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FOREWORD

Epidemiological studies provide the only definitive information on the degree of
cancer risk to man. Since malignant diseases are clearly of multifactorial origin, their
investigation in man has become increasingly complex, and epidemiological and
statistical studies on cancer require a correspondingly complex and rigorous
methodology.

The past 15 years have seen rapid developments of the analytic tools available to
epidemiologists. These advances now permit a more flexible and quantitative approach
to the use of epidemiological data, and thus greatly enhance the utility of such data for
the primary purpose of disease prevention. For society now expects that if preventive
measures are to be introduced, then quantitative assessments of the expected benefit
should be available. The first volume in this series focused on case-control studies,
reflecting the concentration on this approach in the 1970s for the identification of
cancer hazards. Attention has recently turned to the more basic line of attack provided
by cohort studies, and the more general modelling of risk that can ensue. This second
volume gives an authoritative account of the methods now available for the
interpretation of the results from this type of study.

The two volumes together give a comprehensive development of the principles and
concepts underlying the design and analysis of both types of study currently used in
analytic cancer epidemiology, and a detailed treatment of the quantitative methods
now available. The IARC hopes that this text will be of value to the epidemiological
and statistical community for many years to come.

L. Tomatis, MD
Director

International Agency
for Research on Cancer



PREFACE

Long-term follow-up (cohort) studies of human populations, particularly of industrial
workers, of patients treated with radiation and cytotoxic chemotherapy, and of victims
of nuclear and other disasters, have provided the most convincing evidence of the link
between exposure to specific environmental agents and cancer occurrence. Of the
chemicals and industrial processes for which working groups convened by the IARC
have decided that there is ‘sufficient evidence’ of human carcinogenicity, cohort studies
provided the definitive evidence in the great majority of cases. In the studies carried
out in the 1950s and 1960s, high risks were associated with specific exposures.
Relatively simple statistical methods were sufficient to demonstrate the effect, and the
finer quantitative features of the relationship were not emphasized. It was not
uncommon for reports of occupational hazards to be based primarily on the
computation of standardized death rates or mortality ratios (SMRs) for a few causes of
death, with virtually no attention paid to internal comparisons among differentially
exposed workers. Since then, the picture has changed. More attention is now paid to
the quantification of risk and the use of more refined dose-response models. Interest
has also turned to a wider range of exposures and the interplay between physiological
measures of nutritional status, dietary factors and other variables of modes of life.
Multivariate methods are then necessary, often making use of serial measurements on
the same individuals.

Increasingly, modern concepts of statistical inference and modelling are being used
to maximize the information obtainable from these major endeavours and to provide
the most precise estimates possible of quantitative risk. Indeed, some cohort studies
have stimulated the development of new statistical methods of particular relevance to
this field.

The primary purpose of this monograph is to bring together in one place the
statistical developments that have taken place during the past few years that are of
relevance to the design and analysis of cohort studies, and to illustrate their application
to several sets of data of importance in the field of cancer epidemiology. We hope to
present these new statistical methods in such a way that epidemiologists and other
research workers without extensive statistical training can appreciate the possibilities
they offer and, in many cases, can apply them to their own work. In addition, by
providing a thorough introduction to the design and execution of cohort studies,
including a detailed description of six landmark investigations of this type, we hope to
interest students of statistical science in this field so that they may turn their attention
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both to the proper application of current methods and to the further development of
those methods.

In the preface to the first volume in this series we stressed the essential similarity of
statistical methods applicable to the case-control and cohort approaches to epidemiolo-
gical research, the flexibility of new methods for handling a variety of data
configurations and the wide range of problems that could be approached from a
common conceptual foundation. This pursuit of unity and flexibility continues to be our
goal. We show how elementary methods that have long been used for analysis of
cohort data relate to explicit statistical models, and how they may be extended so as to
achieve greater understanding of the collected data. The SMR, for example, has been
used virtually without change for over 200 years to make age-adjusted comparisons of
regional and occupational mortality. We show how this statistic may be derived as a
maximum likelihood estimate in a well-defined statistical model, and how an extension
of that model leads to a regression analysis of the SMR as a function of one or more
risk factors. This approach shows us that the well-known ‘lack of comparability’ of
SMRs is due to the problem of statistical confounding and may be alleviated by a
proper analysis. Further extensions of the basic model permit variations in the SMR to
be estimated as a nonparametric function of time for purposes of exploratory analyses
of data.

