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This report is dedicated to the memory of Olav Axelson (1937~
2004), who, following the observation that decreased ventila-
tion as a result of energy-saving measures had been leading to
increased residential radon concentrations in Sweden, published
the first studly specifically designed to examine the effect of res-
idential radon concentrations on the risk of lung cancer
(Axelson O, Edling C, Kling H. Lung cancer and residency—a case-referent study on

the possible impact of exposute Lo radon and its daughters in dwellings. Scand J Work
Environ Health 1979;5:10-5.)
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Objectives Studies seeking direct estimates of the lung cancer risk associated with residential radon
exposure lasting several decades have been conducted in many European countries, Individoally
these studies have not been large enough to assess moderate risks refiably. Therefore data from all 13
European studies of residential radon and lung cancer satisfying certain prespecified criteria have
been brought together and analyzed.

Methods Data were available for 7148 persons with lung cancer and 14 208 controls, all with
individual smoking histories and residential radon histories determined by long-term radon gas
measurements.

Results The excess relative risk of lung cancer per 100 Bg/m? increase in the observed radon
concentration was 0.08 [95% confidence interval (95% CI) 0.03-0.16; P=0.0007| after control for
confounding. The dose-response relationship was linear with no evidence of a threshold, and it
remained significant when only persons with observed radon concentrations of <200 Bg/m?* were
included. There was no evidence that the excess relative risk varied with age, sex, or smoking
history. Removing the bias induced by random uncertainties related to radon exposare assessment
increased the excess relative risk of lung cancer to 0.16 (95% CI0,05-0.31) per 100 Bg/m?*, With this
correction, estimated risks at 0, 100, and 400 Bg/m?, relative to lifelong nonsmokers with no radon
exposure, were 1.0, 1.2, and 1.6 for lifelong nonsmokers and 25.8, 29.9, and 42,3 for continuing
smokers of 15-24 cigarettes/day.

Conclusions These data provide firm evidence that resiclential radon ucts as a cause of lung cancer
in the general population. They provide a solid basis for the formulation of policies with which to
manage risk from radon and reduce deaths from the most common fatal cancer in Burope.




Executive summary

Background

The radioactive gas radon is the most important natural
source of human exposure to ionizing radiation. In most
countries, the majority of the exposure is received in-
doors, especially in houses and other dwellings, Radon
is known to be a human carcinogen and studies of un-
derground miners exposed occupationally, and usually
at very high concentrations, have consistently demon-
strated an increased risk of lung cancer for both smok-
ers and nonsmokers. However, there is little direct in-
formation on the risk of lung cancer that is associated
with exposure to residential radon, for which concen-
trations are usually much lower than those of miners and
the conditions of exposure are different,

Material and methods

Thirteen studies of residential radon and lung cancer that
satisfy certain prespecified criteria have been carried out
in Europe. The studies were performed in Austria, the
Czech Republic, Finland (2 studies), France, Germany
(2 studies), Italy, Spain, Sweden (3 studies), and the
United Kingdom. Individual data from all of these stud-
ies have been assembled in a uniform manner, Data on
smoking history and also on radon exposure history,
based on long-term measurements of radon gas concen-
trations, were available for a total of 7148 persons with
lung cancer and 14 208 controls. Among the people with
lung cancer, the mean time-weighted observed average
residential radon concentration during the 30-year peri-
od ending 5 years prior to diagnosis was 104 Bq/m*. The
ratio of the number of controls to the number of cases
differed between the different studies, and the weight-
ed mean observed residential radon concentration for the
controls, with weights proportional to the study-specif-
ic numbers of cases, was 97 Bg/m®. The difference be-
tween the mean for the cases and the weighted mean
for the controls differed highly significantly from zero
(P=0.0002). The association between the risk of devel-
oping lung cancer and residential radon concentrations
in these data was studied using linear models for the rel-
ative risk, with stratification for study, age, sex, region
of residence within each study, and detailed smoking
history. Analyses were carried out first in relation to the
observed radon concentration without making any ad-
justment for the effect of random uncertainties in the
assessment. The major analyses were then repeated with

an approximate adjustment to take these uncertainties
into account.

