.87, indicating that the 
lung cancer mortality rate for females is higher than that for males. The lung 
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cancer mortality rates for age groups of 45-49, 50-54, and 55-59 years are 
higher in females (407.8, 669.9, and 904.0 per 100000, respectively) than in 
males (348.5, 513.7, and 849.4 per 100000, respectively) in the three communes 
with high mortality rates for lung cancer (He et al. 1986). These findings suggest 
that domestic factors are most likely associated with lung cancer in Xu an Wei 
females. 

Lung Cancer Death at an Early Age 

The Xuan Wei data plotted in Figs. 2 and 3 show that, for both males and 
females, the 55- to 59-year age group has the highest mortality rate for lung 
cancer, in contrast to the age-specific data for China as a whole, for which the 
age group of 70-74 has the highest lung cancer mortality rate. The average age 
at death of lung cancer patients in Xu an Wei (54.2 for males and 53.7 for 
females) is 6 years lower than that of the China national average (He et al. 
1986). In comparison with other areas in China with high lung cancer rates, the 
age at death is also the lowest in Xuan Wei. These findings suggest that (a) Xuan 
Wei residents are exposed to the cancer-causing agent at an early age and thus 
the disease is manifest at an early age, and/or (b) the cancer-causing agent is 
very potent and is latent for only a short period before manifestation of the 
disease. 

1,000 ..--.--.----.--,--,.-----,--,....--,--.,---,.---,--.,----,---, 

o 
g 800 
o 
o 
... 
CII 

a.. 600 
.~ 
ttl 
~ 
o 
:E 400 ... 
CII 
v 
I: 
ttl 

U 
Cl 200 
I: 
::l ..... 

MALE 
o Xuan Wei county 
& 3 Xuan Wei communes with 

high rates of lung cancer 
• China average 

o~~~~~~~~ 
15- 20- 25- 30- 35- 40- 45- 50- 55- 60- 65- 70- 75- 80& avg 
19 24 29 34 39 44 49 54 59 64 69 74 79 older 

Age Groups 

Fig_ 2. Age-specific lung cancer mortality rate for Xuan Wei (1973-79) and China 
(1973-1975), male population 
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Fig. 3. Age-specific lung cancer mortality rate for Xuan Wei (1973-79) and China 
(1973-1975), female population 

Geographical Variation in Lung Cancer Mortality Rates in Xuan Wei 

There is a wide variation among Xuan Wei communes in lung cancer mortality 
rates, ranging from 0 to 151.8/100000, as shown in Fig. 1. The central 
communes, Cheng Guan, Lai Bin, and Rong Cheng have the highest rates. Most 
communes located in the peripheral regions showed lower mortality rates for 
lung cancer. This suggests that the specific environmental determinants of lung 
cancer may be geographically related. 

Xuan Wei Lung Cancer and Contributing Factors of Occupation and 
Tobacco Smoke 

Studies have shown that the causes of lung cancer are mostly environmental 
(Dean 1962; Coy et al. 1968; Mazumdar et al. 1975). The relevant environ
mental factors contributing to lung cancer are tobacco smoke, occupation, and 
residence-related air pollution. Tobacco smoke is known for causing lung 
cancer in man (International Agency for Research on Cancer 1986). Thus, it is 
essential to investigate the role of tobacco smoking in lung cancer mortality in 
Xuan Wei. In Xuan Wei, even though the smoking rate for females (0.2%) is 
much lower than the male rate (42.7%), the lung cancer mortality rates for 
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Table 2. Comparison of two Xuan Wei communes for lung-cancer mortality, 
cigarette smoking, and domestic fuel use. (From Chapman et al. 1988) 

Commune 

Lai Bin 
Re Shui 

Lung cancer 
mortality rate" 
(per 100000) 

109.3 
2.3 

With history 
of cigarette 
smoking 
(%) 

Male Female 

44.0 
49.1 

0.05 
0.07 

" Unadjusted annual lung cancer mortality, 1973-1975. 

Population 
using smoky coal 
(%) 

89.7 
Db 

b 66.6% of Re Shui residents use wood, and 33.4% of these residents use 
smokeless coal. 

females and males are similar (25.3/100000 for females and 27.7/100000 for 
males). 

The results ofa 1982 survey of tobacco smoking in two Xuan Wei communes, 
one with a high lung cancer rate and one with a low rate, also suggested that 
smoking is not the main factor contributing to the high lung cancer mortality in 
Xuan Wei (He et al. 1986). As shown in Table 2, the 'commune with the high 
lung cancer rate, Lai Bin, and the low lung cancer commune, Re Shui, have 
similar smoking rates, but the lung cancer mortality rates are very different. 
These observations suggest that factors other than tobacco smoking contribute 
to the high lung mortality rate for cancer in Xuan Wei. 

A clinical survey was conducted in Xuan Wei in the late 1970s. In a 
population of 91187 people surveyed, 262 lung cancer cases (287/100000) were 
detected. According to occupation, the detection rate in farmers, office workers, 
and coal miners was 339, 118, and 15 per 100000, respectively (Coordinative 
Group of Lung Cancer in Xiang Wei District 1979). This finding suggests that 
Xuan Wei lung cancer is not associated with nonagricultural occupations. 

Lung Cancer and Indoor Air Pollution from Coal and Wood Combustion in 
Xuan Wei 

The above observations suggested that the high mortality rate from lung cancer 
in Xuan Wei can not be attributed to tobacco smoke or occupational exposure. 
Because Xuan Wei residents, especially women, have been exposed to high 
concentrations of coal and wood combustion indoors and because incomplete 
combustion products are a rich source of carcinogens, the relationship between 
domestic fuel use and Xuan Wei lung cancer was investigated. A 1982 fuel 
survey (He et al. 1986) conducted in 11 Xuan Wei communes showed that the 



Human Lung Cancer Risks 113 

160 r--'--~---'---'---'---r--'---,---,-~ 

o 
o 
o 
Q 
o 
': 120 

'" Q. 

.~ 
~ 
~ 80 

Y = 1.3142 X 100.0202x 
R =0.95 

o~==~~~~-A~-L __ ~ __ L-__ ~~ __ ~ __ ~ 
o 20 40 60 80 100 

Percent of Households Using Smoky Coal 
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logarithm of the lung cancer mortality rate was highly correlated (R = 0.95) with 
the percentage of households using smoky coal before 1958 (Fig. 4). No 
correlation was found between lung cancer and percentage of households using 
wood. This finding generated the hypothesis that indoor air pollution from 
domestic use of smoky coal is the prime determinant of lung cancer in Xuan 
Wei. Under a China-US agreement (China-US Protocol 1980), we are conduct
ing interdisciplinary studies to examine the relationship between Xuan Wei lung 
cancer and indoor exposure of coal and wood combustion emissions in Xuan 
Wei. The up-to-date results are presented below. 

Indoor Air Monitoring, Characterization, and Toxicological Studies 

Indoor air and outdoor air were sampled in a central commune, Cheng Guan, 
where mortality was Xuan Wei's highest (151.8/100000) and smoky coal is the 
major fuel, and in a southwestern commune, Re Shui, where mortality is low 
(2.3/100000) and wood (67%) and smokeless coal (33%) are the fuels used. 
Inhalable particles ( < 10 j1.m, or PM 1 0) and semivolatile organic compounds 
were collected by filters and XAD-2 resin from four homes of each commune 
during cooking periods (Mumford et al. 1987). The particles were examined by 
electron microscope to determine size. The percentage of organic mass extract
able by dichloromethane in the particles was determined. Polycyclic aromatic 
hydrocarbons were analyzed by gas chromatography and mass spectrometry 
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(Nishioka et al. 1982). The organic extracts were also fractionated into com
pound classes to identify the biologically active compounds (Petersen and 
Chuang 1982). The Ames Salmonella/microsome mutation assay (Ames et al. 
1975), which has been widely used to screen environmental agents for potential 
carcinogenicity, was used to determine the mutagenicity of the organic extracts 
and fractions. The organic extracts of particles emitted from indoor combustion 
were also bioassayed in the L5178Y TK +/- mouse lymphoma cell mutation 
assay to confirm the mutagenicity of these organic emissions in a mammalian 
cell system. The method of Clive et al. (1979) was used for the lymphoma assay. 
A skin tumor initiation assay was also conducted to assess the tumorigenicity of 
the emission samples (Mumford et al. in press). Female Sencar mice were 
initiated topically with organic extracts of the indoor combustion emission 
particles; mice were dosed at 1, 2, 5, 10, and 20 mg/mouse at week 1 and then 
promoted with the tumor promoter 12-0-tetradecanoylphorbol-13-acetate 
(TPA) twice weekly for the subsequent 26 weeks. Data reported here are the 
results of scoring papillomas after 26 weeks of promotion. 

Peak Exposure, Particle Size, and Chemical Analysis of Emissions 

As shown in Table 3, the indoor concentrations ofPM1o during combustion of 
smoky coal and wood were very high (24.4 mg/m3 and 22.3 mg/m3, respect-

Table 3. Characteristics of indoor air particles in Xuan Wei homes during cooking8 

Smoky coal8 Wood Smokeless coal 

Particulate concentration (mg/m3 ) 24.4 ± 3.3 22.3 ± 2.08 1.8 
Particle size (percent of submicron 
particles) 51 6 N.A. 
Organic mass extractable 
(percent) 72.3 ± 6.7 55.1 ± 7.0 27.0 
PAH concentrationsb (llg/m3) 
Benzo[aJanthracene 25.1 ± 5.0 4.0 ± 1.1 1.0 
5-Methylchrysene 7.3 ± 2.7 0.2 ± 0.06 0.2 
Benzofiuoranthene 22.7 ± 4.6 2.7 ± 0.7 1.9 
Benzo[aJpyrene 14.7 ± 3.0 3.1 ± 1.0 0.6 
Indeno[ 1 ,2,3-cdJpyrene 8.4 ± 3.9 2.0 ± 0.6 0.5 
Dibenzo[ ae Jpyrene 11.7 ± 4.2 0.2 ± 0.07 0.6 
Dibenz[ajJacridene 0.7 BDL 0.007 

8 Data from four homes (mean ± SEM) except data on smokeless coal, particle size, and 
dibenz[aJJacridene are from one home. 

b Compounds presented are the ones that showed sufficient evidence of carcinogenicity 
in experimental animals (International Agency for Research on Cancer 1983). 
BDL, below detection limit; N.A., data not available. 
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ively). These concentrations are more than 100 times the US 24-h ambient air 
standard for PM 10 (Federal Register 1984). The indoor particulate concen
trations during combustion of smokeless coal were much lower. The outdoor 
concentrations, 0.58 mg/m3 and 0.05 mg/m3 for the Cheng Guan and the Re 
Shui communes, respectively, were much lower than the indoor concentrations. 

Electron microscopy studies showed that 51 % of the particles from smoky 
coal combustion were less than I jim in diameter, and most particles were 
spherical (Mumford et al. 1987). In contrast to smoky coal emission particles, 
only 6% of wood particles were smaller than 1 jim. Many large, unburned fuel 
particles were found in the wood combustion emission. Organic extraction 
studies showed that more than 70% of the particles emitted from smoky coal 
combustion were organic-extractable, in contrast to the wood and the smoke
less coal emission particles, which had organic-extractable mass fractions of 
only 55% and 27%, respectively (Table 3). Much lower content of organic
extractable matter was found in the outdoor air particles of the Cheng Guan 
(42%) and Re Shui (13.3%) communes. 

Fractionation of the organic extract of the smoky coal emission particles 
showed it contained 36.4% aromatic compounds, 35% of moderately polar 
compounds, and 30.8% polar compounds; whereas the organic extract of wood 
combustion particles contained mostly polar compounds (78.3%), and only 
7.7% of the mass was found in the aromatic fraction (Table 4). A mutagenicity 
study of the fractions showed that the aromatic and the polar fractions of the 
smoky coal organic extract exhibited the highest mutagenic activity (Mumford 
et al. 1987). A recent study of mouse skin tumor initiation showed that the 
aromatic fraction exhibited the highest activity. (X. Li et aI., unpublished data). 
Quantitative gas chromatography and mass spectrometry analysis showed that, 
in comparison with wood combustion emissions, the organic extract of smoky 
coal combustion particles contained higher concentrations of the carcinogenic 
PAR, methylated PAR, and nitrogen-containing heterocyclic compounds 
(Table 3). The polar fraction of the smoky coal sample included nitrogen
containing compounds (e.g., diphenyl pyrrole, acridine, and methyl acridinone) 
and also some oxygen-containing compounds (e.g., fatty acids, fatty acid esters, 
aromatic ketones, and quinones). Low levels of these organic compounds were 
found in the smokeless coal emission (Mumford et al. 1987). 

Mutagenicity and Tumorigenicity of the Organic Extracts from 
Combustion Emission Particles 

The mutagenicity studies in bacterial and mammalian cell assays showed that 
the organic extracts of all three types of combustion emission particles induced 
mutation. All the XAD samples showed little mutagenic activity in the Ames 
assay (Mumford et al. 1987). The organic extracts of the emission particles also 
showed tumor initiation activity in the mouse skin assay (Table 5). In all three 
assays, the smoky coal samples consistently showed much higher biological 
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activity than the wood or the smokeless coal samples. Good concordance 
among the three assays was observed. A complete carcinogenesis assay in 
Sencar mouse skin also showed that the smoky coal extract induces squamous 
cell carcinomas as a complete carcinogen when applied dermally twice weekly 
for 52 weeks at 2 mg per mouse per week without TPA promotion (Mumford et 
al. in press). The results of these short-term genetic and carcinogenic assays are 
in agreement with human lung cancer data, showing that smoky coal emissions 
are more potent than wood or smokeless coal emissions. 

Epidemiological Case-Control Study 

A case-control study is currently ongoing in Xuan Wei. The control subjects, 
who are matched with lung cancer patients by age ( ± 4 years) and sex, are 
randomly selected throughout the county. Table 6 shows the preliminary 
findings from the first 33 case-control pairs of males and 39 pairs of females 
(Chapman et al. 1988). The results show that the risk of lung cancer in Xuan 
Wei is associated with the use of smoky coal. In general, a higher odds ratio was 
found in females than in males. This may be attributed to the longer time that 
females spend near the fire every day. Also, a general trend indicated the odds 
ratio increased with the duration of using smoky coal. 

Summary 

The study of Xu an Wei fuel use and lung cancer mortality and also the interim 
case-control study suggested an association between domestic smoky coal use 
and Xuan Wei lung cancer. The collaborative studies of physical characteriza
tion, chemical analysis, and toxicology further substantiated this linkage. The 
Xuan Wei residents who used smoky coal inhaled extremely high concen
trations of mostly submicron-sized particles, which can be inhaled and depos
ited effectively deep in the lung. These fine particles were composed mostly of 
organic compounds (72%), including mutagenic and carcinogenic organic 

Table 6. Interim odds ratios associated with smoky coal use in 
Xuan Wei lung cancer cases and controls. (From Chapman 
et aI., 1988) 

Time using smoky coal Males Females 
(33 pairs) (39 pairs} 

Now 1.5 2.6 
20 years ago 1.3 2.9 
At age 12 4.0 3.7 
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compounds, especially in the aromatic and polar fractions. These residents were 
exposed to polycyclic aromatic compounds, such as benzo[a]pyrene, at com
parable or higher levels than those measured in coke oven plants and other 
occupational environments (International Agency for Research on Cancer 
1984). In comparison with wood and smokeless coal combustion emissions, the 
organic extracts of smoky coal emission particles showed much higher activity 
of genotoxicity and carcinogenicity. These results all point to a strong etio
logical link between the complex organic mixtures from smoky coal emissions 
and Xuan Wei lung cancer. 

