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FOREWORD

The exposure of man to radiation and the resulting risk of carcinogenesis continues to be of concern to the public. In this context, there is
often a tendency to carry out epidemiological studies concerning the induction of cancer in radiation workers and members of the public which are not
supported by a statistically valid data base or whose results are misinterpreted or misused.
To assist national authorities in evaluating radiological risks, the
Nuclear Energy Agency has sponsored a critical review of the methodologies
for, and the limitations of, these epidemiological studies, ar,d of" the precautions to be adopted in interpreting their results.
Prepared by a consultant, Dr. Joan M. Davies, the review focuses on
the problems encountered when carrying out epidemiological studies on groups
of workers occupationally exposed to radiations, and using their results for
radiological protection purposes. It is published under the responsibility
of the Secretary General of the OECD, and does not necessarily reflect the
views of Member Governments. The primary objective is to provide background
material to be used by national authorities that have responsibilities in
the field of radiological protection as well as by other persons interested
in this subject.
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1.

INTRODUCTION

: SCOPE AND PURPOSE

1.
The possible carcinogenic effects of exposure to ionising radiation past, present or future - are currently of great public concern. There is
little sign that the controversy and the emotions they cause, whether justified or not, will abate, for example, at the time of writing, concern in the
United Kingdom centres on a possible environmental hazard from the nuclear
fuel reprocessing plant at Sellafield (Windscale), potential hazards from
planned nuclear power stations, and the possible effects of fallout on
servicemen exposed during the testing of nuclear weapons. Questions about
these hazards can possibly be answered only by epidemiological studies.
2.
This report is concerned with studies of persons exposed to ionising
radiation at work. In some ways such studies are less difficult in so far as
they deal with defined groups of persons and with exposures which are defined
and measured, at least to some extent. Nevertheless, studies of occupationallyexposed groups have been of variable quality and some have proved very controversial, especially when covering groups exposed to low-level radiation.
It may be difficult for non-epidemiologists to know which published reports
can be trusted and which should be regarded with caution.
3.
The purpose of this report is to provide a simple description of the
different types of epidemiological study involved, of how they are carried
out, and of their potential, limitations and problems. A number of studies
will be cited as examples, with comments on their quality, but it is certainly not within the scope of this report to attempt to review the very large
subject of occupational radiation carcinogenesis, nor to examine any individual study in technical detail. The findings of reliable studies and their
contribution to current knowledge are described in detail at intervals by
bodies such as the UNSCEAR (United Nations Scientific Committee on the
Effects of Atomic Radiation).
4.
Section 2 of this report provides for those unfamiliar with the subject some notes on the basic features of occupational cancer, and an Appendix
provides definitions of some commonly-used terms. Section 3 categorizes the
main occupational groups that have been studied. Section 4, b and 6 describe
the basic features of the three relevant types of epidemiological study :
cohort, proportional mortality, and case-control, with examples. Sections 7,
8 and 9 discuss the limitations and problems of each type of study, with
particular emphasis on cohort studies. Section 10 looks at some of the problems of dose-response measurements, and Section 11 at those of current
studies of workers exposed to low-level radiation. Section 12 presents some
concluding remarks. Inevitably, the report reflects the author's own personal
views and interests, but it is hoped that it will give readers some insight
into what may or may not be expected of epidemiological studies, and by what
criteria these should be judged.
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2.
A.

Cancer

SOME BASIC FEATURES OF OCCUPATIONAL

CANCER

Patterns

5.
Cancers and benign neoplasms subdivide into numerous body sites which
need to be examined separately (e.g. lung, stomach, kidney, etc.!. Results for
All Neoplasms combined are not very informative, For there is no known carcinogen
which affects all parts of the body, and a normal overall result can mask unusual findings for one or more individual sites. An epidemiological study of a
reasonably large population of exposed workers will generally examine results
for about twenty sites, as well as for ten or more groupings of non-malignant
diseases ; the exact choice of diseases examined individually will depend on
the particular emphasis of the study. Every cause of death has a separate code
in the International Classification of Diseases (ICD), which has been used
internationally for many years, and death rates are always defined by these
codes.
6.
When mortality is studied, each death is assigned to a single
underlying
cause following ILD rules for the coding of causes on death certificates, and
all national and regional death rates are based on these underlying causes. A
death certificate may mention more than one cause of death, some being merely
contributory,
but these cannot be used in an analysis of underlying causes.
When a person who dies has cancer, this will usually, but not always, be the
underlying cause, depending on the lethality of the cancer in question ; stomach
cancer, for example, would usually be an underlying cause, but in an elderly man
a prostatic cancer might be a contributory cause only. It is recognized that
certified causes of death are subject to some error, with possible overstatement
of deaths due to some cancers and understatement of others, but deaths in a
study population are coded and classified by the same methods as the deaths
which yield the death rates used to evaluate the study group's mortality, and
it is assumed that like is being compared with like.
7.
It is unlikely that certification errors could seriously affect the
validity of study findings, but for relatively non-lethal neoplasms, cancer
incidence (as opposed to mortality) is a better measure since it omits fewer
cases. Unfortunately, in many countries cancer registration schemes providing
incidence data are not sufficiently comprehensive or reliable for general use
in occupational studies, or have not been available for sufficiently long in
i tiospect. In the United States and the United Kingdom occupational mortality
studies are more common than incidence studies, but in some Scandinavian countries incidence studies predominate.
8.
In most developed countries national sex- and age-specific death rates
are available by cancer site going back many decades. Variations in rates are
very great ; one of the most consistent patterns is that of an accelerating rise
in rates with advancing age which characterises most solid tumours, but otherwise rates vary by sex, country, date, region, race and socio-economic status.
It is also important to realise that few cancer rates are static : nearly all
are either rising or diminishing, and today's pattern of rates varies markedly
from that of fifty years ago. Two of the commonest cancers, lung cancer in men
and breast cancer in women, vary markedly between Eastern and Western countries,
and such variations in background rates have to be taken into account when
comparing the results of studies from different countries.
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B.

Distinguishing Radiation-Induced

Neoplasns

9.
Some cases of the two cancers mentioned may be associated with excessive
exposure to radiation, but it is true for these sites and for most radiationinduced neoplasms that induced cases are not generally distinguishable clinically
from spontaneous cases or those induced by other known factors (e.g. smoking). A
group of exposed workers in a Western country might suffer a clear excess of lung
cancers with, say, twenty cases instead of ten expected at normal rates, but one
would not be able to distinguish the individual cases that were radiation-induced.
Some of the cases might appear more likely than other to be occupationallyinduced - e.g. cases in unusually young men or in non-smokers - but one could not
rule out an effect of radiation even in an elderly heavy smoker ; not only is
this a complicating factor in epidemiological studies, but it is a matter of
practical importance in relation to legal claims for compensation.
10.
It should be noted that some tumours are normally very rare (e.g.
osteosarcomas), and, if a group experiences a marked excess, every case can be
regarded as radiation-induced for practical purposes - e.g. among radium dial
painters. There is also some evidence of unusual distributions of different
cell-types of tumour in series of lung cancers among uranium miners.

C.

Measuring Risk

11.
Epidemiological studies yield measures of cancer risks that affect
exposed occupational groups ; the risks for these groups are compared with the
normal cancer risks among the whole regional or national population of the
relevant country, allowing for sex, age, and date differences. A commonly used
measure is relative
risk,
i.e. the ratio of the risk in the study population
relative to that for the whole (comparison) population ; this is usually obtained by dividing the actual number of cancer deaths in the study population
(the observed number) by the number that would have occurred in the absence of
a hazard (the expected number). This observed/expected (0/E) value may be expressed as a ratio or a percentage - i.e. an 0/E value of 15/10 may be expressed
as 1.5, or as 150 and termed a Standardised Mortality
Ratio (SMR). A limitation
of relative risk as a measure is that it is much affected by the magnitude of
the background rates which provide the expected value (i.e. the denominator),
and the background rates vary widely by sex, age, date and country. An alternative, and in some ways more satisfactory, measure is absolute risk, which
may also be termed attributable
risk. Here the numerator is the number of excess deaths (i.e. the total observed deaths minus those expected), and the
denominator may be the number of person-years (cf. para. 25), or the product
of the number of person-years and a measure of dose.
12.
It is important to realise that epidemiologists think primarily in terms
of persons and person-years of observation ; in measuring risk they relate
numbers of deaths to numbers of person-years and derived numbers of expected
deaths. They do not generally think in terms of numbers of deaths per unit of
dose, but may subdivide the study population by level of exposure to examine
the effects of different dose levels. To the present author the concept of a
given amount of radiation exposure producing the same number of cancers no
matter how the exposure is distributed among the exposed group appears simplistic
and alien.
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D.