Results

There was clear evidence (P=0,0007) of an association
between the residential radon concentration during the
previous 35 years and the risk of lung cancer. The dose—
response relationship was linear, and the estimated ex-
cess relative risk of lung cancer was 0,08 [95% coni-
dence interval (95% CI) 0.03-0,16] for a 100 Bg/m® in-
crease in the time-weighted average observed radon
concentration. When the analysis was repeated for only
people with observed radon concentrations of <200 Bq/
m’, the dose-response relationship remained significant
(P=0.04), and the estimated excess relative risk per
100 Bg/m* was similar to that based on the entire data-
set. Models that allowed for a possible threshold con-
centration did not provide a significant improvement in
fit when compared with a model in which risk was pro-
portional Lo the radon concentration, even for very low
concentrations (P=0.44), and the upper 95% confidence
limit for a possible threshold was 150 Bg/m*.

There was no evidence that the dose~response rela-
tionship varied between the different studies (P=0.94),
nor were the results dominated by any individual study.
In addition, there was no significant evidence that the
dose-response relationship depended on the detailed
aspects of the study design or on the characteristics of
the radon measurements or by age, sex, or smoking sta-
fus. When lifelong nonsmokers were considered sepa-
rately, the estimated excess relative risk of lung cancer
was 0.11 (95% C10.00-0.28, P=0.04) per 100 Bg/m* ob-
served radon concentration.

When small-cell lung cancers and lung cancers of
other histological types were examined separately, there
was evidence (P=0.03) that the dose-response relation-
ship was steeper for small-cell lung cancer than for other
histological types. The estimaled excess relative risk for
small-cell lung cancer was 0.31 (95% C10.13-0.61) per
100 Bg/m* observed radon concentration, For adenocar-
cinoma the estimated excess relative risk per 100 Bq/m?
observed radon concentration was 0.06 (95% CI <-0.03—-
0.20), and, for squamous-cell and other histologically
confirmed types, the estimates were -0.01 (95% CI
<-0.03-0.09) and 0.04 (95% CI <-0.03-0.24), respec-
tively. For all of the confirmed histologies other than
small-cell lung cancer, the estimated excess relative risk
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was 0.03 (95% CI <-0.03-0.10) per 100 Bg/m? observed
radon concentration.

After an approximate adjustment was made for the
effects of random uncertainties in the assessment of ra-
don concentrations, the dose—response relationship re-
mained linear, and the estimated excess relative risk per
100 Bg/m?* increased to 0.16 (95% C1 0.05-0.31). This
risk is slightly lower, but compatible with, the risk that
has been postulated on the basis of studies of radon-ex-
posed underground miners.

There was no evidence that the excess relative risk
per unit increase in the observed radon concentration
varied with the smoking status of the person (P=0.92).
Therefore, in analyses of the joint effects of smoking
and radon exposure, the effect of radon on relative risk
was assumed to be the same, regardless of smoking sta-
tus, For lifelong nonsmokers, the risks of lung cancer at
corrected radon concentrations of 100 and 400 Bg/m?
were estimated to be 1.2 and 1.6, respectively, relative
to the rigk for lifelong nonsmokers at 0 Bg/m®. Com-
bining the excess relative risk for radon with the rela-
tive risks for different categories of smoking status deter-
mined for the men in these data suggests that the risks to
smokers of 15-24 cigarettes per day, relative to lifelong
nonsmokers exposed at 0 Bg/m3, are 25.8 at 0 Bg/m? and
29.9 and 42.3 at corrected radon concentrations of 100
and 400 Bq/m?, respectively, while the risks for ex-
smokers of <10 years’ duration are 20.8, 24.2, and 34.2
at 0, 100, and 400 Bg/m?, respectively.