This study and studies reported by other investigators (de Koning et al. 1984) 
suggested little association between indoor open-fire wood smoke and lung 
cancer. The less efficient lung deposition of the larger particles from wood 
combustion, as well as the lower concentrations of biologically active organic 
compounds, may contribute to the low rate of lung cancer in the wood-burning 
communes. As to the smokeless coal emissions, the lower particulate concentra
tion and the lower organic content of the particles emitted may also contribute 
to the low lung cancer rate in the commune using this fuel. 

In conclusion, the complex organic mixtures from combustion emissions are 
genotoxic and carcinogenic in animal and in vitro assays. The magnitude of the 
cancer risks from the complex organic mixtures in man depends on the degree of 
the exposure, the ·types of the compounds contained in the mixtures, and the 
concentrations of these biologically active compounds present in the com
bustion emissions. 
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Cancer Risks Due to Asbestos and M an-Made Fibres 
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Introduction 

Almost exactly 100 years ago, the mmmg and milling of asbestos began, 
reaching peak production in the early 1970s. Since then, because of the cancer 
hazard, the asbestos industry has gone into rapid decline and its very survival 
put in doubt. Production of manmade mineral fibres (MMMF) has followed a 
parallel trend, with a lag of about 50 years, and is now faced by similar fears. 
Few if any environmental agents have been subjected to such intense biological 
research as mineral fibres, for good reason, and their economic importance is 
equalled only by the threat they pose. 

This paper will summarize what is reasonably well established on the epi
demiology of asbestos-related malignant disease and then examine in more 
detail some results of recent research, including that on MMMF. Lung cancer 
and malignant mesothelioma are the main concern; cancers of the gastrointesti
nal tract, larynx and certain other sites have also been linked to asbestos 
exposure, but their total impact is relatively small and the nature of the 
association less clear. In a recent view, Doll and Peto (1987) concluded that, 
except for laryngeal cancer, there were insufficient grounds for attributing any 
of these diseases to asbestos. After an extensive examination of the epi
demiological evidence on laryngeal cancer, Liddell (1988) remained unconvin
ced even for these tumours. Without more data these questions cannot be 
resolved. 

For lung cancer and mesothelioma the situation is quite different. Although 
important differences in risk have been demonstrated with fibre type and 
industrial process, the overall impact of asbestos exposure on health is substan
tial. An indication of its magnitude is shown in Table I which summarizes the 
results of all cohort studies published to date. Even in the absence of informa
tion on age, sex, smoking and exposure intensity the consistent pattern of 
mortality is striking. The experience of cohorts exposed to the amphiboles and 
chrysotile-amphibole mixtures is closely similar but several times worse than 
those exposed to chrysotile only. This large difference is partly explained by the 
rarity of mesothelioma in the chrysotile-only cohorts but also be lesser risks 
from lung cancer and pneumoconiosis. 

Recent Results in Cancer Research, Vol. 120 
:C' Springer. Verlag Berlin- Heidelberg 1990 
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Table l. Excess mortality in cohorts exposed to asbestos (%) 

Chrysotile Amphiboles Chrysotile-
only only amphibole 

mixtures 

Pneumoconiosis 83/4996 102/2008 254/6471 
(n=21; male only) 1.7% 5.1% 3.9% 

Lung cancer 02/5827 137/2187 772/ 10882 
(n=42) 1.8% 6.3% 7.1% 

Mesothelioma 12/5476 78/2187 422/ 10904 
(n=40) 0.2% 3.6% 3.9% 

Total excess 3.7% 15.0% 14.9% 

Based mainly on data in A.D. McDonald and J.e. McDonald (1987) 
Tables 2-3 and 2-4 and in J.e. McDonald and A.D. McDonald 
(1987) Table 3- 3. 

More reliable indications of risk are obtained from studies in which attempts 
have been made to estimate individual exposures in terms of intensity and 
duration. There are some 11 studies to date in nine population groups which 
meet this requirement, albeit with exposures based primarily on dust not fibre 
concentrations and these usually scanty and indifferent in quality. For lung 
cancer these studies have demonstrated two salient features, evident in Fig. 1. 

Relative 
fisk 

3 

2 

Textiles and 
tremolite mining 

Cement and 
mixed products 

JJ.~~~==;======~ Chrysotile mInIng and friction 
200 products 100 

I/ml.-Iy 

Fig. l. Relative risk (RR) of lung cancer for different industrial processes and fibre types 
(see text) 
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The first is that the exposure-response relationships appear essentially linear 
and, if expressed as relative risks, pass through the origin. The second is that the 
gradients vary enormously with both industrial process and fibre type. Thus, the 
risk of lung cancer from chrysotile exposure is far greater in the manufacture of 
textiles than of cement or friction products. Similarly, a difference of equal 
magnitude is exhibited between miners and millers of chrysotile and miners and 
millers exposed to tremolite. Although the relationships for mesothelioma are 
less well quantified, higher risks were seen in the same type of industry (e.g. 
mining, textiles and cement plants) when exposure included amphibole fibres 
rather than chrysotile alone. 

One further epidemiological feature is well established: the risk oflung cancer 
after asbestos exposure is highly dependent on smoking habit; that of meso the 1-
ioma is not. Although, for lung cancer, the interaction appears close to 
multiplicative (Berry et al. 1985), the number of asbestos workers with lung 
cancer who have never smoked is small and the histories quite uncertain. On the 
other hand, if any co-factor is required in mesothelioma it is unlikely to be 
tobacco (A.D. McDonald and J.e. McDonald 1987). 

Linearity - Threshold Issues 

The shape of the exposure-response relationship for asbestos-related cancers 
has considerable academic and scientific importance with great practical and 
economic implications. When we first reported that there was "a clear direct 
relationship, which may well be linear, between excess lung cancer mortality and 
total dust exposure" (Liddell et al. 1977), we had in mind the applications of this 
finding to the workplace. We gave little thought to the possibility that risk 
assessments might be attempted by extrapolation to the very much lower 
airborne fibre concentrations experienced by the general population. Even 
similar approximations to linearity in further cohort studies did not increase our 
confidence in the validity of such speculation. We have discussed elsewhere our 
reasons for questioning this procedure (J.e. McDonald 1985; J.e. McDonald 
and A.D. McDonald 1987). The main points are as follows:-

1. In all published studies exposure is expressed as the simple product of 
duration of employment (well documented) and average dust concentration 
(approximate at best). Bearing in mind the questionable assumption of 
equivalence between these two components of "cummulative exposure", the 
remarkable straightness of the lines might be more easily explained by 
duration of exposure, with little or no contribution from concentration 
except in quite general terms. The results of an analysis of 58 cases of lung 
cancer in the Quebec cohort with less than 2 years employment and of 98 
referents matched for smoking habit, year of birth, date of employment, 
gross service and mining area is shown in Table 2 (F.D.K. Liddell and J.e. 
McDonald, unpublished). Although mean exposure ranged from less than 10 



Cancer Risks Due to Asbestos and Man-Made Fibres 125 

Table 2. Lung cancer in men employed less than 2 years 

Concentration Cases Referents' RR 
(f/ml) (n) (n) 

<10 27 44 1 
10-29 8 18 0.7 
30-99 16 18 1.4 
100+ 7 18 0.6 

58 98 

a Matched for smoking habit, year of birth, date of 
employment, gross service and mining area. 

RR, risk ratio. 

to over 100 flml no relation to relative risk was seen. Further analyses on 
these lines are needed to describe the effect on risk of fibre concentration 
after allowance for duration of exposure. 

2. A second general question concerns the comparability of reference popu
lations used in cohort analyses. Figure 2 illustrates the difficulty of detecting 
whether or not the 11 available fitted lines for exposure response show 
evidence of a threshold. SMRs at zero exposure range from about 0.5 to over 
1.5 and none of the lines pass through the origin. The explanation of this 
anomaly is presumably that the reference populations are not comparable. 

i. A third consideration is the effect of errors and bias both in exposure 
assessment and in death certification. The first will tend to increase risks at 

Lung 
cancer 

SMR 

2 

o~--------,---------~---------, 
100 200 300 

Exposure (f/mly) 

Fig. 2. Standardized mortality ratio (SM R) by exposures to asbestos fibres. Exposure
response relationships from 11 studies (see text) 
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low exposures and decrease them at high exposures (Armstrong, this vol
ume); it will also smooth curves and obscure thresholds. Diagnostic bias in 
occupational disease can be considerable; in the Quebec study autopsy rates 
correlated with exposure and may well have influenced the discovery of lung 
cancers (McDonald et al. 1971). It is also likely that physicians tend to 
suspect and make appropriate diagnoses in patients known to have had long 
and heavy dust exposures, and the converse. 

4. Finally, it is hard to believe that physiological defence and repair mech
anisms are without effect. Such mechanisms must surely prevent or reduce 
disease at low dust concentrations yielding an effective threshold or at least a 
sigmoid form of exposure response of the kind familiar to experimental 
toxicologists. 

The same arguments apply to mesothelioma, although here there are no data on 
the form of relationship to exposure. Nevertheless, these tumours because of 
their highly specific relationship to asbestos and distinctive clinical and patho
logical features, provide a valuable measure of environmental impact. During 
the past 20 or more years the patterns of incidence in Canada, the USA, Britain 
and Scandinavia have been very similar. Mortality attributed to this disease has 
increased steeply in men but remained unchanged in women. As there have 
certainly been some cases in women resulting from occupational or domestic 
exposure, the absence of any increase over many years in these large industrial 
populations is remarkable. It implies that cases due to low level exposure 
unrelated to occupation are too few to be detectable. 

The Textiles Anomaly 

Although differences in lung cancer risk in the lower two zones of Fig. 1 could 
conceivably be explained by chance, measurement errors and various local 
factors, it is most unlikely that those in the upper zone could be. Aside from the 
cohort of vermiculite miners exposed to fibrous tremolite, where fibre type was a 
major factor, the remaining four cohorts in the high risk zone were of textile 
workers. One of these was in England and the other three in the USA. Two of 
the latter, separately drawn from the same plant in Charleston, South Carolina, 
were investigated by Dement et al. (1982) and ourselves (McDonald et al. 1983) 
with closely similar results. At the relevant period, i.e. until the 1950s, chrysotile 
was the only type of fibre used, mostly obtained from Thetford Mines, Quebec, 
where the lung cancer risk was very much lower (McDonald et al. 1980). In 
discussing these findings (McDonald et al. 1983), we stated that "if cocarcino
gens can be discounted the cause of this phenomenon must be in the nature of 
the chrysotile exposure". We had in mind errors in exposure estimation and, in 
particular, differences in the distribution of very fine long fibres. 

We have now completed an investigation of this problem, based on analysis 
by transmission electron microscopy of nearly 200 lung tissue samples taken at 
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autopsy, half from the Charleston cohort and half from Thetford Mines 
(Sebastien et al. 1989). Time variables, including duration of employment and 
interval from last employment to death, were important to this study as was the 
need to consider chrysotile and tremolite fibres separately. The results showed 
that neither differences in fibre dimensions nor errors in exposure estimation 
could explain the anomalous mortality findings. Thus, the question of cocarci
nogens cannot be excluded. In particular, the role of mineral oil spray, used 
widely in American textile plants until the mid 1950s to control dust and 
facilitate fibre processing, warrants consideration. It will be difficult to investi
gate this hypothesis epidemiologically, but it might be possible with laboratory 
animals. 

The Tremolite Factor 

Tremolite is a mineral silicate which in fibrous and non-fibrous habit is 
widespread on the earth's surface. It commonly occurs in association with other 
mineral deposits, some of which are exploited commercially and others not. 
"Asbestiform" tremolite, as defined by aspect ratio, has occasionally been used 
for its fibrous qualities and is thus an amphibole asbestos. It is an irregular, but 
sometimes major, contaminant of many industrial talcs and was suspected 
many years ago as the factor responsible for lung cancer and mesothelioma in 
New York State talc miners (Kleinfeld et al. 1967). Trace amounts of tremolite 
are known to contaminate Quebec chrysotile deposits, especially in the Thetford 
Mines region. Gibbs (1979) referred to the possibility that talc and associated 
tremolite might explain the higher frequency of pleural changes, especially 
calcification, in the chest radiographs of mine workers in Thetford than in 
Asbestos. The potential importance of fibrous tremolite in the lungs of Quebec 
chrysotile workers was noted also by Pooley (1976) and Rowlands et al. (1982). 
Finally, clear evidence of the hazards in terms of exposure response, radiogra
phically and on mortality, was obtained from studies of vermiculite miners and 
millers in Montana whose only mineral fibre exposure was to contaminating 
tremolite (McDonald et al. 1986). In 1983 and subsequently, Churg (1987) 
presented evidence of the predominating presence of tremolite in the lungs of 
workers and residents of Thetford Mines. He also suggested that tremolite 
might be important in the genesis of mesothelioma. 

Against this background can be considered the findings in our own aut
opsy survey in chrysotile textile and production workers, mentioned above 
(Sebastien et al. 1989), and of a recently completed case-referent study of 
Canadian cases of mesothelioma (McDonald et al. 1989). In the former we 
observed that although chrysotile comprised about 98.5% of airborne fibres in 
Thetford Mines and perhaps 99.5% in Charleston, the concentrations of 
tremolite fibres in lung tissue were higher than of chrysotile in both autopsy 
series. Table 3 shows that the tremolitefchrysotile ratio increased steadily in 
both locations with increasing time between end of employment and death. In 
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Table 3. Tremolite-chrysotile (TIC) ratios in lung at autopsy 

Last employment 
to death (years) 

<I 
1~9 

10-19 
20+ 

n.m., not measurable. 

Textile workers 
(n=72) 

mpcf. years TIC 
34 0.5 
53 1.8 

3 2.0 
I n.m. 

Miners and millers 
(n=89) 

mpcf. years TIC 
124 2.7 
579 3.8 
772 5.4 

33 7.8 

our second survey, lung tissue was analysed from 78 cases of mesothelioma in 
Canada, 1980-1984, and from matched referents. The findings indicated that 
long amphibole fibres (;:;;; 81lm) could explain most of the cases and chrysotile 
very few. The analysis of short fibres (~8Ilm) did not provide additional 
information. Fibrous tremolite, second only to amosite in apparent importance, 
appeared responsible for most cases from the Quebec mining region and 
perhaps one-fifth of those elsewhere. The question which research must now 
address is the proportion of occupational and non-occupational cases caused by 
fibrous tremolite and the various possible sources of these fibres. While the 
latter include chrysotile, vermiculite, talc and several other minerals used in 
industry, non-industrial sources of air pollution, resulting from wind and water 
erosion, have also to be considered. 

Manmade Mineral Fibres 

Early hopes that MMMF ~mineral or rock wool and glass fibres or filaments~ 
would eventually replace asbestos for many uses, but without the attendant 
risks, were shaken in April 1982. In that year, the results of two very large 
multi centre cohort studies in Europe and the USA, and of a small study in 
Ontario, were presented at an international symposium in Copenhagen. Quite 
small increases in standardized mortality ratios (SMRs) for lung cancer were 
evident 20 or more years after first employment in MMMF production plants 
and more clearly after 30 years. The similarity of the European and American 
results was particularly striking (McDonald 1984). 