Complications

13.
Neoplasms induced by known agents do not manifest themselves immediately
after exposure to the carcinogen, but after a characteristic latent
interval
(sometimes termed induction
time). This is the interval between first exposure
to the agent and death (in mortality studies) or diagnosis (in incidence
studies), for most cases of cancer which prove fatal the period between diagnosis and death is short (under two years), but for some sites (e.g. breast,
bladder), there may be numerous cases where patients survive 5 or more years
before dying from the disease.
14.
Latent intervals show differing patterns for different occupational
cancers, and are usually described by the mean or median interval observed.
Studies of radiation-induced neoplasms have shown that when leukaemia is induced
latent intervals are relatively short, with cases often occurring within ten
years of first exposure ; intervals are characteristically longer for the osteosarcomas of luminisers, and longer still for the lung cancers of underground
hard rock miners. With some occupational cancers an excess of cases may not
become apparent for as long as twenty or thirty years, and our knowledge of the
latent intervals for radiation-induced tumours is still incomplete. Many cases
of occupational cancer typically develop after workers have left the relevant
occupation to take other jobs, or after retirement.
15.
In general in occupational cancer one finds a gradient of increasing risk
with increasing level and/or length of exposure, though measures of exposure
are often crude in the absence of detailed iata. With radiation-induced cancer
the risk may also be influenced by age at first exposure. For example, teenage
girls exposed to radiation appear more at risk of developing radiation-induced
breast cancer than women exposed at older ages. In contrast, it has been suggested than men exposed as underground hard rock miners are more likely to
develop occupational lung cancer if they enter this occupation at older ages.
16.
A further complication in regard to age is that it is not clear whether
radiation-induced cancers tend to occur after a characteristic average latent
interval from first exposure for all those affected (i.e. at unusually earlv
ages for those exposed when young and at typically elderly ages for those exposed
in their thirties or forties), or whether excess cases are most likely to occur
at the ages normal for the cancer concerned in the general population (i.e.
mainly in the elderly) regardless of age at first exposure. Because of these
uncertainties, long follow-up is of prime importance in all studies of groups
of exposed workers, for the full picture of radiation-induced tumours may take
several decades to emerge. Ideally study populations should be studied to extinction, but so far this has been achieved for very few groups.
17.
Various neoplasms that can be caused by radiation may also be induced by
other carcinogens, or are associated with other factors. Lung cancer is most
often caused by cigarette smoking, but may also be induced by several other
agents including asbestos and certain metals. Breast cancer is more likely tu
occur among unmarried women or nulliparous married women or those who do not
have a child at a young age, and may possibly also be related to use of the
contraceptive pill. Complicating factors such as these are termed confounding
factors,
and have Lo be taken into account when cancer mortality or incidence
is measured in a study population - otherwise an excess of cancer cases might
be attributed to radiation when in fact it is due, at least partly, to other
risk factors affecting the study population.
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1B.
When it is kncwn that another risk factor besides radiation is operating
in the study population, it becomes important to know whether the two separate
risks have an additive or a multiplicative effect. For example, if a uranium
miner smokes is his risk of developing lung cancer the sum of the separate risks
front smoking and radiation, or is it the product ? Only large and well-designed
studies with data of good quality can hope to answer a complex question such as
this.

3.

RELEVANT OCCUPATIONAL

GROUPS

For present purposes four categories may be distinguished.

A.

Early, Heavily-Exposed

Groups

19.
The first of these comprises early occupational groups with very high
levels of expcpjre, which are unlikely to recur. Examples are early radium dial
painters and early radiologists. Valuable findings continue to emerge from ongoing studies of these two groups [1,2], and the studies illustrate the difficulties of examining groups exposed in the remote past.

B.

Uranium and Hard Rock Miners

20.
These constitute a very important group, for it is now realised that most
groups of underground metal miners are exposed to radon and may experience excess lung cancer, and that f ndings on miners may have implications with regard
to background radiation levels for the general population [3]. Numerous groups
are being studied, and fresh findings are emerging. Radiation levels in mines
may be difficult to measure and difficult to control, being an extreme form of
background radiation as distinct from a man-made effect.

C.

Miscellaneous Groups with Moderate Exposure

21.
This category covers groups of workers employed around the time of the
second world war or soon after, who experienced exposures higher than those now
permitted ; they include uranium-processing and thorium-processing workers [U],
These groups have by now been followed-up for a reasonably long period, and any
negative findings among them have important implications for the final category
of workers.

0.

Groups with Low-Level Exposure

22.
These include numerous groups of workers at nuclear plants, etc., where
exposures are controllable and are generally within recommended levels except
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when accidents occur. There are basic difficulties besetting epidemiological
studies of these groups (cf. Section 11).

4.

A.

COHORT STUDIES

Basic Features

23.
This is the standard, and mosi. important, category of epidemiological
study for occupational groups. The term cohort study may not always be used, and
most mortality studies are of the cohort type. The basic features of cohort
studies examining mortality are now described ; the features of incioence studies
are essentially the same.
24.
The first step is to define a cohort (grcup) of individual workers which
is reasonably homogeneous in respect of exposure to a specified suspect agent
over a given period, or which can be subdivided into homogeneous subgroups. Each
worker included is defined by sex, date of birth, exposure subgroup, and dates
of entry into observation and of starting the relevant employment (usually
equivalent to date of first exposure). Ideally, if employment records permit,
workers should enter observation from the date of first exposure, with the
cohort defined as al1 workers entering employment on or after a specified date.
If records have not been retained long enough to permit this, the cohort may
have to be defined as all those in employment on a specified date or starting
work thereafter ; this is a less satisfactory definition, because a workforce
already in employment on a given date will have had a mixture of different
starting-dates and will not include all workers who originally entered employment on those dates, because some will have already left again. A workforce in
employment on a specified date is thus selected to some extent, and its members
will on average be healthier than those who started at the same dates but left
again (some for health reasons).
25.
Each worker's alive/dead status is traced up to the date of death or to
the study closinb-date, or, for a few workers, up to the date of emigration
from the country. Person-years at risk are counted for each worker for the
observation period, which runs from his date of entry into the study until the
study closing-date or exit b, death or emigration, and each person-year is
defined by age and calendar date, usually in 5-year groups. Calculations for
males and females have to be made quite separately ; with the sole exception
of radium dial painters, all the groups described in this report exclude females,
and for convenience studies will be described in terms of males. Person-years
should also be defined in terms of interval after first exposure, cumulative
duration of exposure, exposure grade or some equivalent category, and by cumulative exposure if data are available for this to be calculated. Such operations
require sophisticated computer programmes, but these are now generally available.
26.
It is a basic requirement of a cohort study that every member of a defined
cohort must be identified from the employment records and followed-up ; at the
study closing-date there will be a mixture of deceased men, pensioners, exworkers who left to take other jobs, and some men ftill in employment. Some
ex-workers may remain untraced, with their alive/dead status unknown.
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27.
National death rates defined by sex, age and date are then applied to
the similarly-defined person-years at risk, to obtain the expected number of
deaths from each cause being examined. Adjustments may have to be made to
allow for differences between national death rates and those in the locality
where the workers live, or in some cases it may be possible to use local
death rates. Adjustment by race and/or socioeconomic status may also be
necessary. If the study is large enough (i.e. if it covers a sufficiently
large number of workers) numerous causes of death will each be examined separately, with neoplasms subdivided into as many as twenty sites. It should be
noted that expected deaths are usually calculated to two decimal places, and
are not rounded-off to whole numbers.
28.
For each deceased worker the certified cause of death is ascertained
and coded using the ICD classification. Each cancer death is allocated to
the appropriate cancer site group, and is also allocated to the appropriate
interval after first exposure, exposure grade, etc. The observed deaths are
then compared with those expected, for all workers combined and for all
relevant subgroups, and comparisons are made using relative
risk or absolute
risk as a measure.
29.
The expected number of deaths is essentially the average number that
would be found if no risk was operating and if the operation of ascertaining
the actual deaths was repeated numerous times. In a single study the observed
number of deaths will very rarely correspond exactly to the expected number
even in the absence of any risk, for the laws of chance dictate that observed
numbers show a scatter around the average, and in any case the observed
deaths are obviously whole numbers whilst the expected values are not. Consequently, a SMR is very '•arely exactly 100. Statistical tests are applied
to determine which 0/E (observed/expected) differences are unlikely to be
due to chance alone, usually using the 5 per cent (p<0.05) and 1 per cent
(p<0.01) significance levels, i.e. indicating those differences which have
a probability of less than one in twenty or one in a hundred of being due
simply to chance. The tests in cohort studies usually employ the Poisson
distribution, which is especially suited for comparing small numbers of
observed and expected events ; for the less common neoplasms expected values
are often less than 5, and may be less than one.
30.
The results obtained will be analysed in whatever ways the data permit in relation to latent interval, length and severity of exposure, etc.
and, if a statistically
significant
excess of deaths has been found for a
particular cause, a gradient of risk related to exposure will be sought.
The results will be interpreted and their implications explored.

B.