When the data from these European case—control stud-
ies were combined with external data on the absolute risk
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of death from lung cancer, the cumulative risks of death
from lung cancer by the age of 75 years in the absence
of radon exposure were estimated to be 0.41% and
10.11% for lifelong nonsmokers and continuing smok-
ers of 15-24 cigarettes per day, respectively. These cu-
mulative risks increased with increasing radon con-
centration, reaching 0.47% for lifelong nonsmokers and
11.63% for continuing cigarette smokers at a corrected
radon concentration of 100 Bg/m?, 0.67% for lifelong
nonsmokers, and 16.03% for continuing cigarette smok-
ers at 400 Bq/m®. For those who gave up smoking, the
cumulative risks in the first 10 years would be about
80% of those for continuing smokers. Thereafter they
would be lower, but they cannot be estimated precisely
from the data in the present study.

Conclusions

These data provide firm evidence that residential radon
acts as a cause of lung cancer in the general popula-
tion. The results are crucial to the development and re-
finement of policies to manage exposure to this form
of natural radiation so as (o reduce the annual number
of deaths from the most common type of fatal cancer in
Europe.

A short report summarizing the main findings of this
study has been published elsewhere (Darby S, Hill D,
Auvinen A, Barros-Dios JM, Baysson H, Bochicchio F
et al, Radon in homes and lung cancer risk: a collabo-
rative analysis of individual data from 13 European
case-control studies, BMJ 2005;330:223-7),




lntroduction

Darby et al

Radon-222 is a chemically inert radioactive gas that has
a half-life of 3.8 days and gives rise to a series of short-
lived radioactive decay products. Radon arises natural-
ly from the decay chain of uranium-238, which is
present throughout the earth’s crust, and it seeps out of
rocks and soil before decaying, by emission of an alpha
particle, into a series of short-lived radioactive proge-
ny. Two of these, polonium-218 and polonium-2 4, also
decay by emitting alpha particles. If inhaled, radon it-
self is mostly exhaled immediately. However, its short-
lived progeny, which are solid, tend to be deposited on
the bronchial epithelium and, as a result, sensitive cells
may be exposed (o alpha radiation,

Radon concentrations are usually very low in out-
door air, but concentrations can build up in situations
in which it is unable fo disperse readily. Some of the
highest radon concentrations occur in underground
mines of uranium and other igneous rocks, but concen-
trations in dwellings and other buildings are also often
appreciably higher than those in outdoor air. Worldwide
it is estimated that the average annual effective dose
from radon and its decay products is 1.15 mSv and that
it is responsible for almost 50% of the total effective
dose from all sources of natural radiation (1), In most
countries, the majority of the exposure is received in-
doors, especially in houses and other dwellings, where
the principal source is usually the subsoil under the
building, although, under some circumstances, appreci-
able exposure may occur from building materials or
from radon dissolved in water, Residential radon con-
centrations vary greatly, depending on local conditions,
and, in many countries, the concentrations normally ob-
served vary over two orders of magnitude or more.

Studies of underground miners exposed to high con-
centrations of radon have consistently shown an in-
creased risk of lung cancer for both smokers and non-
smokers (2). Similar observations have been made in ex-
perimental studies on rats and dogs, and radon has been
classified as a human carcinogen by the International
Agency for Research on Cancer (3, 4). On the basis of
estimates of the risk of lung cancer derived from stud-
ies of underground miners, it has been suggested that,
in many countries, residential radon may be the cause
of a considerable proportion of lung cancers. This pos-
sibility has potential public health relevance, as it is
possible both to reduce indoor radon levels in most ex-
isting buildings at moderate cost and to ensure that ra-
don concentrations are negligible in new buildings for
a reasonable or low cost, Calculations of the probable

numbers of lung cancers caused by residential radon de-
pend, however, on several assumptions. One of these as-
sumptions concerns the extent to which estimates of the
lung cancer risk derived from studies of underground
miners are applicable to residential sitvations. The in-
formation on the concentrations of radon gas and its
decay products to which the miners were exposed is
crude and subject to sizeable ervors, Conditions of ex-
posure are very different in mines and homes, and the
differences affect the typical radiation dose to the lung
cells for a given concentration of radon gas. The stud-
ies of miners, moreover, provide information only about
the effects of radon exposure to adult males, most of
whom were exposed for only a few years and at much
higher concentrations than usually occur in dwellings.
Some of the miners were also exposed to other carcino-
gens, such as arsenic or silica, and, although many of them
are thought to have been cigarette smokers, little or no
information is available about their smoking habits, All
of these factors mean that there is considerable uncertain-
ty over the extent to which the estimates of the lung can-
cer risk derived from studies of underground miners are
applicable to exposure to residential radon,