In 1986, an update on all three cohorts was also presented in Copenhagen; the 
findings now based on larger numbers were again quite similar (see Table 4). In 
his peer review, Doll (1987) concluded that there was indeed evidence of 
increased risk of lung cancer, but not of mesothelioma or other disease, greater 
in the mineral wool than glass wool sector, and mainly in persons employed in 
the early days of the industry. He noted, however, that several carcinogens 
could have contributed to the risk and that it was impossible to draw firm 
quantitative conclusions on dose-response. 
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Table 4. Lung cancer mortality in American and European cohorts of 
manmade mineral fiber (MMMF) production workers-summary of find
ings in 1982 and 1986 

Latency ~ 20 years 
Glass wool/filament Mineral/rock wool 

0 E 0 E 
To 1982 148 138.7 53 34.5 

SMR 1.07 1.54 
1982-86 154 108.8 26 20.7 

SMR 1.41 1.26 
To 1986 302 247.5 79 55.2 

SMR 1.22 1.43 

Based on McDonald (1984) and Doll (1987). 
SMR, standardized mortality ratio; 0, observed; E, expected. 

The cloud of suspicion that now hangs over the MMMF industry will not be 
easy to substantiate or dispel. Exposure levels even in the early days of 
production were probably, by asbestos standards, extremely low and poorly 
documented. More conclusive evidence might be obtained from workers ex
posed at much higher levels, for example, men employed on insulation work, 
were it not that such work has also entailed the probability of high and 
unmeasured exposure to asbestos, the effects of which cannot be assessed. 
Electron microscopic studies of lung burden could conceivably provide a way of 
resolving this problem; however, preliminary results from an ongoing study of 
lung tissue from former MMMF workers are not promising (P. Sebastien et aI., 
unpublished). 

Conclusion 

The epidemiological patterns of mesothelioma and lung cancer, as related to 
mineral fibres, are increasingly distinct. It seems likely that any type of mineral 
fibre inspired in sufficient quantity over sufficient time may increase the risk of 
lung cancer in a more or less linear fashion, at least over the middle part of the 
exposure range. More research is needed to clarify the form of the relationship 
at very low and very high airborne fibre concentrations. An experimental or 
sigmoid type of response is biologically plausible and not incompatible with the 
findings to date, but further statistical analyses are urgently needed to test this 
hypothesis. Whether mineral fibres are capable of causing lung cancer in the 
absence of a primary carcinogen such as cigarette smoke remains uncertain; the 
synergistic action of some co-factor could well explain the high risks experi
enced by asbestos textile workers. 
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In contrast to lung cancer, the indications are that the etiology of mesothel
ioma does not require a co-factor. However, it is clear that mineral fibres differ 
widely in their capacity to induce this tumour. Man-made fibres have so far not 
proved able to do so and the same may be true of pure chrysotile. On the other 
hand, there is abundant epidemiological evidence to incriminate the fibrous 
amphiboles-crocidolite, tremolite and amosite. There are good reasons why 
these and also erionite fibres (IARC 1987) have this capacity. Fibres in the most 
carcinogenic size range are not only able, for aerodynamic reasons, to penetrate 
deeply and reach the pleura but are also extremely resistant to destruction and 
removal. 

These general hypotheses, if correct, have important practical implications. 
Exposure to any respirable mineral fibres should be kept to a minimum and the 
use of amphibole and other similar fibres very strictly controlled. The con
tamination of any mineral used commercially by fibrous tremolite is a potential 
hazard. Ways need to be found by which otherwise useful products can be 
monitored and this type of fibre contamination reduced or removed. 
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Herbicides and Cancer: 
A Review and Discussion of Methodologic Issues 
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In the late 1970s and early 1980s, investigators in Sweden reported over fivefold 
risks for soft-tissue sarcoma and lymphoma among persons exposed to phenoxy
acetic acid herbicides and chlorophenols (Eriksson et al. 1981; Hardell and 
Sandstrom 1979; Hardell et al. 1981). The possibility that these widely used and 
important commercial chemicals might be human carcinogens prompted a 
number of epidemiologic investigations. Reports from over 20 additional 
studies are now available. Results from these investigations, which employed 
cohort and case-control designs, have not been consistent, but as of yet the 
discrepancies cannot be explained. The purpose of this paper is to provide a 
brief overview of available findings, to note consistencies and inconsistencies, to 
consider methodologic issues, particularly for case-control studies that might 
account for these inconsistencies, and to identify areas of research needing 
development. 

Completed Studies 

Descriptions of studies designed to evaluate cancer risks from occupational 
exposure to herbicides are included in Table 1. We have chosen not to include 
evaluations of Vietnam veterans because for most their manner of exposure 
differs from farmers and industrial workers. Cohort studies, which have in
cluded both manufacturers and applicators, have usually evaluated all causes of 
death. Most, however, have lacked sufficient power to adequately evaluate small 
to moderate risks for rare tumors. Case-control studies have focused primarily 
on soft-tissue sarcomas (STS), Hodgkin's disease (HD), and non-Hodgkin's 
lymphoma (NHL), but single studies have been completed on multiple myeloma 
(MM), ovarian mesothelioma, sinonasal cancer (SNC), and nasopharyngeal 
cancer (NPC). Exposed subjects in the case-control studies have been predomin
antly farmers and foresters. 

Results for selected cancers from the completed studies are summarized in 
Table 2. A striking feature is the considerable variation in the estimates of 
relative risks. For STS, estimates range from over fivefold to slight deficits, 
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although 8 of the 13 studies have relative risks greater than 1.0. The largest 
relative risks for STS occurred in the initial studies from Sweden (Eriksson et al. 
1981; Hardell and Sandstrom 1979), but at least twofold excesses also occurred 
in recent case-control studies of women in Italy (Vineis et al. 1987) and men in 
Sweden (Hardell and Eriksson 1988). Over twofold excesses have been reported 
in two cohort studies (Kauppinen et al. 1986; Lynge 1985). However, only one 
death occurred from STS in a V.S. cohort of manufacturers (Ott et al. 1987) and 
only one of five cases worked in the phenoxyacetic acid manufacturing depart
ment in the Danish cohort (Lynge 1985). The authors of the Danish study, 
however, suspect others may have had some exposure to herbicides, particularly 
the three cases who worked in the shipping department (Lynge 1985). 

Lymphatic and hematopoietic cancers have been evaluated frequently with 
NHL and HD receiving particular attention. Except for the Swedish findings 
(Hardell et al. 1981), where a fivefold risk occurred, the pattern for HD is 
unimpressive. Excesses of NHL among groups exposed to phenoxyacetic acid 
herbicides have been reported in cohort and case-control studies. As with STS, 
the range in relative risks for NHL is considerable (from 3.9 to a deficit of 0.4). 
In studies from Sweden (Hardell et al. 1981) and Kansas (Hoar et al. 1986), the 
risk of NHL rose considerably with the number of days herbicides were used. In 
a cohort study of manufacturers in the V.S. (Bond et al. 1988), the two deaths 
from NHL occurred among men who were employed in the 2,4-0 plant, while 
none were associated with other production processes. These two workers had 
also been employed in other departments. 

Risks for multiple myeloma (MM) and leukemia show consistent elevations, 
but the numbers are small. A threefold excess of multiple myeloma and 
lymphatic cancers other than lymphosarcoma and HD among manufacturers 
(Bond et al. 1988), however, indicates that these cancers deserve further 
evaluation. 

Excesses of lung, stomach, and prostate cancer have occurred in several 
cohort studies of manufacturers and applicators. Case-control studies of these 
tumors have not been conducted where the objective was to evaluate risks from 
herbicides. Stomach and prostate cancer are of particular interest given these 
cancers are often elevated among farmers (Blair et al. 1985). Many farmers also 
come into contact with herbicides, although dietary factors and other lifestyle 
factors could also be involved. Farmers, for example, smoke less than many 
other occupational groups, which probably accounts for their generally low 
rates for lung cancer (Blair et al. 1985). The 17-fold excess oflung cancer among 
Finnish woodworkers (Kauppinen et al. 1986) may be due to exposure to such 
items as wood dust, arsenic, or chromates, although they also had exposure to 
pesticides. The excesses for ovarian mesothelioma (Donna et al. 1984), naso
pharyngeal and sino nasal cancer (Hardell et al. 1982), and testicular cancer 
(Bond et al. 1988; Coggon et al. 1986) were in only one or two studies and need 
further evaluation. These cancers have not received as much attention as STS, 
HDL, and HD, particularly in case-control studies, but the excesses noted 
indicate that additional evaluation is needed. 
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The most striking feature of the results from these reports is the inconsis
tency. Inconsistency is not an uncommon feature of epidemiologic studies, but 
it typically occurs when some studies show a small risk and others show none at 
all. It is unusual, however, for situations to occur where the estimates vary as 
widely as they do for some cancers (i.e., from none to over fivefold) among 
persons exposed to herbicides. Various explanations might account for these 
discrepancies, including study design, type of exposure (2,4,5-T, MCPA, or 
2,4-D), level of exposure (the shorter spray season in Sweden may result in a 
more intense exposure than in other areas; Woods et al. 1987), level and type of 
contaminants such as dioxins and dibenzofurans which may differ by chemical 
and/or by country, effect modification by occupational or other exposures, 
susceptibility of the populations studied, exposure and/or disease misclassific
ation, small numbers, and random error. To date, however, no explanation 
appears fully satisfactory. 

Methodologic Issues 

Space does not permit a detailed evaluation of the strengths and weaknesses of 
each of the completed studies. Many, however, are high quality investigations 
with sufficient power to detect moderate risks for some cancers. Several case
control studies were population-based and incorporated important methodo
logic strengths such as pathologic review of diagnoses, inclusion of cancers 
supposedly unrelated to herbicide exposure as a special set of controls, and 
attempts to corroborate subject's reports of herbicide use. For example, the 
case-control studies showing striking positive associations between NHL and 
herbicides from Sweden (Hardell et al. 1981) and Kansas (Hoar et al. 1986) 
and those showing little association from New Zealand (Pearce et al. 1986a) and 
Washington (Woods et al. 1987) are all of a population-based, interview design. 
Although some of the cohort studies were too small to evaluate risks for rare 
cancers, most have excellent documentation of exposure (either from plant job 
history records or the development of chloracne). In short, there appear to be 
no obvious methodologic differences that distinguish the highly positive studies 
from the others. 

Exposure evaluation is always a major concern in epidemiologic studies and 
exposure misclassification has been raised as a possible explanation for the 
discrepancies noted in Table 2. Historical assessment of occupational exposures 
from interviews is difficult, but evaluation of exposure to herbicides may be 
particularly problematic because of their relatively infrequent use by most 
subjects. 

Exposure evaluation in case-control studies based on interviews is more 
suspect than from cohort studies where records are available. Case-control 
studies have played a prominent role in the issue of herbicides and cancer, 
therefore, problems associated with assessment of herbicide in case-control 
studies deserve special attention. Since several case-control investigations have 
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employed methods similar to those used in Kansas (Hoar et al. 1986), we will 
use results from this case-control study of STS, NHL, and HD to evaluate 
general limitations of exposure evaluation associated with this study design and 
to assess their potential influence on risk estimates. 

The essential findings of the Kansas study are shown in Table 3. Briefly, NHL 
was associated with reported use of herbicides by farmers, but STS and HD 
were not. For NHL, the risk rose with number of days per year of herbicide use, 
was greater among those who mixed or applied herbicides themselves, among 
those who used backpack sprayers, or among those who did not use protective 
equipment, and was most strongly associated with those who reported they used 
2,4-D. Risks were similar when use was based on information from interviews 
of subjects or next-of-kin and the association could not be accounted for by 
other factors such as insecticide use, other occupational exposures, family 
history of cancer, medical conditions, or medical treatments. NHL was associ
ated with the number of years of herbicide use, but the association disappeared 

Table 3. Odds ratios (ORs) from herbicide exposure in the Kansas study. (Hoar et a11986) 

Factor 

Herbicide 

Frequency (days per year) 

of herbicide exposure 

For NHL only 
Days of herbicide use 
among those reporting 
2,4-0 exposure 

Mixers/applicators 
Mixer/applicator by days 
of exposure per year 
Protective equipment 
Backpack or hand 

sprayers 
Type of phenoxyacid 

Herbicide exposure by 
vital status 

Supplier's corroboration 

* p < =0.05. 

Relative risks 

ORs for NHL, HD, and STS were 0.9, 0.9, and 1.6, 
respectively 

0 1-5 6-10 11-20 < 20 
Days Days Days Days Days P for trend 

NHL 1.0 1.4 1.6 2.6 6.0* 0.0004 
HD 1.0 1.0 0.4 1.3 1.0 0.29 
STS 1.0 0.6 0.5 2.9 0.8 0.50 

1.0 1.6 1.9 3.0 7.6* 0.0001 
Yes, OR= 1.9; No, OR= 1.1 

1.0 1.4 1.5 1.8 8.0* 

Yes, OR= 1.5, No, OR=2.1 

OR=2.3 
2,4-0 only: OR=2.6; 2,4,5-T (most had 2,4-0 use): 
OR= 1.2 

Deceased, OR= 1.5; Living, OR= 1.7 
Deceased with long-term use, OR = 5.5; living with long
term use, OR=5.6 
Use verified, OR= 1.8; interview data only, OR= 1.6 
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when adjusted for number of days of use. These data will be used to illustrate 
general methodologic issues surrounding case-control studies of cancer and 
herbicides such as power, diagnosis of cancers of primary interest (lymphatic 
and hematopoietic cancer and soft-tissue sarcomas), and exposure evaluation 
and likely affect on risk estimates. 

Power 

The first epidemiologic study noting an association between cancer and herbi
cides was from a small case-control study of STS (52 cases) (Hardell and 
Sandstrom 1979). Subsequent case-control studies of this and other cancers, 
however, have been larger, ranging from 80 to over 200 cases, depending upon 
the tumor of interest. These studies typically were large enough to detec! excess 
risks from two- to three-fold, depending upon the definition of exposure. The 
Kansas study (Hoar et al. 1986), with 130 to 170 cases (depending upon the 
cancer) and over 900 controls, is one of the larger investigations. 

Some reviewers of these studies have pointed out that the odds ratios (ORs) 
for most exposure subcategories (such as days per year of use), are based on 
small numbers and they are generally not statistically significant. Numbers of 
subjects in the subcategories are small compared with the entire data set. For 
example, in the Kansas study there were seven cases of NHL and 12 controls 
reporting use of herbicides 20 or more days per year. In exposure-response 
analyses, however, the test for trend is the critical test for an exposure-response 
gradient because it uses all subjects and weights the test for significance by the 
number of subjects in each category. This test is much more powerful than any 
single category comparison. Confidence intervals also provide guidance in 
evaluating risks based on small numbers. Finally, small numbers in exposure
response categories would introduce variability in risk estimates and such 
variability would be as likely to destroy exposure-response gradients as to create 
them. In studies where exposure-response trends occur, it seems unlikely that 
such patterns would be caused by the reduction in numbers in the strata. In the 
Kansas study, the trend by days per year of use was highly significant and the 
95% confidence interval for the NHL risk ratio associated with ~ 20 days per 
year of herbicide use, although broad (from 1.9 to 19.5), has a lower bound that 
is clearly above 1.0. 

Case Definition and Diagnosis 

Diagnosis of STS and NHL is difficult. STS includes a heterogeneous group of 
cancers and the definition of STS varied by study. The studies in Sweden 
(Eriksson et al. 1981; Hardell and Sandstrom 1979) and Kansas (Hoar et al. 
1986) included soft-tissue tumors at all sites while some other studies included 
only those designated by the ICDA code 171. The studies in Sweden and 
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Kansas, therefore, may include a more heterogeneous group of cancers than 
other studies which would tend to mute estimates of relative risks. Inclusion of 
cancers which may have different etiologies might, therefore, be a partial 
explanation for the lack of an association between STS and herbicides in 
Kansas. It would not, however, explain the positive association with NHL in 
Kansas, nor with NHL and STS in Sweden. 