Basic Strengths and Weaknesses

31.
Because of the characteristic latent intervals of occupational cancers, the possible harmful effects of exposures happening today cannot be
measured for decades. This limitation affects the cohort type of study as
well as other type3, but a cohort study can go back into the past and study
the mortality of workers engaged in an occupation as long ago as, for
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example, fifty years ; such studies are sometimes termed historical
cohort
studies. An obvious advantage of such a procedure is that an answer to the
question of whether a group of workers suffered excess cancer can be obtained very quickly (or at least in the two years or so that most cohort
studies take to carry out), for by the time the study is mounted sufficient
mortality data has accumulated for measurement. An equally obvious disadvantage is that unless exposures have remained unchanged up to the present
day (which is rarely the case) the results may not be applicable to today's
improved work conditions. However, if such a study shows an absence of excess cancer following the more severe conditions of, say, thirty years ago,
then by implication there should clearly not be any risk for today's workers.
32.
A good example of a historical
study is Smith and Doll's examination
of the mortality of British radiologists [2]. The authors studied 1 338 doctors and dentists who joined a radiological society between 1897 and 1954,
and observed them up to 1976. They distinguished those joining before 1921
(and carrying out radiological work at a period when protective measures
against radiation were often not used), those joining during 1921-1935, and
those during 1936-1954, with exposures presumably diminishing progressi.ely
during the latter two periods. National rates were used to calculate the
expected numbers of cancer deaths, since the subjects were scattered over
the whole country, but these rates were adjusted to allow for the differing
mortality of men in Social
Class I (professional occupations).
33.
The radiologists entering the study before 1921 totalled 339, and by
1976 all had died, making this a rare example of a cohort (or subgroup of a
cohort) followed to extinction ; the long period of observation compensates
for the small numbers of individuals. Significant (i.e. statistically significant) excesses of deaths from cancers of the pancreas, lung, and skin,
and from leukaemia occurred among these 339 men. Amonq radiologists registering from 1921-1935 there were smaller non-significant excesses for the
same cancer sites, but there were no excesses among those registering from
1936-1954, implying that already by that date exposures were not sufficient
to constitute a measurable hazard.
34.
Historical studies may suffer the disadvantage that details of exposures (especially for individuals) may be unavailable or scanty. In this
instance no data on individuals were available, and even with regard to
average group exposures the authors could only say that radiologists working
prior to 1945 might have accumulated whole-body doses of 100-150 rads.
35.
In contrast to the historical
study, a prospective study may follow
into the future a cohort defined and entered into observation only at the
date when the study is mounted. Whilst there must be a long wait for results,
the great advantage of this kind of study is that tailor-made information
can be collected on the defined cohort, not only on work histories and exposures, but the workers can also be questioned about factors such as smoking
habits, and can be medically examined. Their subsequent cancer incidence and
mortality can then be related to these factors with much more reliability
than in historical studies.
36.
An important example of use of the prospective approach is the ongoing
study of United States uranium miners and millers in the Colorado Plateau
area, started in 1950. During the ten years up to 1960, 5 370 workers were
physically examined and provided social and occupational data, and were
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thereafter followed-up. The first analysis of results covered mortality up
to the end of 1962 [6], and by that date there had not been any respiratory
cancer deaths among 1 103 non-white (mainly Indian) miners and millers
(0.8 deaths were expected), nor among 611 white millers (here 1.9 were expected). 1 156 white miners with predominantly surface work experienced
3 respiratory cancer deaths instead of the 1.4 expected, but among
2 500 white underground miners there was a highly significant excess (0/E
12/2.8). This first report clearly demonstrated an excess of lung cancer,
presumably attributable to airborne radionuclide exposure. The cohorts of
miners have continued to be followed-up ever since, and as more data have
accumulated analyses in relation to age, latent interval, length of exposure,
exposure level and smoking habits have become feasible.
37.
A recent example of a somewhat different sort of prospective cohort
study is that of Pham and al in France [7]. The authors collected detailed
data on a sample of 1 173 iron ore miners in Lorraine, who had normal chest
radiographs and were aged 35-55, and then followed them up. When their mortality was examinee four years later, there was a highly significant excess
of lung cancers compared with those expected at national rates (0/E 13/3.7,
p<0.01). The 13 men who died from lung cancer were more likely than the
27 men who died from other causes to have worked underground, to be heavy
smokers, and to have suffered from chronic bronchitis. This was a hospitalbased study of men undergoing regular chest radiographs, not one of a cohort
derived from employment records, and there was little information on the
men's average exposures and none on their individual exposures. The affected
men had on average worked underground for about 25 years, and the authors
suggested that they could have accumulated radon daughter exposures of 100150 WLM (Working Level Months). This estimate assumed that past levels of
exposure might have been as high generally as those in ill-ventilated areas
when measurements were made for the first time in the late 1970s.
38.
The historical study is the commonest form of cohort study carried
out : it utilises all available information, obtains results soonest, and can
include recent or current workers in subsequent follow-ups of the defined
study population. But a historical study can be carried out only if adequate
records of a group of exposed workers are available, namely, records covering
all relevant workers (for omissions can result in a biased group) and containing sufficient identifying detail for them to be traced if they leave
the relevant employer. Sjch records are by no means always available ; old
personnel files, ledgers or cards may be discarded as no longer useful,
especially if a factory or mine closed. In the past local employers often
recorded only scanty details on their employees, and one may find that their
records do not supply full names, and that dates of birth and even ages may
be lacking, especially for workers with brief spells of employment. For
example, there are two mines still producing tin in Cornwall in South-West
England, and underground radiation could pose a lung cancer hazard to these
miners. At both mines, however, the records for a period of nearly twenty
years after the end of the second world war are so scanty that a historical
cohort study C'.d not appear feasible at first sight.
39.
Sometimes a compromise cohort-type study is feasible in the absence
of employment records : it may be possible to identify a group of men
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employed in a specified industry or occupation on a certain date from records
such as those of a national census. Several such studies have been carried
out in Sweden and also in England, and a recent example [8] defined a group
of 1 333 men living in the two relevant areas of North Cornwall who were
described as current or retired tin miners in the 1939 wartime National
Register. These men were followed-up from 1939 to 1976, and showed excess
mortality from lung cancer (0/E 61/52.0) and stomach cancer (0/E 33/23.4)
as well as very severe mortality from silicosis and silicotuberculosis
(149 deaths). Such compromise studies may be useful in indicating probable
hazards, but are no substitute for full cohort studies. The workers included
could be untypical in some respects, and one cannot relate their exposures
to any particular date. Because of this and because of the confidentiality
of the source, no details are available on the individuals included, and
only very basic overall E/0 comparisons can be made ; a negative result
would not necessarily be very convincing in this type of study. In this
particular instance it was possible to divide the men into surface, underground, and unspecified miners ; the surface miners showed no excess of lung
cancer deaths whilst the underground workers had a marked excess (0/E
28/13.27, SMR 211).
40.
If employment records are not available and this last type of study
is not feasible, it may still be possible to carry out a
Proportional
Mortality
(PMR) study.

5.

PROPORTIONAL MORTALITY

STUDIES

41.
Essentially a Proportional Mortality study takes not a cohort of
workers, but a series of deaths that have occurred among a cohort, and
counts the number of these deaths that would be expected to be due to specified causes if the distribution by cause was the same as that in the general
population, allowing for sex, age and date. The technique thus examines proportions of deaths attributable to different causes (deriving numbers only
from proportions), and the 0/E ratio obtained for any given cause is termed
a Proportional
Mortality
Ratio (PMR), and for convenience the term iW?
study may be used. The deaths are not related to the population at risk in
a PMR study, and one cannot tell whether or not the total of deaths represents an overall excess.
42.
PMR studies have serious limitations and weaknesses which are examined
in Section 8, but if carefully carried out and interpreted they have a role
to play in some situations, especially as preliminary or screening examinations. Series of deaths among men in a given occupation may be readily
available or retrievable from sources such as company records, trade union
files, etc., and it may be relatively simple, quick and cheap to carry out
a PMR study, which may be an appropriate first step in some situations where
suspicion of a cancer risk exists.
43.
Because a PMR study does not require a nominal roll of exposed
workers, it can be carried out when employment records are not available -
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whether because they have been destroyed or are inadequate, or because employers are unwilling to make th-an available. One might then be able to make
use of local series of death certificates held by local health authorities,
scanning the certificates for a defined area and period to select those
where the recorded occupation indicated employment in the occupation of interest. One would then compare the proportions of deaths due to different
cancers in this series (allowing for age and date) not only with national
proportions but also with the proportions in the residual local deaths. The
two studies now briefly described both contributed important findings ; the
first was carried out as a preliminary examination, and the second as the
only kind of study possible in the absence of employment records.
44.
In 1964 de Villiers and Windish reported findings on lung cancer
deaths among workers in fluorspar mines in Newfoundland, Canada, where they
estimated that underground miners could have been exposed to levels of radon
2^—10 times higher than the recommended Working Level [9]. Development of
these mines had begun in the 1930s. The authors examined death certificates
for men resident in the relevant areas during 1933-1961, and found 119 which
related to current or retired miners : 37 during 1933-1951, and 82 during
1952-1961. Only one of the 37 earlier deaths was from lung cancer, but out
of the later 82 deaths 21 were from this cause where only about two would
have been expected on the basis of mortality distributions in the state of
Newfoundland (after excluding miners'!. Clearly a severe lung cancer hazard
existed, as well as there being high mortality from silicosis and silicotuberculosis, which accounted for 22 deaths during the whole period.
45.
In England Boyd et al in 1970 [10] scanned 5 811 death certificates
of men resident in two iron ore mining areas of Cumberland and dying during
1948-1967. They found certificates relating to 575 underground miners and
111 surface miners. They examined proportions of deaths due to lung cancer,
other cancers, and respiratory diseases separately for underground and surface workers, making comparisons both with national deaths and with other
local deaths. There was no excess of deaths from either lung cancer or from
respiratory diseases among the deaths of surface workers, but the underground
miners' deaths included unduly high proportions due to both lung cancer
(36 deaths observed compared to about 21 expected at either local or national
distributions), and also to respiratory diseases, with 159 deaths observed
compared to about 60 expected ; much of this excess was attributable to
silicosis and silicotuberculosis. The authors noted that limited data on
radon concentrations in the Cumberland mines showed these to be very much
lower than those in the Newfoundland fluorspar mines, though still above
recommended levels.
46.
Whilst these two studies illustrate the potential usefulness of the
PMR method, it should not be overlooked that both examined major risks which
should have been readily detectable by almost any type of study. PMR studies
cannot quantify risks, are open to many biases, and may be unreliable in
respect of minor risks.
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6.