A direct estimate of the risk of lung cancer associ-
ated with residential radon would avoid many of these
uncertainties, and, in several countries, studies have
been carried out that have sought to provide such an es-
timate. However, the studies have had limited power to
detect the effects of residential radon, and none has pro-
vided a sufficiently precise estimate of the risk, Greater
precision can be obtained by combining information
from several studies, but it is impossible to combine the
data in a satisfactory manner on the basis of only the
published information from the various studies. This
difficulty is partly because exposure to radon decay
products has been categorized somewhat differently in
the various publications and partly because confound-
ing with smoking is dealt with in different ways by the
different studies. Urban areas tend to have lower radon
concentrations than rural ones, as the underlying rock
is usually sedimentary and urban residents live upstairs
in apartments more often than rural residents. Urban
areas also usually have a high smoking prevalence.
Hence radon levels in homes tend to be negatively cor-
related with smoking, and a large dataset, with detailed
information on smoking in a uniform format for all per-
sons, is needed if this correlation is to be corrected for
reliably, In the Collaborative Analysis of Individual Data
on 7148 Persons with Lung Cancer and 14208 Persons
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without Lung Cancer from 13 Epidemiologic Studies in
Europe, we have therefore brought together individual
data from all of the studies of residential radon and lung
cancer that have been carried out in Europe and satisfy
certain criteria laid down in advance, with the objec-
tives of investigating the consistency of the different

Materials and methods

studies and of estimating more precisely the change in
lung cancer risk associated with increasing residential
radon concentration and the extent to which it is modi-
fied by factors such as age, sex, and smoking history, A
short report summarizing the main findings of this study
has been published elsewhere (5).

Criteria for inclusion in the Collaborative Analysis

European studies of the relationship between residen-
tial radon and lung cancer were selected for inclusion
in the Collaborative Analysis provided that they satis-
fied the following criteria: clear rules had been used in
the selection of persons with lung cancer (to be referred
to as lung cancer cases); controls had been selected in
such a way as to be representative of the population
from which the lung cancer cases had been drawn; de-
tailed residential histories going back at least 15 years
had been compiled in a similar way both for the lung
cancer cases and the controls; long-term (minimum
2 months) measurements of radon gas concentrations
that were likely to be representative of the levels expe-
rienced by the study subjects during the time they were
living there had been made for most of the residences;

Table 1. European case-control studies of residential radon and
lung cancer.

Study Years of
diagnosis for
the lung
cancer ¢ases
Austria: Qberaigner et ai, 2002 (6) 19701992
Czech Republic: Tomasek et al, 2001 (7) 1960-1999
Finland nationwide: Auvinen et al, 1996 (8) 1986-1992
Finland southern: Rucsteenaja et al, 1996 (9) 1979-1985
France: Baysson et al, 2004 (10) 1990-1999
Germany eastern: Wichmann et al, 1999 (11); 1991-1997
Kreuzer et al, 2003 (12); Wichmann et al {13)
Germany western; Wichmann et al, 2005 (13); 1990-1995
Wichmann et al, 1998 (14); Kreienbrack
et al 2001, (15)
Italy: Bochicchio et al, 2005 (16) 1993-1996
Spain: Barros-Dios et al, 2002 (17) 1992-1994
Sweden nationwide: Pershagen et al, 1994 1980-1984
(18); Lagarde et al, 1997 (19)
Sweden never-smokers: Lagarde et al, 2001 (20) 19781995
Sweden Stockholm: Pershagen et al, 1992 (21) 19831987
United Kingdom: Darby et al, 1998 (22) 1988-1995
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data on smoking habits and other variables were avail-
able for each subject, collected either from the subject
in person or from the subject’s next of kin; information
on the design of the study was available and on its com-
pleteness in relation to the target populations of cases
and controls; the study included at least 150 lung can-
cer cases and 150 controls. A total of 13 studies satis-
fied these criteria, carried out in Austria, the Czech Re-
public, Finland (2 studies), France, Germany (2 stud-
ies), Italy, Spain, Sweden (3 studies), and the United
Kingdom (table 1). All of these studies were included
in the Collaborative Analysis,