Classification of histologic subtypes of NHL is also difficult, particularly 
when based on morphologic aspects discern able using the light microscope 
(Dick et al. 1987). In studies in Sweden (Eriksson et al. 1981; Hardell and 
Sandstrom 1979; Hardell et al. 1981), Kansas (Hoar et al. 1986), Italy (Vineis 
et al. 1987), and Washington (Woods et al. 1987), pathologic tissues received 
special review by panels of pathologists. In the Kansas study (Hoar et al. 1986), 
about 20% of the original STS cases were excluded following the review. These 
special reviews would minimize, but not eliminate, diagnostic misclassification. 
They would, however, result in a more consistent definition of disease within a 
study and would reduce variations in diagnoses by calendar time or geography 
which might also be associated with exposure. Any remaining misdiagnosis of 
cases is likely to be random which would depress risk estimates. 

More sophisticated classifications of NHL and STS which can minimize 
heterogeneous groupings are needed in future studies. In particular, some have 
suggested that immunologic markers should be included (Dick et al. 1987). 

Exposure Evaluation 

A major limitation in case-control studies is the accuracy and reliability of 
exposure assessment (Blair et al. 1989). The problem is particularly severe in 
studies of chronic diseases such as cancer where the important exposures may 
have occurred several years or several decades before diagnosis of the disease. 
The Kansas study (Hoar et al. 1986) can be used to demonstrate and evaluate 
the impact various problems associated with assessment of past exposure to 
herbicides may have had on risk estimates. Several issues relating to the 
assessment of herbicide exposure in this study are listed in Table 4, along with 
their probable effect on risk estimates. Many of these issues are also applicable 
to other case-control studies listed in Tables I and 2. 

The items and issues noted in Table 4 underscore the difficulty in assessing 
pesticide exposure in case-control studies by interview. These issues and criti
cisms are well founded and do affect estimates of risk. Few, however, would 
provide explanations for a positive association (case recall bias is an exception). 
To the contrary, these problems are likely to underestimate the risks, and, thus, 
to explain the lack of an association between STS and HD and herbicides in the 
Kansas study, NHL in Washington, or STS and NHL in New Zealand. Case 
response bias could, of course, create spurious associations, but it did not 
appear to be operative in our data for two reasons. First, it would have had to 
be restricted to NHL cases since there was no association with STS and HD, 
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and second, information from the corroborative survey with pesticide suppliers 
indicated that the level of agreement between subjects and suppliers did not 
differ between cases and controls. Other studies have also used these techniques 
to evaluate the potential for case-response bias. 

Most of the potential problems in exposure assessment in the Kansas and 
other studies would, therefore, tend to reduce estimates of relative risk and to 
mute exposure-response relations. Misclassifications of exposure might be a 
reasonable explanation for the lack of an association between herbicides and 
STS and HD in Kansas, but, it cannot explain the strong association with NHL. 
Likewise, misclassification might be a plausible explanation (or the lack of an 
association between herbicides and cancer in some of the other studies, but it is 
an unlikely explanation for the positive associations. 

Research Needs 

The major limitation in conducting case-control, and probably cohort, studies 
of herbicides and cancer is the difficulty in accurately estimating relevant 
historical exposures. Persons exposed to pesticides are seldom exposed to single 
agents and the chemicals of choice for specific pests have changed over the 
years. These factors create uncertainties, particularly in studies where exposure 
is based on subject recall. In general, problems in exposure evaluation would 
bias risk estimates toward the null, however, the problem of concomitant 
exposures could also result in an excess risk being inappropriate affiliated with a 
specific pesticide. Although these problems are similar to those experienced by 
occupational studies in general and by other areas of epidemiologic research, 
such as diet, relatively little methodologic research has been conducted with 
respect to pesticides. 

With the general lack of historical monitoring data on pesticide exposures, 
epidemiologists will most likely be forced to continue to rely, to some extent, 
upon self-reports to assess exposures. Thus, methodologic studies are needed to 
evaluate a variety of issues, including comparability of interview information on 
pesticide use obtained (a) from subjects versus next-of-kin, (b) from interviews 
versus reinterviews, (c) from records versus interviews, (d) from pesticide 
suppliers versus subjects, and (e) from estimates of level of exposure based on 
interviews versus those based on monitoring. Additional work is also needed to 
determine how much information regarding exposure to pesticides may be 
obtained by interview. To date, interviews have typically obtained the name of 
the pesticides used, the years of use, some indication of the frequency of use, and 
whether or not protective equipment was used. There are several reasons why 
more detailed questions on pesticide use have not been asked, but a major factor 
has been the belief that respondents would be unable to provide accurate 
responses. This assumption may be correct for some occupations, but not 
others. Farmers, for example, may represent a group who may be able to 
provide detailed information since most are independent businessmen and they 
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must personally decide what pesticide is needed and make the purchase, mix, 
and apply, or arrange for application. These responsibilities increase the likeli
hood that they may be able to recall more details on pesticide use than casual 
pesticide users. Factors that appear to affect level of exposure include the size of 
containers of concentrated pesticide, the time spent mixing pesticides and 
repairing equipment, the degree of skin contact, the frequency of washing to 
remove pesticide from the skin, the frequency of clothing changes, the time 
delay before entering sprayed fields, and the type of protective equipment used. 
Methodologic investigations are needed to assess the opportunity of obtaining 
such information by interview. Methodologic efforts are also needed to evaluate 
opportunities to supplement information obtained directly from study subjects 
with data from colleagues and pesticide suppliers, from monitoring of current 
exposures, from county extension agents, and other sources. Only by collecting 
information from a variety of sources and evaluating its comparability are we 
likely to make significant strides iIi improving exposure evaluation in studies of 
pesticides. 
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Cancer Risks from Exposure to Radon Progeny 
in Mines and Dwellings 
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Since the late 1970s, radon in the human environment has become a major 
health interest with regard to risk of cancer. Radon is an inert gas emanating 
from the ground and stony building materials, and increased concentrations 
typically occur in underground mines but quite often also in buildings. This 
element, more precisely radon-222, originates from the decay of uranium 
through radium, and the further decay of radon leads to a series of radioactive 
isotopes of polonium, bismuth, and lead. The first four of these isotopes are 
referred to as short-lived radon progeny (or radon daughters) and have half
lives from less than a millisecond up to almost 27 min. There is also a decay 
chain from thorium through radon-220, or thoron, but the elements in this 
series are usually of less hygienic concern. 

Like radon-222 itself, also the decay products polonium-218 and polonium-
214 emit alpha-particles. When radon progeny is inhaled and deposited in the 
respiratory tract, the result is an alpha-irradiation of the bronchial epithelium 
from these isotopes, whereas the contribution from the radon gas is marginal. 
The alpha-particles travel less than 100 jtm into the tissue, but their high energy 
causes an intense local ionization and a risk for subsequent cancer development. 
There is also beta- and gamma-radiation from some of the decay products of 
radon, but with much lower energy content than the alpha-radiation and 
therefore considered relatively unimportant. 

Lung cal. ~er is the only type of malignancy that has been clearly associated 
with exposure to radon and radon progeny and was first seen among miners. 
The potential health hazard for the general population of indoor exposure levels 
has not yet been well established, but it is of some interest in this context that 
already long ago, some circumstances in the epidemiology of lung cancer 
suggested an etiological influence from (an}other widespread factor(s) than 
smoking. This may even be the reason why critical comments have been made 
from time to time with regard to the causality of smoking and lung cancer 
(Passey 1962; Burch 1978, 1982). For example, the urban-rural difference in 
lung cancer rates may be recalled, as well as the influence of immigration on 
lung cancer morbidity, along with the varying lung cancer rates over the world, 
also when smoking is allowed for (Dean 1961, 1979; Burch 1978). An inverse 
relation of lung cancer and inhalation of cigarette smoke has been reported 
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(Fisher 1959; Higenbottam et al. 1982) and is a puzzling phenomenon for which 
different explanations might be offered (Wald et al. 1983; Axelson 1984). 
Furthermore, it has been a matter of some consideration why bronchitis but not 
lung cancer has shown the better correlation with air pollution (WHO 1972). 

The relatively recent recognition of a widespread exposure to indoor radon 
and its decay products may open a new perspective and explain some of the less 
clear phenomena noted in lung cancer epidemiology, and perhaps also provide a 
possibility for prevention in addition to decreasing smoking. With a starting 
point in mining, the intention is here to elucidate the relation of lung cancer to 
radon and its decay products, particularly with regard to indoor exposure. It is 
unavoidable, however, that an evaluation in this respect will suffer from the 
scanty data on the risk of radon in homes as available at this time. A related 
aspect that is brought up in this review concerns the methodologic difficulties in 
studies of lung cancer and indoor radon progeny exposure. 

Mining and Lung Cancer from Past to Present 

An excess oflung cancer in miners was first reported in 1879 from Schnee berg in 
what is now the German Democratic Republic (GDR) (Harting and Hesse 
1879), and in the beginning of this centuary also from 10achimsthal in 
Czechoslovakia (Arnstein 1913). Long before, however, and already in the 
sixteenth centuary, both Paracelsus and Agricola had described a high mortality 
from pulmonary disorders among miners, presumably predominated by lung 
cancer. IIi 1924 it was first suggested that the radioactivity found in the mine 
atmosphere could be responsible for this disorder (Ludewig and Lorenser 1924). 
This view was not generally accepted, however, and, for example, as late as in 
1944, it was argued that a genetic susceptibility of the miners could be respons
ible for their lung cancer (Lorenz 1944). It was not until the 1950s and 1960s, 
that the etiological role of radon and its decay products was more fully 
understood and agreed upon. 

An important step towards risk assessment for miners was taken in the 1950s, 
when the working level (WL) concept was introduced as a measure of the level 
of exposure to radon progeny (Holaday 1955). One working level is any 
combination of short-lived radon progeny in 11 of air that will ultimately 
release 1.3 x 105 MeV of alpha energy by decay through polonium-214. This 
amount of radon progeny may also be taken as equivalent to 3700 Bq/m3 EER 
(equilibrium equivalent radon; ICRP 1976) or 2.08 x 10- 5 11m3 • The accumu
lated exposure to radiation is expressed il1 terms of working level months 
(WLM), with the month in this context corresponding to 170 h exposure. The 
corresponding SI unit is the joule-hour per cubic meter, and 1 WLM is equal to 
3.6 x 10- 3 1-h/m3 and may also be taken as 72 Bq-years/m3 . 

Occupational exposure levels have been high in the past, especially in ur
anium mines. The extreme exposure situation may be well illustrated by 
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mentioning the need for an exposure category of 3720 WLM and over in one 
study of uranium miners (Lundin et al. 1971). The radon progeny concen
trations in many nonuranium mines have been about 1 WL or more. For 
example, hematite mines in West Cumberland, Great Britain, used to have 
exposure levels of 0.15-3.2 WL (Boyd et al. 1970). The cumulated annual 
exposure of French miners has been reported as 2.5-4.3 WLM during the late 
1950s and 1960s but decreased to 1.6-3.2 WLM during the following decade 
(Tirmarche et al. 1985). 

The introduction of 4 WLM per year as cumulative exposure limit in many 
countries during the 1970s has considerably improved the conditions in many 
mines. For example, the exposure levels in Swedish mines are now about 
0.1 WL or below in contrast to commonly occurring levels of 0.5 to 1 WL or 
more around 1970. However, still in 1986, the US Mine Safety and Health 
Administration reported 19 out of 254 operating nonuranium mines to have 
exposure levels at 0.3 WL or more (NIOSH 1987). Such levels would lead to 
cumulated exposures close to or above the limit of 4 WLM per year. 

Many mining populations with exposure to radon and decay products have 
been studied since the 1960s by the cohort as well as the case-control technique, 
e.g., uranium miners in the US, Canada, Czechoslovakia and France (Lundin 
et al. 1971; Sevc et al. 1976; Kunz et al. 1978; Waxweiler et al. 1981; Chovi1 and 
Chir 1981; Muller et al. 1985; Tirmarche et al. 1985), iron and other metal 
miners in the US, UK, China, France, and Sweden (Wagoner et al. 1963; Boyd 
et al. 1970; Axelson and Rehn 1971; Jorgensen 1973; Axelson and Sundell 1978; 
Fox et al. 1981; Damber and Larsson 1982; Edling and Axelson 1983; Wang 
et al. 1984; Radford and Renard 1984), and also fluorspar miners in Canada 
(deVilliers and Windish 1964; Morrison et al. 1985). All these exposed popu
lations show a consistently increased risk of lung cancer, even if the overall risk 
ratios in the various studies have ranged from about 1.5 to 15. Tables 1 and 2 
give some examples of these studies and the results obtained. Other cancer 
forms than lung cancer have not been clearly related to radon progeny exposure 
in mines, although a few studies have shown a tendency towards an excess of 
stomach cancer (BEIR IV 1988). 

In contrast, miners with a very low exposure to radon and decay products 
have had little or no excess oflung cancer, i.e., in coal (IARC 1987) and potash 
mining (Waxweiler et al. 1913) and also in iron mining (Lawler et al. 1985). It 
seems quite convincing, therefore, that the radioactivity rather than other 
factors in the mine atmosphere is mainly responsible for the lung cancer risk, 
even if some other agents may be thought of as possibly contributing, e.g., diesel 
fumes and carcinogenic trace metals in the dust, especially arsenic when present. 
Asbestiform fibers have occurred in some Swedish mines at least, although they 
are less likely to have played any substantial role for lung cancer in this context 
(Edling 1982). It has also become clear in recent years that silica dust exposure 
may be associated with a lung cancer risk (IARC 1987), and some contribution 
in this respect to miners' lung cancer cannot be ruled out. 
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Table 2. Summary of some case-control studies of lung cancer mortality in underground 
mine workers exposed to radon progeny 

Type of mine Estimated Cases/ Exposed Rate ratio Reference 
(location) concentration controls cases for lung 

or exposure (n) (n) cancer 
deaths 

Zinc-lead 1 WL 29/174 21 16.4 Axelson and 
(Sweden) Sundell (1978) 

Iron 0.1-2.0 WL 604/(467 x 20 7.3 Damber and 
(Sweden) 2+ 137) Larsson (1982) 

Iron 0.3 to 38/403 33 11.5 Edling and 
(Sweden) 1.0 WL Axelson (1983) 

Uranium Lifetime 32/64 23 Infinite Samet et al. 
(US) exposure: (1984) 

30 to 
2698 WLM 

Indoor Radon as an Emerging Health Hazard 

Indoor radon depends on both building material and ground conditions. The 
leakage of radon from the ground is a somewhat irregular phenomenon and 
may vary locally within a few meters due to cracks and porosity of the ground. 
When very high indoor concentrations occur, leakage from the ground is 
usually more important than the emanation from the building materials of a 
house (Akerblom and Wilson 1982). Temperature and wind conditions, air 
pressure, but also behavioral factors influence ventilation, which plays a major 
role for the concentrations that may build up in a room. The introduction of 
central heating as reducing the thermal ventilation in comparison to houses with 
fireplaces, as well as the more recent efforts to improve insulation and preserve 
energy, are likely to have caused quite considerable increases of indoor radon 
concentrations since the beginning of this century (Dickson 1978; Stranden 
et al. 1979; McGregor et al. 1980). 

The first measurements of indoor radon were undertaken in Sweden already 
in the 1950s (Hultqvist 1956), but seem to have attracted little interest from the 
health point of view. The levels found at that time were in the range of 
20-69 Bq/m3 (0.005-0.019 WL). More recent measurements in Swedish homes 
have revealed higher levels, i.e., 122 Bq/m3 (0.033 WL) as an average in 
detached houses and 85 Bq/m3 (0.023 WL) in apartments, but there are such 
great variations as from 11-3300 Bq/m3 (0.003-0.892 WL) (Swedjemark et al. 
1987). The differences between the early and the more recently measured 
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concentrations should probably be interpreted as suggesting a general increase 
in the levels over time. 