CASE-CONTROL

STUDIES

47.
Instead of starting with a group of workers and following them forwards, the case-control study starts with a series of cases of a specified
cancer (or some other disease) and follows their life-histories backwards in
a search for causative factors. Thus, a group of patients with cancer of a
specified rite diagnosed during a defined period, ascertained from a group
of local or regional hospitals or from a cancer registry, might be questioned
about their lifetime occupational histories. Exactly the same questions would
be put to one or more series of controls,
W'IO would be matched to the cases
by sex, age, date of interview, and any other variables appropriate for a
particular study (e.g. area of residence, marital status, etc.). Hospital
patients with other diseases are commonly used as controls, and often a
second series drawn from the general population is used. Where cases or
controls have died, information has to be obtained from relatives, and this
tends to reduce the quality of the data collected. The data collected from
cases and controls are then compared, and oppropriate statistical tests are
used to measure the significance of any differences found.
48.
In respect of occupational cancer, the main use of case-control
studies is to search for previously unknown or undefined occupational factors in relation to a particular cancer. The role of this type of study is
limited in respect of occupational radiation exposure, since the cancer
sites associated with radiation are recognized and interest focuses rather
on dosages. The conventional case-control study can generally contribute
little on dose-response, and large-scale studies can prove lengthy and expensive.
49.
Case-control studies do, however, have two relevant advantages : by
covering all cases of a specified cancer over a defined area and period,
they can assess the overall importance of a known occupational factor in
the aetiology of that cancer, and they can concentrate on numerically small
populations or on rare cancers which would give rise to very few ctses in
any one cohort study.
50.
An example of a study concentrating on a rare neoplasm is that of
Stewart and Keating [11], who examined previous radiation exposures in male
patients with hairy cell leukaemia, a rare form which accounts for only
about 2 per cent of all leukaemia cases. The authors commented that no
aetiological factors had been identified for this form of leukaemia, though
one case had been reported among servicemen exposed to fallout during nuclear weapons tests. In fact the Najarian and Colton study of nuclear shipyard workers [12] (discussed later) was first prompted by the referral of a
nuclear worker with this rare disease.
51.
Stewart and Keating compared detailed occupational and medical histories for 26 cases seen at one hispital from 1973 to 1979 with those of
56 control patients with solid cancers. 8 of the 23 cases, compared with
only 4 of the 56 controls, were found to have definite histories of radiation exposure, and in half the positive histories the exposure was occupational. One case had been a chemical engineer handling radioisotopes, one
a physicist working with plutonium in World War II, one a cardiovascular
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surgeon performing numerous cardiac catheterisations with angiography, and
the fourth had suffered radiation sickness following exposure to fallout
during atomic bomb tests seventeen years previously. The authors concluded
that radiation exposure might be an important contributory factor in the
development of some cases of hairy cell leukaemia.
52.
An example of a case-control study concentrating on a small population group is that of Samet et al published recently [13], examining the
association between uranium -"ining and lung cancer in Navajo Indians, a
small and largely non-smoking population. It was already known from the ongoing NIOSH study of United States uranium miners by 1976 that American
Indian underground miners first showed an excess of lung cancer deaths
during 1960-1973 (0/E 11/2.6, p<0.01), and that Indian miners generally
(including the affected men) were mostly non-smokers or light smokers [14].
53.
Samet et al took all 32 lung cancer cases that had occurred anong
Navajo men during 1969-1981 (ascertained from the New Mexico Tumor Registry),
and matched them with non-respiratory cancer cases from the same source.
They collected information on occupational histories, and found that 23 of
the lung cancer patients, but none of the controls, had worked in uranium
mining. Cigarette smoking habits were known for 21 of the affected men ;
8 were non-smokers, and the others tended to be light smokers - only Five
had smoked as many as 4-8 cigarettes daily. The 23 lung cancer patients who
had been miners were younger at diagnosis then the other 11 patients, with
a median age of 44 compared to 63. This interesting study did not reveal
any previously unknown factors, but it provided effective confirmation that
radiation exposure in underground mines can constitute a severe lung cancer
hazard to non-smokers, and it showed that in this mainly non-smoking population such exposure is the major cause of lung cancer.
54.
There is another type of occupational case-control study that may be
encountered, carried out as part of a cohort study. If the main study results indicate an excess of deaths from a particular cancer, one might wish
to measure the possible contribution of a factor (or factors) which it would
not be practicable to ascertain for the whole cohort - e.g. smoking habits
among men entering employment decades earlier. In this situation one can
select one or more sets of unaffected controls from the whole cohort matched
with the relevant cancer cases by age, date of first employment, etc. as appropriate, and compare the smoking habits of cases and controls. It would be
almost certainly difficult and laborious to collect the information needed,
but it would probably be feasible for the relatively small number of men
involved. A case-control study of this type is being carried out on lung
cancer cases at the Portsmouth nuclear shipyard in the United States ;
Rinsky and Landrigan [15] report that this analysis will evaluate possible
associations with exposures to radiation and other carcinogens present in
the shipyard, such as asbestos.
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7.

PROBLEMS AND LIMITATIONS OF CASE-CONTROL

STUDIES

55.
Since these studies play a minor role in relation to occupational
radiation exposure, their limitations need not be examined at length. The
method has numerous potential weaknesses, and Sackett [16] has catalogued
35 differpnt types of possible bias which may affect these studies ! Horwitz
and Feinstv-in, in Methodologic

standards

and contradictory

results

in

case-

control
research [17] report the results of a study in which they examined
85 studies (none of which happened to be occupational) and found frequent
violations of eleven methodologic standards. The care and objectivity with
which case-control studies are carried out are crucial. The methods of selecting controls can easily introduce bias, as too can the method of collecting the information which forms the raw data. This is especially true if
this information is collected at interview, is dependent on the interviewee's
memory and cannot be corroborated by reference to any other source. It may
be possible to check occupational exposures of particular interest from
employers' records, but, if the exposures occurred many years earlier, the
relevant records may no longer be available. The analysis and interpretation of results are also subject to biases, and (as suggested by the title
of the paper mentioned) different case-control studies testing the same
hypothesis not infrequently yield contradictory results. It should be added,
however, that strong causative associations are unlikely to be overlooked in
such studies, and that many important causative factors in carcinogenesis
have first been demonstrated by this methcJ56.
The study of hairy cell leukaemia cases which has been described gave
suggestive results, and may have indicated a genuine causal association, but
it was seemingly carried out solely by clinicians, and would scarcely earn
the approval of any epidemiologist. The total number of controls appears
arbitrary (56 related to 23 cases) : cases and controls were not matched for
age, date of diagnosis, or source of information (patient or relative), and
the interviewer knew the diagnoses of the patients he was interviewing, and
was one of the authors. Ideally interviews should be carried out by someone
disinterested who is (where possible) unaware whether it is a case or a
control who is being interviewed. Given the multiple possibilities of bias,
an epidemiologist would have regarded this as a pilot exploration which
could be followed by a properly controlled study, and meriting publication
only as a preliminary series of case-reports as distinct from a finished
study.
57.
Case-control studies relating to occupational factors are not the
method of choice for seeking absolute measures of risk or for defining a
risk in terms of latency, length of exposure, dosage, etc. Such studies
usually cover cancer cases occurring over a relatively short time-span, and
thus cover only a limited segment of the cancer experience of workers in an
industry, and cases cannot be related to a defined population-at-risk. A
large and weli-designed cohort study with long follow-up is much more effective in defining risks.
58.
Two recent case-control studies from Sweden have examined the possible
interaction of smoking and radiation in the causation of lung cancer in iron
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ore miners, each using population-based series of lung cancer deaths and
control deaths from other causes, and obtaining information on occupations
and smoking from relatives. Damber and Larsson [18] concluded from their
study that the effects of smoking and radiation were approximately
of
multiplicative
type,
deriving this conclusion from analyses relating to 25 miners
with lung cancer, and controls. In the other study [19], which utilised
28 pairs of affected miners and controls, Edling and Axelson concluded that
the effects were additive. Since both studies were studying the same issue
in two groups of iron miners, one would have expected them to find similar
types of interaction. This appears to be an example of differing results
from two case-control studies attempting to elucidate an issue which cohort
studies are better-equipped to examine.

8.

PROBLEMS AND LIMITATIONS

OF PROPORTIONAL MORTALITY

STUDIES

59.
The two PMR studies described earlier were appropriate and useful,
but, even where such studies are appropriate and utiiise data of apparently
good quality, inherent weaknesses remain in the method and care is needed
in its application. In the Newfoundland study [9], it was possible to check
with the mines on which deceased men had been employed as miners, but in the
Cumberland study [10] reliance had to be placed on the occupation recorded
on the death certificates to identify miners. In the United Kingdom the
death certificate records a man's final occupation (whereas in the United
States it records the main lifetime occupation), and men who had left mining
to take other jobs might not be identifiable as one-time miners. Such exminers would be included with deceased men in other occupations - i.e. the
local comparison group - and would thus dilute the strength of the study.
There is a complicating risk that ex-miners who died from a disease known
to be associated with mining (such as silicosis) would be selectively recorded ; this type of bias would lead to over-statement of the proportion
of miners who died from silicosis.
60.
PMR studies may also be carried out on series of deaths ascertained
from trade union records, or from employers' records of deaths occurring
among currently-employed workers and pensioners ; these kinds of series too
are incomplete, for they exclude ex-workers, and this exclusion undoubtedly
introduces a bias. Deaths of currently-employed men are usually from acute
or relatively acute diseases, and pensioners are a selected group who have
by definition survived after long employment and tend to be healthier than
average.
61.
The inherent limitation of PMR studies is that they can only provide
a rough measure of the risk for one cause of death relative to other causes,
without providing any clue as to whether overall mortality is high, low or
average in the relevant group of workers to which the deaths relate. As a
result findings can prove deceptive. For example, lung cancer might appear
to account for a higher-than-normal proportion of all deaths, when in fact
mortality From this cause was normal but mortality from major groups of
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non-malignant diseases such as circulatory and respiratory diseases was low.
Groups of current industrial workers usually have lower mortality than the
general population, since they have to be relatively healthy to be in employment, and pre-employmi;nt medical examinations screen out those with
certain types of health risks : this is the well-known healthy worker effect
commonly encountered in occupational studies.
62.
In PMR studies an alteration in the proportion of deaths from one
major cause automatically affects the proportions for other causes. The
possibility of this bias must always be considered. If mortality from some
group of causes (other than that of main interest) is excessive, this source
of bias is avoided by calculating proportions after excluding that causegroup from both the series of workers' deaths and the comparison deaths.
Thus, the Cumberland iron ore miners had very high mortality from nonmalignant respiratory diseases, and Boyd et al [10] prudently calculated the
proportion of lung cancer deaths after excluding not only respiratory diseases but also cancers of other sites.
63.
PMR studies concerned with one locality should also allow for differences between national and local mortality patterns, and if possible should
make comparisons with local as well as national disease proportions. PMR
studies which fail to take account of these two possible sources of bias
should be viewed with caution ; such failure may indicate a general lack of
appreciation of the limitations of the PMR method. The method may be appealing because it appears quick and easy, and those with little experience of
epidemiology may fall into various traps.
64.
Although the Newfoundland study was careful in most respects, it contains a major error relating to analysis by age. Clearly a crude all-agescombined comparison of the proportion of deaths from, say, lung cancer between a group of workers and the whole population of a state or country would
be very misleading, because the national mortality includes age-groups
(under working age) in which lung cancer does not occur and which are absent
in the series of workers' deaths ; the proportion of deaths due to lung cancer among all deaths in the whole population is bound to be smaller than in
the series of workers' deaths. For this reason proportions are calculated
only for the age-groups represented in the workers' deaths, five-year or
ten-year age-groups are used, and a series of age-specific expected and
observed numbers is obtained, which are then summed to yield the total expected and observed numbers of deaths. De Villiers and Windish [9], however,
whilst correctly calculating 0/E values for six age-groups from age 25 upwards, obtained their total 0/E numbers not by summing the age-specific
values but by calculating a crude all ages expected value to compare with the
total of observed deaths. They observed 21 lung cancer deaths, but instead
of comparing this number with the expected total of 1.86 obtained by summation (which yields an 0/E ratio of 21/1.86 = 11.26), they compared the
21 deaths with the crude expected value of 0.73, giving an erroneously high
PMR of 28.76. They stated in their summary that the observed death rate from
lung cancer was about 29 times the expected, when in fact it was about
11 times higher than expected.
65.
In that instance a major risk existed, but was inadvertently exaggerated. In the case of the Najarian and Colton PMR study of Portsmouth naval
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shipyard nuclear workers [12] excesses of deaths from all neoplasms
combined (especially leukaemia) were reported which subsequently transpired
to have been artefacts. The steps in this study were as follows :
i)