Experience with the first volume taught us that one of its most important features,
made possible through the generosity of our collaborators, was the provision of
appendices containing several condensed, but nonetheless bona-fide, sets of data.
These were used in worked examples that readers could follow to test their
understanding of the material (and, occasionally, to find our mistakes). The present
volume contains appendices that give grouped data from a study of respiratory cancer
among smelter workers in Montana, USA, and both grouped and individual data
records on 679 Welsh nickel refiners who had high rates of lung and nasal sinus cancer.
Summary data from several other ctudies that appear in tables scattered throughout the
monograph may also be useful for this purpose.

A major source of dissatisfaction with the first volume was its lack of a subject index.
We have attempted to remedy the situation by including a combined index to both
volumes.

N.E. Breslow and N.E. Day
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CHAPTER 1

THE ROLE OF COHORT STUDIES IN CANCER
EPIDEMIOLOGY

Longitudinal studies are of fundamental importance in human biology. In the study
of physical growth, of mental and hormonal development, and in the process of ageing,
the longitudinal approach has played a central role. The essential feature of such
investigation is that changes over time are followed at the individual level. Most
chronic diseases are the result of a process extending over decades, and many of the
events occurring in this period play a substantial role. The longitudinal surveillance and
recording of these events is therefore a natural model of study to obtain a complete
picture of disease causation. Fortunately, for the study of a large number of chronic
diseases, most of the relevant information on exposure can be summarized in a few
relatively simple measures, so that continuous monitoring is not required. But the
regular assessment of exposure variables may well be necessary, and in the
epidemiology of cardiovascular disease, with its emphasis on physiological and
biochemical explanatory measures, this approach has been the one of choice.

The essence of longitudinal studies in epidemiology is the identification of a group of
individuals about whom certain exposure information is collected; the group is then
followed forward in time to ascertain the occurrence of the diseases of interest, so that
for each individual prior exposure information can be related to subsequent disease
experience. Since the first requirement of such studies is the identification of the
individuals forming the study group—or cohort— longitudinal studies in cancer
epidemiology are usually referred to as cohort studies. (This use of the word ‘cohort’
first appeared in the literature in a demographic setting in 1944, according to the
Oxford English Dictionary. It had apparently been introduced informally in 1935, as
described by Wall & William, 1970.)

There are two ways in which the follow-up over time may be conducted. First, one
may assemble the cohort in the present, and follow the individuals prospectively into
the future. This type of study is often referred to as a prospective cohort study. It has
the advantage that one may collect exactly the information thought to be required, and
the disadvantage that many years may elapse before sufficient cases of disease have
developed for analysis.

Second, one may identify a group with certain exposure characteristics, by means of
historical records, at a certain defined time in the past, and then reconstruct the disease
experience of the group between the defined time in the past and the present. This type
of study has been called a historical cohort study. The advantage is that results are
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potentially available immediately; the disadvantage is that the information available on
the cohort may not be completely satisfactory, since it would almost certainly have
been collected for other purposes. Much may be missing, and it may not correspond
closely to the question of interest. The term ‘retrospective cohort study’ is also
commonly used, but is slightly misleading, since the essential viewpoint in most such
studies is forward in time, although starting in the past. The term ‘historical cohort
study’ is preferable logically. In both types of study, the individuals comprising the
cohort are identified, and information on their exposure obtained, before their disease
experience is ascertained.

Cohort studies, by recording disease occurrence in a defined group, provide
measures of incidence, or mortality rates, and it is these rates that provide the basic
measures of disease risk. By allowing one to measure the basic risk associated with
different levels and types of exposure, cohort studies provide the foundation of cancer
epidemiology. It so happens, however, that a frequently convenient way of expressing
the excess risk in one group compared to another is in terms of the ratio of the rates in
the two groups, and to estimate the ratio of the rates one can use just a sample of the
overall cohort. Since it is often easier and cheaper to obtain information on a sample
rather than on the entire cohort, the case-control study has become widely adopted in
cancer epidemiology as an alternative to the cohort study.

In fact, as commonly used, the case-control approach departs more radically from a
cohort study than simply by sampling. In many case-control studies, the individuals
with the disease in question and some comparison group are ascertained first, and their
exposure experiences for some defined period of time in the past obtained retrospec-
tively. The results are used to derive rate ratios. A cohort study faces forwards in time,
starting with the defined population and its exposure status, and observing the
subsequent disease experience, whereas a retrospective case-control study faces
backwards in time, starting with the disease status and reconstructing the exposure
history from which it emerged. Graphically, the distinction can be expressed as shown
in Figure 1.1

Notwithstanding these differences, however, the rate ratios estimated in a case-
control study should refer to rates in some defined population. As argued in Volume 1
of this series, the inferences one draws from the results of a case-control study depend
logically on the interpretation one can give to it as having arisen by sampling from
some underlying cohort. The less clear the definition of the underlying population, the
less confidence can be put in the results of the case-control study. Thus, although the
case-control and cohort approaches appear clearly distinct, they share the same logical
framework of inference. An increasing number of studies have components of both
approaches in their design. In these hybrid designs, the cohort component would
usually identify the group and ascertain the disease experiences in the follow-up
period; the exposure experience would then be obtained using the case-control
approach. In this way, one ensures strict definition of the study cohort, but the effort
and resources devoted to obtaining accurate exposure data can be concentrated on the
most informative individuals. We discuss later at some length (§1.4i/) the interplay
between the cohort and the case-control approach.