Average or median concentrations of indoor radon in the range of 
40-100 Bq/m3 have been reported from many countries, e.g., USA (Nero et al. 
1986), Norway (Stranden 1987), Finland (Castren et al. 1987), Federal Republic 
of Germany (Schmier and Wick 1985). High levels, like 2000 or 3000 Bq/m3 , 

may occur in many houses, and this is about double the level tolerated in mines 
in most countries (about 1100 Bq/m3 or 0.3 WL). The considerable variation in 
concentrations between houses and over time clearly indicates the potential 
difficulties involved in assessing individual exposures for epidemiologic studies; 
this will be further discussed. 

Design Issues in Studies of Exposure to Indoor Radon Progeny 

Since about 1979, a number of epidemiologic studies have been undertaken to 
evaluate the possible role of indoor radon for the lung cancer risk of the general 
population. These studies have often been of the case-control type, but several 
correlation studies have also been published regarding the occurrence of lung 
cancer in various countries or regions in relation to quite crude estimates of 
radon in homes. 

A major problem in epidemiologic studies is always to obtain proper expos
ure information and the studying of radon progeny exposure in the general 
environment and lung cancer is no exception; indeed, the problem is even 
greater than in many other studies, since the individual has no perception of 
exposure and usually has lived in many houses with varying exposure levels. 
Some people spend most of their indoor time at home, whereas others prefer to 
more often be out in the open air or have indoor activities in various other 
houses with different radon concentrations. Only the exposure in the home 
environment would be reasonably easy to estimate in retrospect; however, great 
uncertainties affect any exposure assessment. It is also obvious that even quite 
extensive measurements in a number of subsequently used homes of an indi
vidual would not permit any particularly good estimate of his or her cumulated 
exposure over many decades. Nevertheless, a combination of measurements and 
judgements with regard to pertinent characteristics of a house might be assumed 
to give a usable estimate of radon progeny exposure. 

By restricting a study population to be rural, the precision in the assessment 
of individual exposure may improve. The reason for this is that the subjects 
involved, especially the women, are more likely to have spent most indoor time 
in their homes, whereas the situation in this respect may be quite different for an 
urban population. Furthermore, a rural population tends to be very stable and 
many individuals were even born in the same house where they died. 

In view of such considerations, some of the first studies were restricted to 
rural populations (Axelson et al. 1979; Edling et al. 1984). The building material 
of the house where a subject had lived just prior to death was considered in 
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terms of wooden versus stone as indicative of indoor radon levels according to 
the early measurements by Hultqvist (1956). However, a mixed category was 
used when the house had some other, less distinct character. The existence of a 
basement was also taken into account as possibly increasing the indoor radon 
levels. 

Some further refinement in estimating exposure through indirect methods 
was applied in the second of these studies, i.e., from the island of Oeland in the 
Baltic (Edling et al. 1984). This island has quite specific geological features, i.e., 
along the west coast there is an alum shale strip leaking radon, which could be 
taken into account as likely to contribute to indoor radon. The population 
density is high in this very clearly defined zone, which is only a few hundred 
meters in breadth, whereas the rest of the island consists of lime and sandstone 
with a low radon emanation. Geophysical maps were also available indicating 
the increased background radiation of the alum shale zone. Cellulose nitrate 
film measurements of indoor radon progeny concentrations were also under
taken and found to agree relatively well with the exposure categories based on 
various characteristics of the houses and their locations as likely to have 
determined indoor radon concentrations. Furthermore, the study of the Oeland 
population only included individuals who had lived in the same house for 30 
years or more. This restriction strongly reduced the number of individuals 
eligible for the study, but was likely to improve the accuracy of the exposure, 
i.e., with regard to the specific exposure category ascribed to each individual. 

Other investigators in the field have applied similar classifications of assumed 
exposure, i.e., with regard to type of house construction and building material, 
as, for example, in a study from Maryland (Simpson and Comstock 1983). 
Some very distinct assumptions were made in one study, as the exposure was 
estimated in terms of kBq/m3 x months (Pershagen et al. 1984). Considering all 
the uncertainties involved in the exposure assessment in this context, a more 
crude classification based on building material in the walls, only distinguishing 
between wood and other (stony) materials (Damber and Larsson 1986), might 
perhaps be as efficient. This approach has also been used as an alternative 
assessment of exposure in a recent study (Axelson et al. 1988). 

In still another study of an urban population in the Stockholm area, it was 
required for the classification of an individual as more exposed that she (only 
women were included in the study) had lived either in a detached house or at the 
bottom floor of a multifamily house, i.e., under circumstances implying expos
ure to relatively higher radon concentrations (Svensson et al. 1987). Measure
ments were made in 10% of the houses and, in addition, there was already some 
further information available regarding radon emanation from the ground in 
certain sectors of the geographical area involved. Finally, there are a few 
studies, in which the exposure has been entirely based on direct measurements 
(Lanes et al. 1982; Lanes 1983). 

In correlation studies, general information about background radiation and 
data on radon in water etc. have been utilized as the exposure variable (Edling 
et al. 1982; Bean et al. 1982; Hess et al. 1983; Hofmann et al. 1985; Dousset and 
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Jammet 1985; Forastiere et al. 1985). Other cancers than lung cancer have also 
been considered in some of these studies. 

Results in Studies of Exposure to Indoor Radon Progeny 

All of the clear-cut case-control studies available so far have shown some degree 
of increased lung cancer risk in relation to assumed elevated levels of indoor 
radon progeny. On the average, the risk ratios have been around 2, but higher 
for particular subgroups (Table 3). One of the studies considered oat-cell and 
other anaplastic lung cancers in women only (Svensson et al. 1987). Another 
study reported a relative predominance of squamous and small cell carcinomas 
among those who had lived in nonwooden houses, i.e., under assumed elevated 
exposure to radon progeny indoors (Damber and Larsson 1986). 

Simpson and Comstock (1983) followed a mixed rural-urban population of 
39636 individuals in Maryland, USA, for the period 1963-1975 with regard to 
lung cancer among people who had lived in houses of different constructions 
and building materials. The study included 298 lung cancer cases. No clear effect 
was seen, but somewhat higher lung cancer rates were associated with concrete 
in the walls and with a construction on a concrete slab, especially for those 

Table 3. Results in studies of lung cancer and exposure to indoor radon and radon 
daughters (case-control studies) 

Author Cases to Rate Remarks (CI) 
and year controls ratio(s) 

(n) 

Axelson et al. (1979) 37/178 1.8 CI 90, 0.99-3.2 

Edling et al. (1984) 23/202 Up to 4.3 CI 90, 1.7-10.6 

Pershagen et al. (1984) Two sets Significantly higher exposure 
of 30/30 for smoking cases; no clear 

difference vs controls for the 
nonsmokers 

Damber and Larson 604/(467 x Up to 2.0 CI 95, 1.0-4. ~ (for more than 
(1986) 2+ 137) 20 years in nonwooden houses) 

Svensson et al. (1987) 292/584 2.2 CI 95, 1.2-4.0, women with oat-
cell carcinoma 

Lees et al. (1987) 27/49 Up to 11.9 Risk of 11.9 corresponding to 
10 WLM of exposure in regres-
sion model 

Lanes et al. (1982) 50/50 2.1 Published abstract only 

CI, confidence interval. 
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having lived in such houses for 15 years or more. These particular relationships 
may be best explained as an effect of radon progeny exposure. 

Several of the correlation studies indicate a more or less clear relationship 
between the occurrence of lung cancer and some indirect measure of potential 
radon emission from the ground. For example, geological features such as 
phosphate deposits, that had been worked (Fleischer 1981), or volcanic versus 
sedimentary structures (Forastiere et al. 1985), have been utilized to create a 
contrast in exposure. The occurrence of a type of granite with increased 
radioactivity has provided another opportunity for a study on a county basis, 
contrasting the lung cancer rates of the populations within and without the area 
with the particular granite (Archer 1987). Estimated average background 
radiation levels per county have also been utilized as a surrogate for potential 
indoor radon (Edling et al. 1982). Some other of these somewhat crude, but 
more or less positive studies, have been based on measurements of Ra-226 in 
water (Bean et al. 1982) or investigated levels of radon in water and indoor air 
(Hess et al. 1983). 

In some of these studies, a correlation has been obtained also for other 
cancers than lung cancer, e.g., for pancreatic cancer and male leukemia (Edling 
et al. 1982), bladder and breast cancer (Bean et al. 1982), and for reproductive 
cancer in males as well as for all cancers taken together (Hess et al. 1983). A high 
mortality rate from stomach cancer has been reported from New Mexico in an 
area with uranium deposits (Wilkinson 1985). This excess of cancers other than 
lung cancer might be an effect of other decay products from uranium, than the 
inhaled short-lived radon progeny, say radium in drinking water. It is not 
immediately clear, however, if this increased cancer mortality at all can be 
attributed to radioactivity. 

Some correlation studies have also come out negative with regard to lung 
cancer, e.g., from Canada (Letourneau et al. 1983), China (Hofmann et al. 
1985), and France (Dousset and Jammet 1985). The latter study, undertaken in 
an area with higher assumed indoor radon levels, showed some excess of 
digestive tract cancers. 

Based on this short review of the literature, it may be concluded, that in most 
of the studies published so far, there has appeared some increase in the risk of 
lung cancer in relation to the estimates used for exposure to elevated indoor 
levels of radon progeny. There might be indirect relations with some other 
cancers as well, i.e., increased levels of radon tend to be associated with the 
occurrence of other radioactive materials, which mayor may not explain some 
of the observations made. 

Review of Some Recent Studies 

In view of the present interest for the potential lung cancer hazard from indoor 
radon, it is not surprising that studies in this respect has started in several 
countries or are being planned, e.g., in the USA, UK, Belgium and elsewhere in 
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Europe. For example, a rather large Swedish study may be mentioned as in 
progress, involving 1500 lung cancer cases and two sets of controls, 1500 in 
each. This study is supposed to take about 5 years to finish, and some results 
may be expected in 1992. 

The results from two new Swedish studies may deserve a more detailed 
review. One of these studies (Svensson et al. 1988) is based on 210 incident 
female lung cancer cases and two control groups, i.e., one series involving 209 
matched population controls and the other 191 hospital controls. Exposure to 
indoor radon progeny was assessed by means of estimations and also measure
ments in 10.9% of the dwellings held for more than 2 years by the subjects; in 
addition the dwellings were classified with regard to whether or not there was a 
ground contact that likely would have increased indoor radon. Risk ratios of 1.8 
and 1.7 were obtained for the medium and high categories of cumulated 
exposure, respectively, with the strongest effect for small cell carcinoma and 
lowest for adenocarcinoma. Squamous and small cell carcinomas taken to
gether resulted in risk ratios of 2.3 and 3.1 in the respective exposure categories. 
Furthermore, these risks operated primarily among the smokers, and it might 
be added that smoking, as controlled in the study, was negatively associated 
with estimated radon progeny exposure. 

The other of the two new Swedish studies (Axelson et al. 1988) is very similar 
to the earlier one from the island of Oeland (Edling et al. 1984). Hence, this 
study was again confined to an area with alum shale deposits in central south 
Sweden, because the idea was to obtain an exposure contrast between the 
houses due to local differences in radon emanation from the ground. Also 
building material and character of the houses were taken into account for the 
assessment of exposure. As a matter of fact it was possible to apply exactly the 
same criteria for classification of exposure as was used in the study from Oeland. 
This new study is larger, however, encompassing 177 cases and 673 referents. 
Measurements were possible in 143 of the case houses, whereas economic 
constraints reduced the number of measured referent houses relatively more, 
i.e., to 251. Again all subjects were required to have lived at the same, last 
address for at least 30 years. 

The current levels of indoor radon progeny corresponding to the exposure 
categories chosen turned out to be 112 (0.030 WL), 97 (0.026 WL), and 
57 Bqjm3 EER (0.015 WL), respectively, in those houses that were measured 
with alpha-sensitive film. With regard to alternative, dichotomized categories 
based on wall materials only, measured values varied from 151 Bqjm3 EER 
(0.041 WL) for light weight alum shale concrete or mixed materials to 87 Bqjm3 

EER (0.024 WL) for wood, brick, and other stony material, the latter apparent
ly without any particularly high radioactivity. 

The result of the study has relatively well reproduced the findings from the 
earlier studies of our group (Axelson et al. 1979; Edling et al. 1984; the method 
sections of these papers also give the references for the various epidemiologic 
concepts used below). Hence, the risk ratios over the exposure categories were 
1.0, 1.5, and 1.8, respectively. However, by considering age, sex, smoking 
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habits, and urban-rural distribution by stratification, it appeared that non
smokers, passive smokers, and occasional smokers in rural areas showed an 
increasing risk with higher category of assumed exposure, whereas there was no 
such definite pattern for the smokers, nor in the urban population irrespective 
of smoking habits. The same findings also appeared for the subset of cases and 
controls for whom there were measurements of indoor radon daughter levels. It 
might be added, though, that only cases and no controls appeared among the 
smokers in the highest exposure category based on the measurements. With 
regard to wall materials in the homes, the risk ratio was 2.0 (and the 90% 
confidence interval, CI 90 was 1.1-3.7) for residents in the houses with high 
versus low radon daughter levels; this analysis involved both the rural and 
urban population sector. 

Considering passive and occasional smokers together (the latter likely to be 
particularly tolerant to environmental tobacco smoke), and aggregating both 
rural and urban areas, the crude risk ratios were 1.0, 2.1, and 2.3 with regard to 
the exposure categories. By stratification on age, sex, and urban-rural distri
bution, the corresponding Mantel-Haenszel risk ratios were 1.0, 1.9 (CI 90, 
0.78-4.5) and 2.9 (CI 90, 1.2--6.6), respectively. Passive smoking only, without 
any consideration of radon progeny exposure, resulted in a crude risk ratio of 
1.2 with a corresponding Mantel-Haenszel risk ratio ofO.9 after stratification as 
above. This means that there was no clear effect in these data with regard to 
passive smoking only. 

The interpretation of this study might be that some further support has been 
obtained for the proposition that exposure to indoor radon progeny may playa 
relatively important role for lung cancer. This view seems reasonable in spite of 
the internally somewhat inconsistent findings for the rural and urban popu
lation sector. It is more relevant namely, if the rural population appears to be 
affected by lung cancer in relation to degree of assumed exposure, because rural 
people are apt to spend most indoor time at home rather than in other buildings. 
The habits in urban areas are obviously quite different in this respect. There are 
also many occupational factors operating in an urban population and general 
air p<1llution in densely populated areas may also play some role in obscuring an 
effect of indoor radon progeny exposure. Furthermore, the study had no 
subdivision of the smokers into consumption categories, which may imply a 
somewhat poor control of confounding, should it be negative and masking an 
effect. Some further support for a lung cancer risk from indoor exposure to 
radon progeny is obtained from the fact that an increased risk appeared with 
regard to certain wall materials as rather well correlating with high radon 
progeny concentrations in the measurements. 

On the Combined Effect of Smoking and Exposure to Radon Pr~geny 

Most of the studies of miners suggest a multiplicative interaction or synergism 
between smoking and radon progeny exposure, but a few studies have also 
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suggested a merely additive relationship or even less than an additive effect. This 
discrepancy between various studies may seem disturbing, but conceptually 
there is not necessarily any definite inconsistency. Instead, the explanation 
might be that there is an influence of smoking on mucous secretion and, 
therefore, also on the thickness of the mucous sheath, which in turn would 
determine the number of alpha-particles able to penetrate to the basal cells of 
the epithelium from which cancer may develop. 