A team of persons (with unspecified qualifications) scanned
all death certificates for the relevant local areas during
1959-1977, and from over 100,000 certificates 1,722 with recorded occupations indicating naval shipyard work were copied.

ii)

The telephone numbers of recorded next-of-kin were sought, and
for those found a team of volunteers from the local newspaper
tried to phone the next-of-kin. 592 relatives were contacted.

iii) Respondents were asked whether the deceased man had worked with
radiation or had worn a radiation badge, and men were classified as nuclear or non-nuclear workers on the strength of the
replies.
iv)

Using age-specific proportions of national white male death
rates, expected numbers of deaths among nuclear and non-nuclear
shipyard workers from all malignant neoplasms, leukaemia, and
other lymphatic and related neoplasms were calculated, and compared to the numbers of deaths observed.

66.
The results of this study showed an excess of deaths from all cancers
in the 146 nuclear workeis' deaths (0/E 56/31.5), in particular from leukaemia and related neoplasms (0/E 10/2.9). It was suggested by the authors (and
by others) on the strength of these findings that the risks of low-level radiation, such as that prevailing for these workers, were much greater than
had been realised. The apparent excesses of neoplastic deaths subsequently
turned out to be spurious, and a full cohort study covering 24,545 workers
at the shipyard found normal mortality from leukaemia in the whole group
and in those exposed to radiation. Overall cancer mortality was slightly
lower than normal, as one expects in a healthy industrial population.
67.
The grossly incorrect findings of this study, and the widespread
publicity given to the controversy it aroused, were very damaging in various
ways, not least in bringing epidemiology into some disrepute. Any epidemiologist with a little experience could see that bias could arise at any one
of the steps in this study, and the BEIR III Report [20] pointed out that
the men whose next-of-kin were contacted turned out not to be a representative sample of workers actually exposed to radiation, and men dying from
malignant disease were selectively and sometimes incorrectly identified by
their relatives as nuclear workers. The BEIR III Report commented (p. 463)
that These analyses .
contribute little
to our understanding of health
risks from low-level radiation.
However, they do provide a remarkable
illustration of the dangers of response bias in epidemiological
studies. The present author feels that perhaps the words carried

should be appended to this comment.
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out by

non-epidemiologists

9.

PROBLEMS OF COHORT

STUDIES

68.
It is to the cohort study that one looks for more objective, reliable
and detailed results, but cohort studies too are open to some biases, and
encounter various problems. If there are to be sound results there must be
adequate numbers of study subjects, adequately long follow-up, accurate raw
data, and care and objectivity on the part of the researchers.
69.
One may sometimes find a conscientious attempt to make a provisional
estimate of observed and expected deaths by cohort methods, but on the basis
of an estimated population-at-risk and incomplete ascertainment of deaths.
Thus, in December 1982 BBC Television initiated an attempt to follow-up
United Kingdom servicsmen at 1956-1958 South Pacific nuclear weapons tests
by inviting information from viewers, and enlisted the help of Knox, Sorahan
and Stewart of the Department of Social Medicine of the University of
Birmingham to analyse this information. Using the best data available (partly derived from a Parliamentary answer), the authors [21] estimated that
during 1958-1982 some 17.2 deaths from leukaemia and other reticuloendothelial system (RES) neoplasms would have been expected from approximately
8,000 servicemen involved, whereas 27 well-documented deaths of this type
had been reported.
70.
It subsequently transpired, however, from revised estimates reported
in Parliament, that the number of exposed servicemen was probably much
higher,at about 14,000. Knox et al [22] therefore revised their estimates,
and now examined both mortality and incidence from RES neoplasms. They no
longer found any excess of deaths (0/E 27/29.9), and there was no meaningful excess in incidence (0/E 49/44.6), but with a division for ages under
and over 30 they found an excess in incidence in the younger age-group which
just attained the 5 per cent level of statistical significance. The authors
commented that a confident

interpretation

of our data

is not possible.