Common to both cohort and case-control studies is the extended period of



4 BRESLOW AND DAY

Fig. 1.1 Differences between cohort and case-control studies

Time dimension

Past Present Future

v

Disease Prospective
experience —s cohort study
recorded

Cohort defined
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experience cohort study

recorded

Exposure

<—— history
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Cases and controls case-control study
ascertained

observation, relating to disease experience in the former and to exposure experience in
the latter, and sometimes both in either case, and the fact that the individual is the unit
of observation. These two features contrast with those of studies in which populations
are compared by using cross-sectional data on both exposure and disease occurrence —
so-called ‘population correlation’ or ‘ecological’ studies. This type of study would
normally be given little weight in assessing the basic causality of a relationship, and, in
the series of IARC Monographs on the Evaluation of the Carcinogenic Risk of
Chemicals to Humans, a prerequisite for evidence to be deemed sufficient to establish
carcinogenicity in humans is that it derive from individual-based studies. Correlation
studies may be useful in suggesting interesting areas of study, that is, for hypothesis
generation. The distinctions, however, are not absolute. Population comparisons may
be made on the basis of temporal changes or of the experience with respect to exposure
and disease of different birth cohorts, rather than among populations defined
geographically, and such comparisons are often given greater weight. A cohort study,
on the other hand, may include little or no information on variations in exposure
between individuals, it being known simply that the cohort as a whole was
exposed — for example, had received Bacillus Calmette—Guerin (BCG) vaccination in
the first year of life.
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1.1 Historical role

In 1954, two papers were published that are landmarks in the historical development
of cancer epidemiology. The first, called a ‘preliminary report’, described the rationale
for, and the first results of, the prospective cohort study of British doctors (Doll & Hill,
1954), designed to investigate the relatonship of tobacco smoking to lung cancer. The
second, a historical cohort study, reported on the risk of bladder cancer in the British
chemical industry (Case et al., 1954; Case & Pearson, 1954).

The prospective study of British doctors was initiated in 1951, when the results of a
number of case-control studies had already been published demonstrating an associa-
tion between lung cancer and cigarette smoking. (The design and execution of the
study are described in detail in Appendix IA.) It is interesting to examine why, in view
of the results of the case-control studies, a large scale, long-term study was felt
necessary. The 1954 paper by Doll and Hill starts as follows:

‘In the last five years a number of studies have been made of the smoking habits of
patients with and without lung cancer. All these studies agree in showing that there are
more heavy smokers and fewer nonsmokers among patients with lung cancer than
among patients with other diseases. While, therefore, the various authors have all
shown that there is an ‘‘association’ between lung cancer and the amount of tobacco
smoked, they have differed in their interpretation. Some have considered that the only
reasonable explanation is that smoking is a factor in the production of the disease;
others have not been prepared to deduce causation and have left the association
unexplained.

‘Further retrospective studies of that same kind would seem to us unlikely to
advance our knowledge materially or to throw any new light upon the nature of the
association. If, too, there were any undetected flaw in the evidence that such studies
have produced, it would be exposed only by some entirely new approach. That
approach we considered should be ‘“‘prospective”. It should determine the frequency
with which the disease appeared, in the future, among groups of persons whose
smoking habits were already known.’

In this initial report on the British doctors study, the authors stressed that the results
of the prospective study were in close agreement (Table 1.1) with the results of their
earlier case-control study (Doll & Hill, 1950), in terms of the ratios of the rates in the
different smoking categories. The absolute level of the rates, however, appeared to be
more than twice as high in the case-control study (confined to the subset of the study
consisting of residents of Greater London) than in the cohort of doctors. It should be
noted that the results of the case-control study were converted into absolute incidence
rates for lung cancer and were not limited to a description of the effect of smoking in
terms of the ratios of rates in the different smoking categories.

The results of 20 years or more of follow-up have been published in some detail
(Doll & Peto, 1976, 1978; Doll et al., 1980). A comparison of these results with those
of the case-control study published in the early 1950s (Doll & Hill, 1950, 1952)
highlights the relative merits of the two approaches. The case-control study was begun
in April 1948, and the final results published in December 1952. A total of 4342 people
were interviewed, of whom 1488 were lung cancer cases. Most of the analyses referred