Increased mucous secretion in the respiratory tract may occur especially 
among smokers, when exposed to dusty ambient air as occurred in some older 
mines, where a merely additive or subadditive interaction has been observed 
with regard to smoking, radon progeny exposure, and lung cancer (Axelson and 
Sundell 1978; Dahlgren 1979; Edling 1982). It may be recalled in this context, 
that a considerably increased prevalence of bronchitis has been reported in 
smoking miners (Sluis-Cremer et al. 1967; Jorgensen and Swensson 1970), but 
the criteria used for the diagnosis of this disorder may not clearly distinguish a 
simple mucous hypersecretion from true bronchitis. It is noteworthy also, that 
an increase in thickness of the mucous layer of only about 10 J.Lm would decrease 
the dose to the epithelium by the order of some 50% (Altshuler et al. 1964; 
Walsh 1970). However, with regard to cancer development, there is also likely 
to be a synergism between chemicals in tobacco smoke and the actual dose of 
radiation to the epithelium. This is indicated by the more or less multiplicative 
interaction found in many of the studies of miners. Evidence in this direction 
has also been obtained from sputum cytology of uranium miners (Band et al. 
1980). 

The somewhat complex view given here on the interaction of smoking and 
radon progeny exposure seems to be quite well supported by animal ex
periments. For example, it has been reported that smoking dogs were less 
affected by respiratory cancer than nonsmoking dogs, when both groups were 
exposed to uranium ore dust and radon progeny (Cross et al. 1982). However, 
there are also experiments in rodents indicating that radon progeny exposure 
followed by exposure to cigarette smoke stimulated tumour development, 
whereas the reverse combination did not (Chameaud et al. 1985). A double role 
of smoking as both influencing the mucous secretion and subsequently the dose 
obtained, as well as the cancer process itself, seems therefore plausible but might 
also lead to almost any overall epidemiologic result, i.e., from a multiplicative to 
an even less than additive effect dependent on the particular circumstances 
under which exposure occurs. 

Also for exposure to indoor radon progeny and smoking, there seems to be a 
more or less multiplicative effect, although only a few studies provide data in 
this respect. Especially in rural areas this pattern of interaction was seen (Edling 
et al. 1984; Edling and Axelson 1987) and has appeared also for passive and 
occasional smokers (Axelson et al. 1988). It has to be pointed out, however, 
that there are also some inconsistencies between the various studies, especially 
with regard to smokers in urban areas (Svensson et al. 1987, 1988; Axelson et al. 
1988). There may be several reasons for these inconsistencies, e.g., simply the 
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instability of the estimates due to the relatively small numbers involved in the 
studies as further underscored by the different effects indicated for the various 
histological types oflung cancer (Svensson et al. 1988). Similarly as in studies of 
miners (Archer et al. 1974; Horacek et al. 1977), small cell carcinomas showed 
the strongest association with indoor exposure to radon progeny. This relation
ship has been indicated also in the earlier studies (Damber and Larsson 1986; 
Svensson et al. 1987). 

A further aspect on the interaction of smoking and radon progeny exposure 
may be brought up in this context, namely the tendency of radon progeny to 
attach to environmental tobacco smoke. This phenomenon increases the air
borne radioactivity in the presence of tobacco smoke, i.e., there is less plating 
out of radon progeny on walls, furniture, and other surfaces in a room 
(Bergman et al. 1986). As a consequence, however, the fraction of unattached 
progeny tends to be reduced. The biological net effect of this increased radioac
tivity of the smoke-polluted air and the reduction of unattached progeny is not 
clear. Usually, the unattached fraction has been considered as more important 
than the attached fraction for the radiation dose to the epithelium, but a large 
part of the unattached progeny tends to be deposited rather high up in the 
respiratory tract, at least by nose breathing. In this region, however, the 
epithelium is thick enough to hinder penetration of the alpha-particles to 
the basal cells, from which cancer may develop (Walsh 1970). In contrast, the 
smoke-attached progeny tend to be deposited further down the respiratory tract 
(George and Breslin 1969; Morken 1979), or in those bronchial regions where 
the cancers occur. 

In the context of mining, the unattached fraction has usually been thought of 
as responsible for the greater part of the dose delivered to the bronchial 
epithelium, but the pattern of respiration would be characterized by more 
mouth breathing in heavy mining work than in sedentary situations in the home 
environment. Further work seems to be needed to permit a more elaborated 
view on this interaction of active as well as passive smoking and radon progeny 
exposure in various environments. 

Comparing Risk Estimates in Miners and the General Population 

Comprehensive reviews and estimations of the lung cancer risk from exposure 
to radon and its decay products have recently been elaborated (NIOSH 1987; 
BEIR IV 1988; IARC 1988) and involve reanalyses of previously presented data 
on miners along with new, quantitated risk assessments (NIOSH 1987; BEIR IV 
1988). Comparisons with the risks noted in studies of general populations with 
indoor exposure to radon progeny would obviously be of great interest, but 
would involve great uncertainties due to sparsity of data. 

NIOSH (1987) derived the risk estimation from uranium miners in the 
Colorado Plateau area as followed for many years (Lundin et al. 1971). The 
increase of the risk ratio was calculated to be 1.57 for a cumulated exposure of 
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30 WLM (above background) over a 30-year working life. The corresponding 
excess of lung cancer deaths per 1000 miners was estimated to 10 cases. For a 
cumulative exposure of 15 WLM, the risk ratio was estimated to be 1.31, and 
the expected excess of cases per 1000 miners was given as 4.9. In additive terms, 
exposures of 15 WLM as well as of 30 WLM and also some higher exposures, 
would result in an excess of about 0.33 cases per WLM and 1000 individuals 
over lifetime. Similarly, the BEIR IV (1988) report arrived at 0.35 cases per 
WLM and 1000 individuals over lifetime. The corresponding figures that can be 
derived from two of the house studies (Axelson et al. 1979; Edling et al. 1984) 
are in the range of 0.3-0.8 cases per WLM and 1000 individuals over lifetime 
(Edling and Axelson 1987). The small number of cases underlying these figures, 
makes the agreement with the risk estimate from the miners rather uncertain 
even if formally quite consistent. 

As already indicated to some extent, NIOSH (1987) as well as BEIR IV 
(1988) advocated a multiplicative risk model for the lung cancer effect of radon 
progeny exposure, whereas earlier risk assessments usually have presumed 
additivity. A multiplicative model implies synergistic effects with other causes of 
lung cancer as influencing the background rate of this disease, notably smoking, 
but also with earlier e~posure to radon progeny, both occupational and 
background in character. 

The multiplicative risk model makes it somewhat simpler to more directly 
involve case-control data from studies of the general population in comparisons 
with cohort studies of miners. This may be looked upon as a simplification that, 
if tenable, probably will turn out to be valuable, since it is likely that most 
studies of radon progeny exposure in general populations also in the future will 
be of a case-control design, particularly for reasons of costs. Data from one of 
the house studies (Axelson et al. 1988) may immediately be used in this model 
for a crude comparison of predictable and observed risk ratios in relation to 
degree of exposure. Some approximations would be necessary, however, be
cause of missing information or differences with regard to age stratification, etc. 

The model given by the BEIR IV report may be presented as 

R(a)/r(a) = 1 + 0.025J.L(a)( W + 0.5 V) 

where R(a) is the lung cancer rate at age a among the exposed; r(a) is the 
baseline rate (as in the 1980--1984 US population); J.L(a) is 1.2 for ages less than 
55 years, 1.0 for ages 55-64 years, and 0.4 for age 65 years or greater; W is the 
cumulated exposure in WLM from 5 to 15 years before age a; and V is the 
cumulative in WLM 15 years or more before age a. R(a)/r(a) is then apparently 
the risk ratio at age a. It may be noted here that the model implies that relatively 
recent exposure would playa greater role for lung cancer development than 
usually assumed, i.e., exposure from the last 5 to 15 years has been given more 
weight than earlier exposure. This would imply that alpha-radiation operates as 
a late stage carcinogen, even if the animal experiments referred to also clearly 
suggest an early stage effect (Chameaud et al. 1985). 
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Considering the house study (Axelson et al. 1988), the Il-factor in the BEIR 
IV model may be taken as 0.8 as an average with regard to the relatively high 
ages for the lung cancer cases. Recent exposure, W, may be derived from an 
exposure level of 151 Bq/m3 as a measured average for an elevated exposure 
category, as mentioned above. At the age of 60, say, and with some,80% indoor 
occupancy time, one obtains 25 WLM for the recent 15 years of exposure, W. 
Then, for the earlier period of life, i.e., until 45, V might be 50 WLM as 
accumulated (over three times as long a time) at those somewhat lower exposure 
levels, that are likely to have occurred in the past. Then, (W + 0.5 V) would be 50 
WLM and the rate ratio, R(a)/r(a), is obtained as 2.0, or just as found in the 
study with regard to the exposure category with 151 Bq/m3 as an average. Other 
similar comparIsons are also possible and would show reasonable agreements as 
well. 

Calculations of this kind may seem a bit primitive in view of the fact that the 
lung cancer risk of any reference population also has to be thought of as 
influenced by radon progeny exposure. However, this is something which is 
shared with the background population involved in the model for the miners 
and may therefore be thought of as allowed for. 

Epilogue 

In view of a number of recent epidemiologic studies it may be justified to believe 
that not only various miner groups but also large parts of the general popu
lation have a risk of lung cancer due to radon progeny exposure. Still there may 
be reasons to look critically at the comparisons made here between miners and 
general populations because of a possible influence from different other factors 
in mines and houses. Similarly, a critical view should be taken also with regard 
to the calculation of the increase in risk ratio in relation to exposure. A tentative 
conclusion could be that the lung cancer risk per amount of exposure to radon 
progeny very well can be quantitatively similar whether the radiation is ob
tained in mines or in homes. Further insights into the dose-response and time 
relationships of radon progeny exposure and the interaction with smoking in 
humans might be obtained from the studies under way on indoor exposure. 

With regard to the lifetime risk of lung cancer in miners, one extra death per 
1000 miners has been considered as possibly acceptable, but this would only 
permit an exposure of about 0.1 WLM per year (NIOSH 1987). However, 
already the average background exposure in the US was estimated to 0.2 WLM 
per year (and up to 0.4 WLM per year in the vicinity of radon emitting ore 
bodies), but the exposure even seems to be considerably higher for large 
population sectors in many other countries. This fact certainly illustrates the 
problem of prevention, not only in the context of mining, but especially with 
regard to indoor exposure to radon progeny. 
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The association between exposure to electromagnetic fields (EMF) and human 
cancer was made the object of several recent reviews (Aldrich and Easterley 
1987; Coleman and Bera11988; Kavet and Banks 1986; Savitz and Calle11987; 
Sheik 1986). 

In this paper, questions addressed are: (a) the interaction of electric and 
magnetic fields with the human body; (b) the strength of the evidence of 
carcinogenicity to humans, and (c) the recent developments in measuring 
human exposure to extremely low frequency (60 Hz) electric and magnetic 
fields. 

Interaction of Electric and Magnetic Fields with the Human Body 

From accidents of electrocution, it is known that the human body is a good 
conductor of electricity. Under a uniform low intensity electric field, the human 
body, like any other conducting object, causes a distortion of the electric field 
(Sheppard and Eisenbud 1977). Electric radiation enters the body at a perpendi
cular angle. As a consequence, measuring electric field exposure is complex since 
exposure will change with each movement of the body. In addition, electrical 
radiation is distorted by the presence of any conductive object in the vicinity of 
a person. The magnetic field, contrary to the electric field, is not distorted by the 
human body. It passes directly through buildings and most features in the 
environment. 

Both electric and magnetic fields induce internal currents in the body (Bridges 
and Preache 1981). 

In the case of electric fields, current enters the body at various points and 
leaves it through the parts that are in contact with the ground. The magnetic field 
induces a secondary electric current which remains within the body and travels 
in a circular pattern. 

Transmission lines which transport electricity over long distances generate 
both electric and magnetic fields. The intensity of those fields is proportional to 
the amount of electricity that circulates in the lines. Electric fields are highest at 
approximately 20 m from the centre of the line and can reach 10 kV/m for wires 
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that transport 765 kV whereas magnetic fields are highest directly under the line 
and can reach 250 mG (JERE 1987). 

Electric appliances in the home generate electric as well as magnetic fields. 
Tables 1 and 2 give the intensity of those fields measured at 30 cm from the 
source. 

For electric fields, most appliances will generate fields of intensities varying 
between 30 and 90 V 1m with one major exception, electric blankets which 
generate the highest field of the order of 250 V 1m (Sheppard and Eisenbud 1977). 
For magnetic fields, the appliances which generate the highest fields are 
microwave ovens, electric can openers, vacuum cleaners and electric blankets 
(Gauger 1985). 

Occupational environments can expose workers to magnetic field strengths 
which are 100 to 1000 times higher than household fields (Coleman and Beral 
1988). 

Assessment of the Evidence of Carcinogenicity to Humans 

The possibility that chronic exposure to low intensity EMF may cause cancer in 
man has only been raised recently. Epidemiological evidence accumulated so far 
essentially comes from environmental and occupational studies. 

Table 1. Typical values of electric fields generated 
by electric appliances. Based on data given in 
IERE (1988) 

Appliances 

Incandescent light bulb 
Electric cooking 
Vacuum cleaner 
Color TV 
Coffee pot 
Vaporizer 
Toaster 
Hair dryer 
Hand mixer 
Iron 
Refrigerator 
Stereo sound equipment 
Broiler 
Electric blanket 

Electric field 
(V 1m) at 30 cm 
from appliance 

2 
4 

16 
30 
30 
40 
40 
40 
50 
60 
60 
90 

130 
250 
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Table 2. Typical values of magnetic fields gen
erated by electric appliances. Based on data 
given in IERE (1988) 

Appliances 

Electric ranges 
Ovens 
Microwaves 

Garbage disposals 
Dishwashers 
Refrigerators 

Washers 
Dryers 
Coffee makers 

Toasters 
Crock pots 
Irons 

Can openers 
Mixers 
Blenders 

Vacuum cleaners 
Portable heaters 
Fans 

Hair dryers 
Shavers 
Televisions 

Fluorescent fixtures 
Desk lamps 
Saws 
Drills 

Environmental Studies 

Range of 
measured fields 
(mG) 

3-50 
1-50 

40-90 

8-12 
7-14 
< 0.1-3 

2-20 
0.7-3 
0.7-1.5 

0.6-8 
0.8-1.5 
1--4 

30-300 
6-150 
5-25 

20-200 
1.5-40 
0.2--40 

< 1-100 
1-100 
0.3-20 

20--40 
5-20 

10-300 
25--40 

Environmental studies first addressed the question of cancer occurrence in 
children. In 1979 Wertheimer and Leeper observed that children who died of 
cancer lived in residences where electric and magnetic field exposures were 
considered higher than residences of controls. Following this observation, 
Fulton et al. (1980) in Rhode Island and Myers et al. (1985) in the United 
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Kingdom, were unable to replicate these results whereas Tomenius (1986) in 
Sweden and Savitz (1987) in the United States, did observe the same associ
ation. The most revealing findings of these five case-control studies relate to 
three health issues: all childhood tumors, childhood leukemia, and central 
nervous system tumors. With respect to all childhood tumors, clear excesses 
were observed by Wertheimer and Leeper (1979) and Tomenius (1986), no 
excess was seen by Myers et al. (1985) whereas Savitz (1987) observed an excess 
only when wire configuration was used as a measure of exposure in a manner 
similar to that of Wertheimer. 

For childhood leukemia, the evidence of an excess is far less convincing. 
Except for Wertheimer and Leeper (1979), and to a limited degree Savitz (1987), 
other authors have failed to show an excess of childhood leukemia associated 
with exposure to magnetic fields. Three studies have looked at the association 
between magnetic fields and central nervous system tumors in children (Ahlbom 
et al. 1987). An excess has been observed by Tomenius (1986) and Wertheimer 
and Leeper (1979) but not by Savitz (1987). 