The

present author would make two criticisms of this reported excess in incidence. The first would probably be made by most epidemiologists : that the
choice of a division at age 30 appears to have been made with hindsight,
with knowledge of the results ; alternative divisions were possible but
might not have maximised the excess. Whilst it is legitimate to show the
result of using a division which appears meaningful in the light of the results, it is not legitimate in such a situation to apply a significance test
as though a predetermined hypothesis was being tested.
71.
The second criticism relates to an aspect which might be overlooked
by epidemiologists without experience of relating observed cancer incidence
cases to expected numbers derived from cancer registration rates. Here the
problem is that national (and regional) rates involve some level of underreporting, and in a strict procedure one can count as observed cases only
those which were actually registered. This would probably slightly reduce
the reported number of observed cases, for in the present author's experience
of relating three series of cancer patients to registration data some cases
invariably escape registration.
72.
A full-scale study of men involved in the South Pacific tests has now
been initiated. Undoubtedly, this was brought about by public pressure, and
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the first estimates by Knox and his colleagues increased this pressure. We
do not know at present whether or not there has been an excess of certain
neoplasms among the servicemen involved : we must await the findings of the
full cohort study.
73.
The Annex to this report sets out the author's personal choice of ten
rules with should be followed in cohort studies. The first rule is important,
for, whilst the majority of readers of scientific journals do not read many
papers thoroughly, and may look only at the summaries of most papers, a
small minority will read a paper carefully and critically. If adequate details are not supplied, these readers cannot make an adequate judgement of
the quality of a study, nor of whether the authors' interpretation of their
findings appears correct. Rule 10 is related. When Archer et al in 1973 reported their findings to date on lung cancer in United States uranium miners
in the journal Health Physics [23], they had found 70 respiratory cancer
cases and they provided a table listing relevant details for each of these
cases individually. Unfortunately, this excellent example is all too rarely
followed, and observed cases often appear to the reader as abstract disembodied statistics rather than human beings. The reader cannot examine
their characteristics and assess the authors' findings in the light of these.
74.
The policy of scientific journals on the length of papers they will
accept for publication is relevant here, but authors have a choice of where
they submit their papers. Weekly journals, e.g. the Lancet, publish quickly,
but rarely in length. Monthly or quarterly specialist journals are generally much more prepared to provide the space necessary for a full account of
a cohort study. It was disappointing, for example, to find the subject of
breast cancer mortality among United Kingdom female radium dial painters
covered in less than 3,500 words in the Lancet [24], in a paper which provides no details of the observed cases and leaves many questions unanswered.
Accounts of cohort studies should also provide background tables showing the
numbers of workers subdivided by such variables as age, date of first exposure, length of exposure, and person-years at risk ; all tables of results
should as a matter of course show numbers of workers and numbers of personyears. Such items are lacking in the paper mentioned above [24], and are
similarly lacking in papers describing lung cancer among Czechoslovakian
uranium mines [25,26], even though these papers were published in Health
Physics.
75.
One reason why numbers of person-years should be given is that it
enables the critical reader to judge whether Rule 5 in the Annex has been
satisfactorily followed. The importance of analysis by interval after entry
is obvious in view of the characteristic latent intervals of radiationinr4 red neoplasms ; in some situations the years immediately following
first exposure are irrelevant in assessing effects, and it is vital that
reported results distinguish different time intervals. It was disappointing
to find no analyses by interval in papers describing the breast cancer experience of either United Kingdom [24] or United States [27] radium dial painters employed before 1930.
76.
The study of breast cancer in United States dial painters employed
before 1930 illustrates a major problem of studies of this population. These
women were not listed until decades later, and a proportion have never been
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traced. When women were successfully traced as alive or dead, those living
were contacted and asked to undergo examinations which included body burden
measurements from which radium intake could be estimated (these early United
States workers often licked their brushes and so ingested radium, whereas the
United Kingdom dial painters did not do so). However, major efforts to contact and measure the women started only after 1950 and extended into the
1960s, and of the 1,180 women studied by Adams and Brues [27] 261 women had
died by 1979, either before being contacted of after declining to be measured. In 1979 there were another 140 women still living who had declined
measurements. Thus there were 401 unmeasured women of whom 261 were dead,
whilst out of 779 measured women ?65 had died by 1979. The proportion of
deaths among unmeasured women was nearly twice as high as among those measured, because in many cases it was the occurrence of death that precluded
measurement.
77.
For studies of cancer incidence or mortality among these women a major
problem is that analyses in relation to dose can be made only for the measured women, which results in the loss of half the mortality data, and most
of the data for the first few decades after first exposure. Adams and Brues
examined breast cancer mortality from 1935 in all 1,180 women, and found
36 deaths compared to 23,77 expected. In their second table they present
0/E deaths from 1935-1979 separately for the measured women (0/E 13/16.96)
and for the unmeasured women (0/E 23/6.81). They comment in the text that the
unmeasured women had a disproportionate number of deaths and that this difference reflects a recognized problem with respect to the groups, but they
do not appear fully aware that the analysis in their table is simply incorrect. This incorrectness lies in the fact that a dial painter becomes a
measured woman only at the date when she is measured, being before that date
an unmeasured woman. If mortality in these women is examinee from 1935 it has
to be in terms not of measured or unmeasured women, but of measured or unmeasured person-years of observation, with years prior to measurement allocated to the unmeasured category, and subsequent years to the measured category. Errors of this type in handling person-years are unfortunately not
uncommon in published papers.
78.
In their subsequent analyses Adams and Brues concentrated on the
779 measured women, and counted person-years from the year of first measurement. This procedure avoids gross error, but is still not the optimum procedure. Some women who previously declined measurement may later change their
minds and cooperate, but their motive for accepting measurement could be Lhat
they had developed an illness, and in such cases they might die :>oon after
joining the measured group. To avoid this source of bias Stebbinjs et al [1]
commenced observation at a date two years after first measurement, so as to
exclude deaths related to acceptance of measurement.
79.
The loss of data by restriction of analyses to measured women from the
date of measurement (or soon after) is clear when one sees that Adams and
Brues found an overall excess of 36/23.77 for all women from 1935, but much
smaller numbers and no clear excess of breast cancers in the measured women
(0/E 11/8.84) ; many cases of breast cancer are non-fatal, and the authors
increased their data by studying incidence from the date of measurement,
finding 0/E values of 25/23.40, a normal result. For both mortality and incidence, however, they did find a significant excess for women with the highest
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intake doses, especially among nulliparous women. They did not find any
association, with age at first exposure (<20 or 20+), or with length of exposure (<50 weeks of 50+ weeks). The authors concluded that It would appear
that there may be an association between the radiation dose to soft
tissue
from internal alpha-emitters
... and breast malignancy in human females.
80.
Baverstock et al [24] also found excess breast cancer deaths in the
United Kingdom luminisers, whose radiation exposure was mainly external.
Their overall 0/E values were 16/10.26, which has a probability of 0.077
(i.e. is non-significant at the 5 per cent level), although the authors term
it marginally significant.
The excess; appears to be mainly in women aged under 30 at first exposure whose estimated absorbed dose was 0.2 Gy or over,
but the small numbers of women in other subgroups preclude effective comparison.
81.
One might then conclude that certain weaknesses in these two papers
did not seriously undermine the conclusion from both that female radium dial
painters have suffered excess breast cancer, at least in the higher doselevel subgroups. However, closer examination shows that the issue is far
from simple. Rule 6 in the Annex specifies that the mortality rates used to
calculate expected deaths should be appropriate (or should be adjusted appropriately) for background differences in relation to locality, etc. Stebbings
et al [1] recently examined mortality from cancers of all major sites in the
United States luminisers exposed before 1930 and from 1930 to 1949. They
found that when they adjusted national breast cancer mortality rates to allow
for local differences in the countries where the luminising plants were situated, the numbers of expected breast cancer deaths were increased ; the overall excess among all pre-1930 workers (measured and unmeasured) was no longer
statistically significant and the SMR dropped from 144 to 120.
82.
Stebbings et al also questioned whether any excess of breast cancer
was causally related to ingested radium on various grounds. They found that
breast cancer findings were inconsistent between the women at the three major workplaces, and in the location with the best pre-1930 and post-1930
data the excess remained as high among 1930-1949 workers despite much lower
radium intake levels. The finding that women aged under 20 at exposure were
not at greater risk than older women was inconsistent with the findings of
studies of breast cancer among women exposed to external radiation ; and
similar crude dose-response relationships were also found in the women for
cerebrovascular disease and arteriosclerotic heart disease although a direct
causal relationship appeared unlikely for these diseases.
83.
The findings of Baverstock et al [24] are also difficult to evaluate.
It is not clear from their account how many relevant women remained untraced,
and there is a puzzlingly large deficit of deaths from all non-neoplastic
causes in their cohort (0/E 46/72.24, SMR 64) on which the authors make no
comment. Given the long follow-up, this deficit appears too great to be
attributable to a healthy worker effect and suggests possible bias. Breast
cancer incidence was not studied, although this would have increased the
numbers available for study in recent decades. No information is given on
the geographical areas where the women worked, so that one cannot judge
whether differences in local rates could have biassed the results. The
authors found an apparently greater risk for women first exposed under the
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age of 30, but take no account of marital status or parity (especially age
at first birth). These are relevant confounding factors for breast cancer,
and it should be taken into account that single or nulliparous women under
age 30 would be more likely to be engaged in this occupation than parous
married women, especially during the second world war when women with young
children were exempt from compulsory direction to work. The authors give no
data on cancers of other sites. Risk factors for cancer of the cervix uteri
tend to be the converse of those for breast cancer, and it would be of interest to know whether there was any deficit of cervical cancer among these
women. If there were such a deficit, it would suggest that observed numbers
for cancers of both sites were influenced by confounding factors.
84.
with Rules 7 and 8 of the Annex we come to the important topic of
hindsight and the distinction between exploratory studies and hypothesistesting studies. As an example, any new study examining the mortality of a
cohort of underground hard rock miners will almost certainly intend from
the start to test a hypothesis about raised lung cancer mortality, and may
for thiro cancer legitimately test the significance of the 0/E result using
a one-tailed
test. A one-tailed test examines only excesses of cases (ignoring deficits), and finds significant a result within the least likely
5 per cent of outcomes where there is an excess. Such a study will examine
mortality for other cancer sites also, but, with the possible exception of
stomach cancer, there is no current evidence of raised mortality from other
cancers in underground miners, and so there would be no hypothesis to test.
0/E comparisons for other cancers would therefore be purely exploratory, and
should use two-tailed
significance tests, which measure the significance of
0/E differences in either direction, and find significant the extreme 2.5 per
cent of 0/E deficits as well as the extreme 2.5 per cent of 0/E excesses.
These remarks reflect the author's conservative attitude on this important
issue ; sotrie epidemiologists consider that the prudent course is to use twutailed tests at all times.
85.
Obviously 0/E excesses are less likely to be significant
when a twotailed test is used than when a one-tailed test is used. Unfortunately, this
simple guide to which test to use is often not followed, and one-tailed tests
are used when they are not appropriate, with the effect that some 0/E excesses are deemed significant when they are more likely to be due to chance.
Sometimes, one-tailed tests are applied in both directions, which means in
effect that a 10 per cent level of significance is used. Many epidemiologists
consider that singling-out any outcome with less than a one-in-twenty likelihood of occurring by chance is insufficiently stringent (preferring to use
the stricter 1 per cent significance level), and to regard as significant an
outcome with a one-in-ten likelihood of occurring by chance is surely absurd.
Moreover, significance tests should not be applied to subdivided results
where the subdivision has been made with hindsight. Another unacceptable use
of hindsight is to select the disease groups that are analysed individually
after the causes of death in the cohort have been ascertained (thus flouting
Rule 7 ) . This abuse has been aptly likened to placing a bet on a horse after
the race is finished and the result is known, for, if a sufficient number of
disease groups are examined, one or more well show a significant
excess just
by chance, but authors may single-out for presentation the 0/E result for
that disease group whilst ignoring the others with normal results or deficits,
or merging them together in a remainder group. This is a form of scientific
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cheating which may be deliberate or may be due to ignorance ; it is unlikely
to escape the notice of an experienced epidemiologist, but may deceive the
casual reader.
B6.
Sackett [16] uses the apt term Data-dredging
bias to describe this
last type of bias, which can occur in any kind of epidemiological study, as
too can the Tidying-up

bias

and the Repeated peeks bias

! With regard to the

former, any practising epiuemiologist knows that there are invariably some
cases in any study which are difficult to fit into even well-chosen categories of exposures or outcomes ; such cases have to be dealt with very objectively to avoid bias, for the decisions on how to allocate the cases may
sometimes directly affect the results. The Repeated peeks bias can arise in
studies where outcome data accumulate over time and so the current results
also vary over time, especially at early stages when observed numbers are
small ; the researcher may be tempted to freeze the study at a date when
the preliminary results indicate a nigher relative risk than at other dates,
and report the preliminary findings as of that date instead of waiting until
a predetermined date.
87.
It is also well-recognized that in general a study containing positive
findings will be accepted for publication more readily than one with purely
negative results, and this bias has led to semi-serious suggestions that
there should be a Journal

10.

of Negative

Results.

SOME PROBLEMS OF STUDYING

DOSE-RESPONSf

RELATIONSHIPS

88.
The foregoing sections should have made it clear that epidemiological
studies are subject to various problems and limitations even in seeking to
establish simply whether or not a risk has occurred in relation to a specified substance. Naturally, when it has been established that a cancer risk
has occurred, epidemiologists seek to take knowledge a step further and try
to define the risk in terms of its overall size, its characteristic latent
intervals, its severity in relation to varying lengths and levels of exposure, and the minimum exposure that appears to give rise to excess cancer
cases (i.e. the threshold dose). But in many studies of occupational cancer
there are only scanty measurements of exposure levels, especially in historical studies. Often the most one can do is to take crude exposure categories such as light,
medium and heavy (to which one cannot give any absolute
values), and length of exposure categories, and to make comparisons of
observed and expected cancer deaths in subgroups of workers defined by these
variables. Measurements of individual workers' exposures are very rarely
available.
89.
Generally in studies of occupational exposure to radiation measurement data are available, and cover individual exposures as well as background levels. But this is not the case for all relevant groups of workers,
and exposure levels for groups (let alone individuals) may have to be crudely estimated, for example, for past workers at some Iron ore mines and for
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Cornish tin miners. Despite the deficiencies in the records at these tin
mines (cf. para. 38), a historical cohort study of miners employed there
since the second world war has now been initiated. The author is participating in this study, and has the task of compiling as complete a list as
possible of all men employed for at least six months, and of amplifying the
often inadequate identifying details by various methods, often laborious and
slow. The study will not be able to relate mortality to exposure levels, for
no measurements of underground radiation were made until very recently. Even
the total years spent mining will be uncertain for some men, For broken service was extremely common, and there is no information on mining experience
elsewhere between spells of service at these mines or before employment
there commenced. The study will examine mortality in relation to calendar
period of employment, minimum length of exposure, and whether work was
entirely underground, partly underground, or wholly on the surface. For some
workers employed decades ago, however, it is not always clear from the records which of these last three categories they belong to.
90.
Even in situations where measurements are available, Stebbings et
al [1], in relation to the ongoing studies on United States radium dial
painters, have commented that The primary use of dose-response analyses in
epidemiology is to establish aetiology relationships, not to quantify
precisely

accepted relationships.

The present author would endorse this view,

and feels that there is a tendency in the field of occupational radiation
exposure for scientists who are not primarily epidemiologists to be overeager to deduce detailed dose-response relationships on the basis of epidemiological data which is not sufficiently robust for this purpose ; comparability between different studies on the same issue is often limited, risk
estimates are often based on small numbers, and the complex interplay and
effects of the features and limitations of individual studies may not be
fully appreciated. As more findings accumulate, new methods of analysing
these and of extrapolating from them are attempted, but the methods may be
unproven and many findings are still provisional, for (with some exceptions)
most relevant occupational groups have not yet been observed long enough for
a full picture of exposure-effects to emerge.
91.
Examples of over-enthusiastic calculations of dose-response rates or
functions can be found in some earlier reports on pre-1930 United States
radium dial painters [28,29]. In these the group of measured women already
discussed (cf. paras 76,77) was studied, and dose-specific death-rates for
bone sarcomas were calculated from the date of first exposure (or from five
years later) onwards, thus incorrectly utilizing pre-measurement personyears when by definition the women could not have died, since had they died
they would not have been available later to join the measured group.
92.
Another dose-response estimate which leaves the present author
puzzled . that of Baverstock et al [24] from their findings on breast cancer deaths in United Kingdom radium dial painters. They found 0/E values of
12/5.37 for 632 women aged under 30 at first exposure whose estimated absorbed doses averaged 0.31 Gy. From these figures they deduced a risk coefficient of about 200 cases of fatal breast cancer in 10* young women (W)
receiving 1 Gy, with 95 per cent confidence limits of 20-500/10* W-Gy,
which they saw as consistent with other estimates of 100/10* W-Gy. Apart

- 30 -

from the fact that the confidence limits of their estimate are so wide (due
to small numbers) as to render their rate consistent with a very wide range
of other estimates, rates based on IDA W«Gy are likely to vary widely according to the length of follow-up on the exposed women (if there is a
genuinely raised absolute risk among these luminizers it will almost certainly increase in magnitude as observation lengthens and the women age).
Such rates cannot be compared between different studies unless they all
relate to lifetime risks or specify person-years and interval after exposure.
93.
To examine studies which derive dose-response relationships and
assess the reliability of their findings is a lengthy and difficult task.
In 1982 Petersen and Sever of the Hanford Environmental Health foundation
prepared a report for the United States Department of Energy entitled An
appraisal of selected
epidemiologic
issues from studies of lung cancer
among uranium and hard rock miners [30]. This is a lucid and practical
report which can be recommended as further reading for anyone wishing to
pursue this topic more in depth. Since miners form one of the most important groups of radiation-exposed workers today, a list of some of the problems of relevant study findings, and a report of some of Petersen and
Sever's conclusions may be the best way to convey the complexities of this
topic. It should be added that thf? epidemiological studies of the important
group of United States Colorado Plateau uranium miners have been of a high
standard.
94.
One problem is that, although the overall numbers of workers available for study in the major groups of miners may be large, the numbers in
some subgroups (e.g. nonsmokers or minority ethnic groups) may be too small
for effective examination of differences among these groups with respect to
variables such as the length of the latent interval.
95.
A general problem is lack of comparability between different studies,
not only in the data used, but in methods of analysis. Th. • is particularly
true of exposure data. To quote Petersen and Sever (p. 23) : Sources
vary
widely in 1) the number of measurements made, 2) the years in which measurements were made, 3) the extent of estimation
used to assign exposures
to
individual
miners, 4) the magnitude of actual exposures ... In
addition,
widely differing
methods were used to estimate exposure to radiation
and to
measure response in relation
to exposure. As a result of this diversity
of
information and inadequacy of the analytic methods, the
interpretations
must be viewed with
caution.
96.
In the past some mines have had highly mobile labour forces, and,
although records may provide a full historv of a man's employment and exposure at the mine under study, there may b .^certainties about his possible
exposures at other mines.
97.
There is a major difference in the methods by which exposure levels
are allocated to person-years at risk in different studies. The United
States studies of uranium miners relate the person-years at any date to the
cumulative WLM (Working Level Months) so far attained, with miners passing
through progressively higher levels of cumulative WLM as long as they remain
in employment, and experiencing person-years at each level. This method appears preferable to that used in some other studies, including the Czech

- 31 -

studies, which utilise only the final level of cumulative WLM attained and
apply this level to all person-years ; this has the effect of inflating the
number of person-years related to high dose levels and of diminishing the
number related to low levels, which in study results will cause some overstatement of the risks of low dosages and some understatement of the risks
of high cumulative HLMs. In the case of the Czech studies Petersen and 5ever
rightly comment (on p. 23) that The published reports ...do
not allow a
critical
appraisal of the quality
of observations and mine measurements.

98.
Analytic practices also vary in respect of allowing a time-lag (such
as ten years) between attaining a given level of cumulative WLM and allocating that level to person-years. The rationale for this procedure is that
since lung cancers do not develop until at least a few years after first
exposure, the risk of developing lung cancer at a given date is not related
to the exposures of the last few years, but rather to the cumulative level
attained some ten years earlier. Results analysed by dose-level will vary
somewhat according to whether or not a time-lag procedure has been used,
but the extent and direction of the variation will depend on the length of
follow-up and the distribution of deaths over time.
99.
For various groups of miners the periods of observation are still
relatively short (e.g. under thirty years), so that these cohort studies are
currently truncated. tstimates of the mean or median length of latent intervals are crucially affected by the length of the period of observation, and
estimates of the mean and median intervals of hard rock mirers are being
steadily revised upwards.
100.
It has been suggested that the length of the latent interval may be
related to the level of exposure, with longer intervals elapsing before the
development of lung cancer among miners with lower dose-levels. If such a
difference does exist, it is clearly of crucial importance in assessing
dose-response relationships, but in truncated studies it cannot be determined effectively whether or not there is such a difference. Petersen and
Sever also comment (on p. 33) that When data from individuals,
with different rates of accumulated exposure, different
patterns of time on the
job,
and different
biologic responses are combined, the resulting
statistical
association
between the accumulated exposure and the length of the
latent
period may be biologically
meaningless and only
statistical.

101.
The type of interaction between cigarette smoking and radiation as
causes of lung cancer in underground miners is an important issue, and focuses on whether the effects are multiplicative or merely additive, and
also on the cell type of tumours. Not only does this issue affect the study
of dose-response relationships, but it is also of practical relevance :
smoking is now prohibited in United States uranium mines, but is freely permitted in, for example, Cornish tin mines, where the author is told that the
miners tend to smoke fairly heavily underground. At present the weight of
evidence appears to support a multiplicative effect, but findings from different studies are conflicting. This lack of agreement may be attributable
partly to the inadequacy of some of the available information on smoking
habits, different methods of classifying smoking levels in different studies,
and different methods of analysis of lung cancer mortality in relation simultaneously to smoking and radiation dose-levels.
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102.
Whatever the difficulties and uncertainties in deriving dose-response
relationships for lung cancer in underground miners, one might at least hope
to find a threshold level of exposure below which there was no detectable
increase in risk. In practical terms this would be the single most useful
measurement, but threshold levels cannot be determined from truncated cohort
studies. The sober and realistic conclusion of Petersen and Sever (on p.ix)
is that
threshold

it should be possible to detect and estimate
an
epidemiological
wnen the cohorts have been followed to the death of all
members.

This will take many years yet, and in the meantime recommended exposure
limits for miners must be based on the strength of incomplete findings which
on balance appear more likely to understate than to overstate the risk from
low dose-levels.

11.