Other studies have attempted to provide additional information by either 
looking at cancer in exposed cohorts or by investigating other health issues in 
relation to EMF exposure. Two cohort studies have been carried out. In the first 
McDowall (1986) identified through the 1971 census, 8000 persons who lived in 
houses located near electric transmission facilities, and followed the mortality of 
the cohort up to 1983. Except for an excess of lung cancer mortality in women, 
no other positive findings were observed. 

Knowing that the highest exposure to electric fields results from sleeping 
under electric blankets or on waterbeds, Wertheimer and Leeper (1986) in
vestigated a cohort of 673 births among people who had been using these 
electric devices over a period of 8 years. The study aimed to address the question 
of the effect of EMF exposure on the fetus or on abortion rates. The authors 
observed a seasonal pattern in fetal growth and abortion rates in families using 
electrically heated beds which correlated with the months of the years they were 
used. Gestation periods were generally longer in users of electrically heated beds 
for infants conceived in the season where the need for electric bed heating was 
greatest. Similarly, an excess of reported abortions occurred in the winter 
months, especially in those months when the mean temperature was coldest. 

Perry et al. (1981) selected 598 suicide deaths which occurred between 1969 
and 1976 and matched each of them with a random control. Magnetic field 
intensity was measured at addresses of cases and controls. It was observed that 
more cases than controls had been exposed to high magnetic fields and that the 
intensity of the fields was higher among cases. 

Wertheimer and Leeper (1982) matched 1179 adult cancers diagnosed be
tween 1967 and 1975 with 1179 controls selected in several ways. Exposure was 
assessed by looking at wiring configurations around the houses of cases and 
controls. The following findings were noted: cases were more exposed than 
controls; there was a dose-response relationship between exposure and cancer; 
the risk was more pronounced among people under 55 years of age; the main 
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cancers in excess were those of the central nervous system, uterus, and breast, as 
well as malignant lymphomas, and all cancers. 

Finally, Aldrich et al. (1984) reported a cluster of five children who developed 
an endodermal sinus tumor between 1974 and 1978. They all lived in the same 
district and all had a high estimated exposure to EMF. The author mentioned 
that the association with EMF was purely hypothetical and that these children 
had also been exposed to environmentallead and polycyclic hydrocarbons. 

The information gained through the results of the above environmental 
studies can be summarized as follows: 

1. The type of childhood cancer that has been associated with an excess 
exposure to electromagnetic fields are all cancers (three studies out of four), 
central nervous system tumors (two studies out of three), and leukemia (two 
studies out of five). 

2. With regard to excesses of adult cancers resulting from exposure to EMF, the 
findings are contradictory, one study reporting a positive association 
(Wertheimer and Leeper (1982), and the other negative findings (McDowall 
1986). However, the latter study did not have enough power to exclude a two 
to threefold increased risk. 

3. One study found an association between EMF exposure and suicide, but it 
was not replicated. 

4. The effect of electric blankets and waterbeds on pregnancy outcomes are 
difficult to interpret. 

5. The measure of exposure to EMF that was associated with cancer was wire 
configuration around houses; actual and estimated measurements were less 
well correlated with excesses of cancer. 

Occupational Studies 

Several studies have examined the potential cancer risk of EMF exposures in 
occupational groups. These studies may be classified under three headings: 
(a) leukemia in electrical workers, (b) leukemia in other workers exposed to 
EMF, (c) health studies of electrical workers. 

Leukemia in Electrical Workers 

A series of short papers originating from several countries and gathering 
information from several sources, have been published between 1982 and 
1988 (Calle and Savitz 1985; Coleman et al. 1983; Howe and Lindsay 1983; 
McDowall 1983; Milham 1982, 1985a, b, 1988; Pearce et al. 1985; Wright et al. 
1982). The great majority of these studies have observed an excess of all 
leukemias among electrical workers, although in many instances, this excess did 
not reach statistical significance. Most statistical analyses used in these studies 
were proportional risk ratios. 
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Leukemia in Other Workers Exposed to EMF 

Five comprehensive mortality studies of aluminum workers have been pub
lished (Andersen et al. 1982; Gibbs 1985; Milham 1979; Mur et al. 1987; 
Rockette and Vincent 1983). Although significant excess of acute leukemia, 
lymphosarcoma, and reticulum cell sarcoma were observed in only one study 
(Milham 1979), it is remarkable that most standardized mortality ratios (SMRs) 
were over 100. This is rather worrisome considering that the overall mortality of 
these workers, taking into consideration the healthy worker effect, gives an 
SMR for all causes of about 80. 

Two recent case-control within cohort studies have led to unexpected find
ings. Underground coal miners represent an occupational group exposed to 
EMF. High voltage overhead power distribution lines are common in mines and 
converters in stepdown transformers are used to provide power to mining 
equipment. Gilman et al. (1985) examined the risk to coal miners of exposure to 
EMF in a case-control study of 40 leukemia cases and 160 controls who died of 
causes other than cancer. A statistically significant risk for all leukemias, 
chronic lymphocytic leukemia, and myelogenous leukemia was observed for 
workers with 24 or more years of underground mining. 

Similarly, in a matched case-control study conducted in naval shipyard 
workers with the intent of studying the relationship between exposure to 
ionizing radiation and leukemia, Stern et al. (1986), observed that leukemia was 
associated not with ionizing radiation but with occupation such as done by 
electricians and welders, occupations known to have high exposures to EMF. 

Other Studies of Electrical Workers 

In a search for stronger evidence of leukemia associated with occupational 
exposure to EMF, six cohort studies have been conducted in the following 
occupational groups: electrical workers, electronic and electrical manufacturing 
industry workers, telecommunications workers, electrical engineers, power
linemen, and power station operators (Olin et al. 1985; Swerdlow 1983; 
Tornqvist et al. 1986; Vagero and Olin 1983; Vagero et al. 1985; Wertheimer 
and Leeper 1982). Sample sizes were reasonably large and observation periods 
extended over 30 years. Surprisingly, no excesses of leukemia were observed, 
but excess of cancers of the pharynx, lung, and skin melanomas were noted. 

Four case-control studies of central nervous system cancers have been 
conducted in occupational settings. In comparing the occupational history and 
exposure to EMF, based on panel rating, between 951 cases of brain cancer 
deaths and 951 randomly selected controls dying of non cancer causes, Lin et al. 
(1985) observed elevated odds ratios for electricians, electric and electronic 
engineers, and utility workers. He also reported a dose-response relationship 
between the risk of brain cancer and exposure to EMF. Thomas et al. (1987) 
compared the occupational history of 435 cases of brain cancer deaths with that 
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of 386 non brain cancer deaths and reported elevated odds ratios for workers 
exposed to microwave-radio-frequency radiation and the manufacture and 
repair of electronic equipment, as well as for electric-electronic workers. In a 
population-based case-control study of 202 males who died from gliomas in 
1969-1978, Speers et al. (1988) observed a dose-related increased risk for brain 
cancer among male workers employed in occupations associated with electric or 
electromagnetic fields. Finally, excess deaths from neuroblastoma have been 
noted in children whose fathers were exposed to EMF (Spitz and Johnson 
1985). 

Results from these occupational studies allow the following conclusions to be 
drawn: 

I. The combined results of the studies of electrical workers show a relative risk 
of 1.18 (confidence interval 1.09-1.29) for all leukemias and a relative risk of 
1.46 (confidence interval 1.27-1.65) for acute myeloid leukemia (Coleman 
et al. 1983). 

2. The excesses of leukemia observed in mortality studies conducted from 
mortality or cancer registries are poorly corroborated by cohort studies. 

3. From cohort studies, the type of adult cancers associated with exposure to 
EMF are: all cancers (three studies out of six), skin melanoma (three studies 
out of six), non-Hodgkin's lymphoma, lung cancer, and pharyngeal cancer 
(one study out of five for each tumor type). 

4. Elevated odds ratios for brain cancer have been reported in four case-control 
studies. 

Assessment of Overall Causality 

The classical criteria for causality may be applied to assess the evidence 
accumulated thus far. The consistency of the results is not obvious. Although 
similar observations in occupational groups have been published from different 
countries using different sources of information, one must realize that from one 
study to another, the cancer type in excess is not always the same and the 
occupation in which this excess is observed varies greatly from one study to 
another. 

The strength of the association is moderate to weak. Among exposed 
workers, the risk can be estimated at 1.18 for all leukemias and at 1.46 for acute 
myeloid leukemia. For cancer in children, the association is only suggestive. In 
terms of specificity of the disease, three cancer types have been most commonly 
observed: acute myeloid leukemia, brain cancer, and skin melanoma. 

Most of the reported studies are plagued with several weaknesses: the sample 
size is often small; many analyses are based on proportional mortality or 
incidence ratios; exposure to electromagnetic fields has been assessed indirectly 
without precise measurements, often being based only on occupational titles 
and classifications; confounding factors have never been considered. 
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The biological plausibility of an association between cancer and EMF has 
long been the object of debate. There has been an important breakthrough 
recently, particularly with regard to cell membrane windowing and ACTH
mediated effects which suggests that exposure to low level 60 Hz EMF may 
interfere with cellular and hormonal mechanisms in biological tissues (Aldrich 
and Easterley 1987). It is to be expected that more research on the mechanisms 
by which EMF can interfere with biological material will be forthcoming. 

Measurement of Exposure 

One of the major limitations of the human studies reviewed is the quantitative 
assessment of exposure. The excess risk observed, be it in electrical workers or in 
children living in residences located in the vicinity of transmission lines means 
little unless one can demonstrate that these subjects had a higher exposure than 
people considered not exposed. To assess exposures, several means have been 
imagined, most of them indirect measurements. One approach has been to 
observe the electrical wiring configuration around houses. This estimate of 
exposure assessment was first used by Wertheimer et al. (Wertheimer and 
Leeper 1979) and has been utilized by other authors afterward. Based on the size 
of the wires, the closeness of the house to these wires, and the distance to 
transformers and power stations, investigators have been able to classify homes 
into groups considered as having high, medium, or low current configurations. 
Although indirect, this means of assessment has turned out to be reasonably 
accurate for magnetic fields but less so for electric fields (Kaune et al. 1987). 

Another way to assess exposure has been to perform spot measurements near 
the front doors of houses and over or under electrical wires, to calculate an 
estimated exposure for people living in the houses. Other authors have based 
their research design on residences built alongside electrical lines or in the 
vicinity of electrical power stations. 

In most recent studies, actual measurements of electric and magnetic fields 
have been carried out at the time of interview in rooms where cases and controls 
lived. Measurements have been made with all the appliances turned on and off 
to obtain an overall estimate of exposure. 

Finally, most occupational studies have simply been based on the occu
pational history of the workers and onjob description and classification. This is 
particularly troublesome because occupations do not necessarily mean higher 
exposure, and occupational groups may turn out to be made of heterogeneous 
exposure. 

Dosimetry 

All measurements done so far have been instantaneous spot measurements, with 
no continuous monitoring, the reason being that instruments to carry out 
continuous monitoring did not exist. Such instruments, however, have been 
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designed recently and I would like to report on results that we have obtained in 
a group of utility workers in the province of Quebec. 

The dosimeter is a pocket-sized battery-operated device measuring magnetic 
fields, electric fields, and combined electromagnetic fields called transients every 
minute during 14 days (Deadman et al. 1988). The dosimeter has a memory, and 
at the end of 14 days, it is read by a computer, and the profile of the exposure is 
displayed on the screen. 

Levels of exposure may be displayed by day of the week or by hours of the 
day. In this way, exposure during work hours can be differentiated from 
exposure in the evening, at night, or over the weekend. Simultaneously, ex
posure can be expressed as a histogram giving the distribution of the frequency 
of several exposures over the selected time period. 

We have tried to determine if utility workers have higher exposure than 
nonutility workers and if there are differences of exposure between occupations 
within the utility workforce. Exposure is read separately for the work, non work, 
and sleeping hours for each day of the week. The geometric mean of each of 
these exposures is used as a summary assessment as well as to compute a weekly 
time-weighted average. 

So far, measurements have been carried out on 27 utility workers occupa
tionally exposed to EMF and on 16 nonutility workers considered to be exposed 
to background EMF. As shown in Table 3, during working hours, the mean 
geometric magnetic field exposure of exposed workers was 1.31 microteslas (flT) 
whereas for the background group it was 0.16 flT for a ratio exposed to 
background of 8.1 which is statistically different. During nonworking hours 
which correspond to activities in the evening and off work, there still was a 
difference between the exposed group and the background group with a ratio 
exposed to background of 1.6. During sleeping hours, there was no difference 
between the two groups. The overall weekly time-weighted average showed a 
ratio exposed to background of 2.9 which is significant although less remarkable 
than the ratio observed during working hours, reflecting a dilution of exposure 
through the addition of nonworking hours. Similar results have been obtained 
for electric field exposures. With regard to transient exposures, which cor
responds to exposure to fields of very high intensity, the difference between the 
exposed and nonexposed group was much larger with a ratio of 65 for working 
hours and 17 for the overall weekly time-weighted average. 

To investigate exposures in occupations within utility works, measurements 
were carried out for several occupational groups. Table 4 illustrates the results 
obtained. Important differences between occupations within the utility industry 
are noted. Concerning electric fields, transmission linemen have the highest 
exposure, followed by distribution linemen and apparatus electricians. With 
regard to magnetic fields, splicers have the highest exposure. As for transient 
electromagnetic fields, it is the generating station operator that has the highest 
exposure followed by transmission linemen and distribution linemen. 

The number of samples carried out so far is small and these findings can only 
be indicative. Nevertheless, they show that differences of exposure exist between 
individuals and occupations. The availability of the dosimeter opens a new field 
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of research to test the hypothesis of a relationshIp between EMF and cancer in 
environmental as well as in occupational settings. 
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Introduction 

Man has long been exploiting his environmental resources, including fossil 
fuels, biomass, and man-made fuels, for purposes such as cooking, heating, 
transportation, and industrial production. These activities often result in the 
production of incomplete combustion products, which are made of very com
plex mixtures that contain thousands of compounds, both organic and 
inorganic. The organic constituents from these emissions contain aliphatic 
hydrocarbons, aromatic hydrocarbons, polycyclic aromatic hydrocarbons 
(PAHs), substituted PAHs, and other polar compounds. These organic com
pounds are present in the form of gases (e.g., benzene, formaldehyde) and 
particulate matter. The condensed organic matter is usually adsorbed onto 
carbonaceous particles to form soot or onto alumina-silica particles such as coal 
fly ash particles. 

Laboratory studies have shown that combustion emissions often contain 
classes of organic compounds that induce tumours in experimental animals, for 
example, PAHs, methylated PAHs, nitro-PAHs, and nitrogen-containing hetero
cyclic compounds (International Agency for Research on Cancer 1983). The 
organic extracts of particles from combustion emissions from various sources 
have shown genotoxic and carcinogenic effects in various bioassay systems. 
Organic emissions such as from combustion of coal, diesel, kerosene, wood, and 
tobacco have been shown to induce mutation in bacteria (Mumford and Lewtas 
1982; Lewtas 1983; Kamens et al. 1984; Kinouchi et al. 1988). Organic emissions 
from diesel-powered engine exhaust, coke ovens, roofing tar, and tobacco 
smoke were also found to cause mutation, DNA damage, and chromosomal 
effects in mammalian cells (Claxton and Huisingh 1980; Lewtas 1985); and these 
emissions also have shown tumor initiation activity in a mouse skin tumor assay 
(Nesnow et al. 1982). Ishinishi et al. (1986) reported that exposure of animals to 
whole diesel exhaust emissions via inhalation induced lung cancer in a dose
response fashion. 