STUDIES OF GROUPS NITH LOW-LEVEL
RADIATION EXPOSURE

103.
Most Western countries have a range of occupational groups exposed to
low-level radiation. In the United Kingdom some of the largest groups are
employed by British Nuclear Fuels Ltd [who own the Sellafield (Windscale)
reprocessing plant], by electricity boards at nuclear power stations, and
by the Ministry of Defense. The total numbers of exposed workers run into
many thousands. As pointed out by Darby and Reissland [31], the exposures
of these workers are monitored, and are within the limits recommended by the
International Commission on Radiological Protection (ICRP). It is estimated
that exposure at these limits involves a small level of risk, but average
occupational doses recorded in the United Kingdom are only about a tenth of
the limit.
104.
Those involved in the field of radiation protection often stress the
problem that, if the risks of low-level radiation are roughly as estimated
by the ICRP, any excess of radiation-induced malignant disease in groups
such as these United Kingdom workers would be so small as to be undetectable.
They are concerned that, even if large populations of workers are studied,excess mortality might be demonstrable only if the ICRP risk estimates were
wrong by a factor of, say, ten or twenty. They make estimates of the statistical power of a study to demonstrate excess deaths per person-year per
sievert for study populations of specified sizes, or of how many years of
observation would be needed with a given study population size before the
presence or absence of a risk, say, five or ten times greater than the ICRP
estimates, could be estimated with a specified level of statistical certainty.
103.
The general public (and some epidemiologists) would probably view the
issue differently. They are not directly interested in recommended limits
and the accuracy of extrapolated risk estimates, but they wish to know
whether in practice workers in occupational groups, such as those mentioned,
have experienced demonstrably more leukaemia and cancer than other people.
Large-scale studies of groups exposed to low-level radiation have to be
carried out whether or not it is thought in advance that they are at ail
likely to show any positive findings, and have in fact been initiated in
the United Kingdom and several other countries.
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106.
These cohort studies will be subject to various of the problems and
limitations described in this report, but being for the most part prospective they should (if well-designed) be able to avoid many of the difficulties of historical studies. One of the most encouraging developments has
been the setting-up in 1975 of the National Registry for Radiation Workers
by the National Radiological Protection Board i~ the United Kingdom. This
Registry holds records of radiation-exposed groups working for the employers
already mentioned and various others, and an ongoing cohort study will be
carried out on a combined study population likely to exceed 40,000 [32].
There are many practical problems in setting-up such a large study on different groups, and no results can be expected for some years.
107.
This study has many advantages. If these occupational groups had been
studied separately there would have been the usual comparability problems,
but their combination into one large group should obviate most such problems. The large size of the combined group will maximize the power of the
study to detect excess mortality. The Board has an Advisory Committee to
give guidance which includes experienced epidemiologists. The Board is an
impartial body better fitted to carry out such a study than the employers
of the various groups ; some of these employers are also carrying out their
own studies, but some publications describing preliminary findings have been
unimpressive.
108.
There are often situations in the study of potential industrial carcinogens where an epidemiological study is initiated in the full knowledge
that it may not be able to provide a satisfactory answer to a current issue ;
the study is nevertheless carried out because it clearly provides the best
and probably the only way of addressing the issue. The United Kingdom
National Registry of Radiation Workers provides the most hopeful approach
yet to the issue of the possible hazards of low-level radiation, and it
would obviously be advantageous if other countries were to initiate similar
projects.

12.

CONCLUDING

REMARKS

109.
The basic principles of epidemiological studies are simple, and those
in other branches of science or medicine may be tempted to embark on epidemiological studies without relevant professional training and without collaboration from trained epidemiologists. The resulting studies are rarely
of good quality. However simple their basic principles, epidemiological
studies are generally complex, difficult and lengthy to carry out ; only
the inexperienced think cuch studies are easy.
110.
Published epidemiological studies are of variable quality. The weaknesses of the poorer studies may not be apparent to the media, the general
public or the casual readers, nor even to some of those in other branches
of medical science. When a very severe risk has operated, even a poor study
will probably detect it ; the problem with poor studies is not so much that
they will fail to detect a tTue risk, but that they will find a non-existent
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hazard, or exaggerate a slight risk. Sound epidemiological studies are most
efficient at detecting severe hazards, less efficient at detecting small
hazards, and least efficient at demonstrating absence of risk.
111.
With the present multiplicity of scientific journals even a paper
describing a poor study will be accepted for publication somewhere, and the
widespread computerized abstracting systems now operating make no distinction by quality. Published reviews are all too often uncritical. Journals
usually accept letters drawing attention to weaknesses in published papers,
but in some journals there tends to be a long delay before such letters are
published, so that they may go largely unnoticed and fail to be noted in
later review articles. Good quality epidemiological studies in the complex
field of radiation carcinogenesis usually come from well-established teams
experienced in epidemiology and related subjects. Any major study, whether
of the cohort or case-control type, needs careful planning before commencement, and requires substantial funding, often on a long-term basis. Some
results may be obtained by about two years after commencement, but completion of a major study usually takes several years. Many cohort studies then
need to be continued as further follow-up data accumulate, with periodic
reanalyses of the additional mortality results. Such studies are usually
described in considerable length in papers published in appropriate specialist journals such as the British Journal of Industrial Medicine, the American
Journal of Industrial Medicine, the American Journal of Epidemiology, the
Journal of Chronic Diseases, the Journal of the National Cancer Institute,
or Health Physics. These journals generally impose high standards for the
acceptance of papers, as too do the British Medical Journal and the New
England Medical Journal, which publish some relevant papers.
112.
The reported findings of a poor study cannot be dismissed out of hand,
but must be examined and disproved. The public may be hard to convince that
disturbing findings are unfounded, and expect (rightly) that further studies
to confirm or refute a suggested risk will be carried out by an independent
academic group, not by industry or by a branch of government ; both industry and government will be seen to be influenced by financial considerations, for both may have to face claims for compensation if a risk is
proven.
113.
As long as industries and/or governments are seen as reluctant to
admit the possible reality of previously unsuspected hazards or to investigate them, outside attempts of unpredictable quality to investigate such
hazards will continue to be made, and will find favour witli the media and
the general public. The end result is usually the initiation of a fullscale study in response to public pressure, in an atmosphere of disquiet
and distrust. An unfounded suggestion of a hazard from an inadequate study
will in the long run be disproved by further and better studies of the
issue, but this takes time ; even if data are fairly readily available,
it may take two years or longer to plan and carry out a new study.
114.
A major problem in interpreting findings on occupational groups exposed to radiation is the general lack of comparability between different
studips of similar groups. Some lack of comparability is inevitable in so
far as separate groups (e.g. of uranium miners) are likely to vary by dates
of work, levels of exposure, background lung cancer rates (especially if
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groups are in different countries), and by the quality and quantity of information available on exposures, etc. But there also tends to be a marked lack
of comparability in Methods of analysing data. There is a need for collaborative international studies in which different research teams covering
similar occupational groups Mould reanalyse their data by common agreed
methods to obtain comparability, even if this should mean that the teams
with the most detailed data could not utilise their own data to the full in
such special reanalyses. There is also a need for methodological research
to examine the extent to which findings in this field are influenced by the
quality of the basic data, by the differing methods used to measure exposures, and by differences in analytical methods, but there is usually only
limited enthusiasm among either researchers or funding bodies for this kind
of research.
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Annex

TEN RULES FOR COHORT STUDIES

Presentation
1.

Methods and results should be described in sufficient detail for
readers to be able to judge whether the rules have all been followed.
If necessary, further details or analyses should be offered as available on request.

Data

collection

2.

A study should start from as early a date as records permit ; the
listing of the study population should be carefully checked for completeness, and the proportion left untraced or with cause of death
unknown kept to a minimum.

3.

A workplace history of processes and exposures should be available,
and each worker should be classified by date and length of employment, and by exposure levc1.

Analysis
4.

Workers should be subdivided into appropriate entry-date cohorts and
exposure subgroups which are analysed separately ; these should be
predetermined before causes of death are known. Other divisions e.g. by smoking status - may also be needed.

5.

Correct procedures for calculating person-years must be used, and
mortality should be analysed by interval after first exposure, as
well as by length of exposure and/or exposure level.

6.

The mortality rates used to calculate numbers of expected deaths
should be appropriate (or adjusted appropriately) in terms of date,
region, race, etc.

7.

The disease groups to be analysed should be predetermined, and if
numbers permit should include up to about twenty cancer site groups,
as well as major non-neoplastic disease groups.

8.

Significance tests should be appropriate, and correctly applied.
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Evaluation
9.

Evaluation of results should take account of the number of 0/E comparisons obtained and tested and the statistical power of the study,
as well as of the uncertainties arising from missing information,
confounding factors, and uncertain measurements.

10.

Details of individual observed cases of the disease(s) of principal
interest should be provided, or, if too numerous, should be available
on request.
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Appendix
DEFINITIONS OF SOME TERMS USED

Tera

Definition

Absolute risk

The number of excess cases (above the number
expected), usually expressed as a rate per
person-year, or per person-year per unit of
dose.

Cancer incidence

The occurrence of new cases of cancer, as
distinct from cancer deaths ; usually measured
using cancer registration data.

Confounding factor

A causative or associated factor other than the
one under study, which may confound the results
unless allowed for.

Gradient of risk

A pattern of increasing risk with increasing
severity (or length) of exposure, or with some
other variable.

Latent interval

The interval between first exposure to a carcinogen and death from cancer (or diagnosis
of cancer).

Observation period

The calendar period (or total number of years)
over which person-years are counted and the
numbers of observed and expected deaths are
compared.

Person-years

For any individual, the years from entry into
observation until the study closing-date or
until exit by death or emigration ; the individual is at risk of dying during all these
person-years.

Relative risk

The risk of cancer in the exposed study population relative to that in the unexposed
comparison population, usually measured by the
ratio of observed/expected numbers of deaths.

Statistical power

The likelihood that a study will show a statistically significant excess of cases when a
true risk exists, thus avoiding a false
negative

result.
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Statistical significance

Outcomes significant at the 5 per cent level
(p<0.05) or 1 per cent level (p<0.or) will on
average occur by chance less than once in
twenty or once in a hundred times.

Study population

The group of workers being studied, as distinct
from the general population used for comparison.

Working Level (WL)

Any combination of short-lived daughters of
radon in 1 litre of air that will result in the
ultimate release through Radon C of
1.3 x 10^ MeV of alpha energy.

Working Level Month (WLM)

The radiation exposure resulting from exposure
to a concentration of 1 WL for 170 hours.
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