In human studies, tobacco smoke is known for being the predominant cause 
oflung cancer (International Agency for Research on Cancer 1986; US Depart
ment of Health and Human Services 1982; Doll and Peto 1978). Coal com-
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pathology reports on every newly diagnosed cancer case are submitted to the 
Registry from every hospital and regional pathology service in the province. 
Reciprocal agreements have also been established with the three other western 
Canadian provinces under which B.c. residents diagnosed in these provinces 
are reported to the BCCR. Ascertainment for most sites is considered to be 
virtually complete. To exclude duplicates, patients treated at the CCABC cancer 
centres are cross-indexed with the Registry files. Accurate documentation on 
primary site and histology is available in about 95% of all incident cases. 

General Methodology 

A self-administered questionnaire! requesting detailed life-time job descrip
tions, occupation and industry titles, duration and period of work, as well as 
information on ethnic origin, education, and life-time smoking habits, has been 
submitted since January 1st, 1983, to all male cancer patients aged 20 years and 
over ascertained by the BCCR. Questions on life-time consumption of alcoholic 
beverages, which were initially omitted, were added to the questionnaire during 
the first year of study. The following information is also obtained on each 
patient: surname and first name, age, residence address and telephone number, 
as well as the family physician's name and telephone number. Anatomic site and 
histology of the primary tumor is obtained from the BCCR. Patients seen at the 
two cancer centres (about 50% of all newly diagnosed patients each year except 
for non-melanoma skin cancer) are given the questionnaire at their first visit 
with an explanatory letter and a self-addressed stamped envelope for return. 

For patients ascertained solely by the BCCR, all of the above identifying 
information, except residence address and telephone number, are directly 
available from the Cancer Registry pathology reports. The missing information 
is obtained by contacting the patient's physician before the questionnaire, 
explanatory letter and return, pre-paid envelope are sent. The 2 months delay 
from the time pathology reports reach the Registry to the time cases are actually 
registered in the BCCR is avoided by obtaining copies of these reports on the 
day they are received at the Registry. This procedure was established to 
minimize the loss to the study of patients who might die during this interval. 

All patient names are checked against the Registry master file to eliminate 
duplicates. Lists of patients are printed every 2 weeks, and the doctors' offices 
contacted to obtain address information. 

Patients who have not returned the questionnaire within 2 weeks are sent a 
reminder post-card and are then contacted by telephone at 2-week intervals on 
two occasions. Failure to return the questionnaires after this prompting is taken 
as evidence of patient's refusal to participate in the study. In the event of a 
patient's death, an attempt is made to obtain the information from the spouse 

1 Available upon request. 
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or closest relative. Each questionnaire received is checked and patients are 
called to obtain missing information. 

The anatomic site and pathology of the primary tumor are coded using the 
9th revision of the International Classification of Diseases (WHO 1977). Occu
pations and industries are coded according to the Canadian Standard Industrial 
Classification and Standard Occupational Classification respectively (Statistics 
Canada 1981a,b). It is planned to accrue 1000 cases for each major tumor site. 
This will enable detection of a minimum odds ratio of 2.2 given a 1 % exposure 
among the controls. 

Non-Hodgkin's Lymphoma and Squamous Cell Lung Cancer Patients 
and Controls 

Between January 1st, 1983, and December 1st, 1986, completed questionnaires 
were received from 367 patients with non-Hodgkin's lymphoma (NHL) and 
from 715 patients with squamous cell lung cancer (SCLC). For each of these 
tumor types, two age-matched internal controls were randomly selected. For 
SCLC, bladder cancer and non-squamous cell lung cancer were excluded from 
the control group. Controls for NHL were obtained from the same control 
pool. 

Analysis 

All usual (main life-time employment) occupations and industries with at least 
five cases were analyzed. 

Odds ratios (ORs) adjusted for the following five-level smoking stratification 
were calculated by conditional logistic regression using PECAN (Breslow and 
Day 1980; Storer et al. 1983): never smoker; cigarette pack-years (number of 
cigarettes smoked per day x number of years smoking) < 25, 25-49, > 50; non
cigarette smoker (pipe, cigars) and unknown. Data for usual occupation and 
usual industry of employment will be presented as follows: ORs statistically 
significantly increased; ORs > 1.50, non-statistically significant; ORs statist
ically significantly low. 

Results 

From January 1st, 1983, to December 31st, 1986, questionnaires were sent to 
17584 patients ascertained by the BCCR, and 10995 were returned (overall 
response rate 62.7%). Reasons for not returning the questionnaire are shown in 
Table 1. The site distribution of the 10 995 cases and the proportion of 
questionnaires received for each site are shown in Table 2. Excluding unknown 
primaries and a number of sites classified under "other" and multiple primaries, 
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Table 1. Reasons for not returning questionnaires 

Questionnaires sent 
Questionnaires received 
Questionnaire not returned despite 
patient being contacted by telephone 
Unable to contact patient by telephone 
Patient deceased' 
Patient refusal 
Patient too ina 
Lost to follow-up 
Language problem 

17584 
10995 (62.7%) 

Number 

1617 
1285 
1356 
1082 
936 
187 
126 

, Next of kin could not be contacted or refused to fill out questionnaire. 

Percent 

24.5 
19.5 
20.6 
16.4 
14.2 
2.9 
1.9 

the response by site was greater than 60% except for lung cancer and for 
esophageal, stomach, liver and pancreatic cancers (Table 2). Questionnaires 
were completed by the patient in 80% of the cases and by another person, 
generally the spouse, in one-fifth of the cases. To assess response bias, an 
attempt was made to obtain information on marital status, years of schooling, 
smoking history and usual occupation on all individuals who were sent a 
questionnaire during a 2-month period but did not return it. Exhaustive means 
to contact non-responders were implemented including multiple morning, after
noon and evening telephone calls. If the patient was deceased, data were 
obtained from the next of kin, the patient's family physician and from hospital 
records. During the 2-month period, 286 non-responders were identified, for 
whom the required information was obtained in 229 (80%). For each non
responder, two responders matched on age (within 5-year age strata) and cancer 
site were randomly selected from our data set. No statistically significant 
differences were observed except for the proportion of married patients, which 
was significantly lower for the non-responders (data not shown). 

The control sites for NHL and for SCLC cases are shown in Table 3, and the 
characteristics of cases and controls are presented in Table 4. 

For NHL, ORs for usual occupation and industry are shown in Tables 5 and 
6 respectively. Statistically significantly increased ORs were observed for both 
occupation and industry in pulp and paper, and for the fishing and furniture 
industries. Whereas a number of occupations and industries had non-signific
antly increased ORs > 1.50, no statistically low ORs were noted. 

For SCLC, ORs for usual occupation and industry are shown in Tables 7 and 
8 respectively. Statistically significantly increased ORs were observed for car
penters, miners, metal processing and machining occupations and for miscellan
eous processing occupations, including clay, glass and stone processing as well 
as chemical, petroleum and plastic material processing. Significantly low ORs 
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Table 2. Tumour site distribution of 10995 cases and proportion of questionnaires 
received for each site 

Site ICD-9 Number Percent Questionnaires 
received (%)8 

Oral cavity and pharynx 140-149 475 4.3 67.7 
Esophagus 150 139 1.3 55.2 
Stomach 151 298 2.7 51.8 
Colon 153 940- 8.6 69.1 
Rectum 154 712 6.5 65.7 
Liver 155 40 0.4 41.5 
Pancreas 157 121 1.1 53.4 
Larynx 161 244 2.2 67.7 
Lung 162 1686 15.3 55.7 
Bone and connective tissue 170-171 93 0.8 63.1 
Melanoma 172 501 4.6 73.2 
Non-melanoma skin 173 1241 11.3 65.8 
Prostate 185 1520 13.8 70.1 
Testis 186 174 1.6 67.2 
Bladder 188 850 7.7 66.0 
Kidney 189 289 2.6 71.4 
Brain 191 166 1.5 64.0 
Hodgkin's disease 201 89 0.8 72.5 
Non-Hodgkin's lymphoma 200,202 367 3.3 66.0 
Multiple myeloma 203 99 0.9 71.0 
Leukemia 204,205 179 1.6 65.6 

207,210 
Other sites and multiple 

primaries 591 5.4 56.5 
Unknown primaries 199 181 1.7 46.3 
Total 10995 100.0 

Questionnaire received 
8 x 100. 

Questionnaire sent 

were noted for physicians and health professionals. Particularly noteworthy are 
the significantly elevated ORs observed in various metal-related industries. 

Discussion 

The 63% response rate obtained in this study compares favourably with the 
57% response rate of the U.S. Third National Cancer Survey Interview aimed, 
in particular, at searching for occupational cancer risks (Williams et al. 1977). 
The elevated risk of non-Hodgkin's lymphoma found for pulp and paper 
workers in this study confirms our previous observation based on a propor
tional mortality study (Gallagher and Threlfall 1985) and the findings of other 
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Table 3. Control sites (%) for non-Hodgkin's lymphoma and for 
squamous cell lung cancer 

Control sites Non-Hodgkin's Lung 
lymphoma" cancerb 

Prostate 13.8 20.8 
Colon 12.9 15.0 
Non-melanoma skin 11.2 12.1 
Rectum 10.4 10.3 
Melanoma 8.6 3.7 
Oral cavity 6.9 5.5 
Leukemia 4.6 2.3 
Stomach 4.5 4.5 
Kidney 4.1 4.3 
Other 23.0 21.5 

" Bladder and all histologic types of lung cancer excluded from the 
control group. 

b Bladder and all non-squamous cell lung cancer excluded from the 
control group. 

Table 4. Characteristics of cases and controls 

Characteristics Non- Controls Lung cancer 
Hodgkin's 
lymphoma 

Number 367 734 715 
Caucasian (%) 92.9 95.1 95.5 
Married (%) 85.6 80.8 80.1 
Mean age (years) ± SO 59.8 ± 0.78 59.8 ± 0.55 67.8 ± 0.35 
Mean years of 
schooling ± SO 10.5 ± 0.11 10.2 ± 0.08 9.5±0.1O 
University education (%) 38.4 33.0 21.6 

Cigarette smoking 
Ever smoker (%) 80.8 76.5 98.3 
Current smoker (%) 26.7 31.4 35.1 
Mean age starting 
smoking ± SD 17.8 ± 0.27 17.8 ± 0.21 17.3 ± 0.16 
Mean age stopping 
smoking ± SO 46.6 ± 1.02 47.5 ± 0.78 61.2 ± 0.51 
Mean number of 
cigarettes smoked ± SO 20.7 ± 0.70 22:0 ± 0.56 25.7 ± 0.52 
Mean years of smoking 
cigarettes ± SO 29.3 ± 0.90 31.0 ± 0.68 44.4 ± 0.43 
Mean pack-years" ± SO 31.0 ± 1.41 35.0 ± 1.26 56.9 ± 1:25 

SO, standard deviation. 

Controls 

1430 
96.0 
83.3 
67.8 ± 0.24 

9.8 ± 0.07 
26.0 

91.7 
26.3 

18.3 ± 0.15 

50.5 ± 0.49 

20.2 ± 0.38 

34.4 ± 0.46 
36.1 ± 0.82 

" Pack-years: number of cigarettes smoked daily x years of cigarette smoking. 
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Table 5. Non-Hodgkin's lymphoma risk by usual occupation 

SOC' Title Cases Odds ratio 95% CI 
(n) 

825 Pulp and paper 5 10.0 1.2-85.6 
811; 822-827, 8_29 Mineral and metal 

processing 5 1.7 0.5-5.5 
931 Material handling 14 1.7 0.8-3.3 
871 Excavating, grading 7 2.0 0.7-5.7 
711; 718, 719 Farming 17 0.6 0.4--1.1 

• Canadian Standard Occupational Classification (Statistics Canada 1981 b). 
CI, confidence interval. 

Table 6. Non-Hodgkin's lymphoma risk by usual industry 

SIC' Title Cases Odds ratio 95% CI P 
(n) 

187 

P 

0.009 

0.39 
0.16 
0.20 
0.08 

62 Furniture 5 5.0 1.0,25.8 0.03 
271 Pulp and paper 7 3.5 1.0, 12.0 0.03 
06 Mining 9 1.6 0.7,3.9 0.27 
30 Metal fabricating 5 1.7 0.5,5.5 0.39 
40 Building construction 17 1.8 0.9,3.6 0.09 
48 Communication 9 1.7 0.7,4.5 0.24 

• Canadian Standard Industrial Classification (Statistics Canada 1981a). 

Table 7. Squamous cell lung cancer risk by usual occupation 

SOC' Title Cases Odds ratio 95% CI P 
(n) 

61 Service 79 1.5 1.0, 2.1 0.029 
77 Mining 20 2.2 1.1, 4.3 0.026 
811; 813, 814 Mineral and metal processing 16 19.8 4.0,98.3 0.001 
815-817 Miscellaneous processing 6 12.8 1.8,90.9 0.005 
831,833 Metal machining 35 2.1 1.2, 3.6 0.010 
878 Carpenter 24 2.5 1.3,4.9 0.006 
718, 719 Farm workers 19 1.7 1.0, 3.0 0.11 
821, 822 Food processing 18 1.7 0.8,3.6 0.17 
911 Air transport 7 2.1 0.7,6.1 0.19 
31 Medicine/health 8 0.4 0.2,0.9 0.025 
51 Sales 55 0.6 0.4,0.9 0.006 

a Candian Standard Occupational Classification (Statistics Canada 1981 b). 
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Table 8. Squamous cell lung cancer risk by usual industry 

SIC' Title Cases Odds ratio 95% CI P 
(n) 

29 Primary metal 18 3.8 1.6,9.0 0.002 
30 Metal fabricating 15 2.8 1.1,6.9 0.Q25 
97 Personal services 9 2.8 1.0, 7.9 0.044 
061 Metal mining 20 3.1 1.5, 6.4 0.002 
06 Mining 22 1.8 1.0, 3.3 0.059 
36 Petroleum 7 4.1 0.9,20.0 0.068 
91 Accommodation 11 1.7 0.7,4.2 0.29 
92 Food and beverage 13 1.6 0.7,3.8 0.29 

a Canadian Standard Industrial Classification (Statistics Canada 1981a). 

investigators (Hardell 1979). However, the excess non-Hodgkin's lymphoma 
risk previously documented in United States farmers. (Blair et al. 1985; Cantor 
1981; Hoar et al. 1986) was not observed, possibly due to differences in exposure 
levels or in the type of herbicide and pesticide use. 

Although cigarette smoking is the single major cause of bronchogenic carci
noma, a number of lung carcinogens have been identified in the workplace, and 
several occupations and industrial processes have been found to be associated 
with an increased lung cancer risk (Merletti and Segnan 1988). The elevated 
ORs particularly noted for SCLC in our study for occupations and industries 
involving exposures to minerals and metals confirm the results of our previous 
occupational mortality study in British Columbia (Gallagher and Threlfall 
1983), as well as the observations of other investigators (Kvale et al. 1986). 

Hypothesis-generating studies derived from large data-bases have a number 
of limitations. Due to the number of comparisons made, associations which 
appear significant may arise due to chance. On the other hand, for occupations 
and industries with small numbers of cases, the power to detect an excess risk 
may be low. In this study, wide confidence intervals were observed for several 
occupation and industry groups with small numbers. However, the fact that the 
main results of this analysis, namely an increased risk of NHL for pulp and 
paper workers and of SCLC for metal workers, confirm those of a population
based mortality study in British Columbia strongly suggests that these findings 
are not due to chance. A final analysis of SCLC will be undertaken when the 
planned accrual of 1000 cases is completed. 
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