Design of the studies included in the Collaborative
Analysis

Twelve of the thirteen studies had been designed as
case—control studies, while in the Czech study, which
was originally a cohort study, all of the lung cancer
cases were included in the Collaborative Analysis, to-
gether with four controls per case, chosen from the orig-
inal cohort according to a nested case-control design.
Seven of the studies had enrolled recently diagnosed
cases of lung cancer prospectively (France, Germany
eastern, Germany western, Italy, Spain, Sweden Stock-
holm, United Kingdom), while the remainder (Austria,
Czech Republic, Finland nationwide, Finland southern,
Sweden nationwide, Sweden never-smokers) had iden-
tified some or all of the lung cancer cases retrospectively
using high-quality cancer registries or death indices. For
most of the studies, the years of diagnosis for which the
lung cancer cases were included lay in the 1980s and
1990s, but the use of retrospective data sources enabled
the inclusion of cases from the 1970s or, in some, even
the 1960s (Austria, Czech Republic, Finland southern,
Sweden never-smokers) to be included (see table 1).
In most of the studies, information on the diagnosis
of lung cancer was taken from hospital records or cancer




registries, and all of the persons whose final diagnosis
was lung cancer were included in the study irrespective
of whether or not microscopic information had been
obtained. However, in the German studies, only micro-
scopically confirmed cases of lung cancer were includ-
ed, while in the Austria and Czech Republic studies di-
agnoses were based on death certificates only, Three
studies (France, Italy, and United Kingdom) included
only persons who were long-term residents of the de-
fined study area, and one study (Finland nationwide) in-
cluded only persons who had lived in the same single
family house for at least 19 years. Most of the studies
included both men and women, but the Finland south-
ern study included only men and the Sweden Stockholm
study included only women. In five studies (France,
Germany eastern, Germany wesiern, Sweden nation-
wide, United Kingdom) people were included in the
study only if they were under 75 years of age, while, in
the remaining studies, there was no upper age limit.

Most of the studies included only population-based
controls, but three (Sweden never-smokers, Sweden
Stockholm, and United Kingdom) included both hospi-
tal and population controls, and two (France and Italy)
included only hospital controls, In most of the studjes,
the controls were matched (o lung cancer cases by sex
and age or year of birth, while, the Sweden nationwide
study, was matched for age but not sex, and in the Spain
and Sweden Stockholm studies no age matching was
carried out. In six studies (France, Germany eastern,
Germany western, Spain, Sweden never-smokers, Unit-
ed Kingdom) the control group was matched to the Jung
cancer cases for geographic region of current residence,
while, for the remaining studies, no geographic match-
ing was carried out within the area selected for study.

Additional selection criteria were used for the con-
trols in some studies. In three studies (France, ltaly, and
United Kingdom) hospital controls were selected from
people whose current hospital admission was for a djs-
ease not strongly related to smoking. In the Sweden nev-
er-smokers study, all of the members of the control
group were also lifelong nonsmokers. In the Austria
study, where all the lung cancer cases had died, the con-
trols were chosen from those who had also died and
whose cause of death was not strongly related to smok-
ing. The controls in the Austria study were also matched
to lung cancer cases by year of death. In the Swedish
nationwide study, one of the two control groups was
matched to the lung cancer cases by vital status,

In the Finland southern study, an initial screening
questionnaire was used to determine the smoking status
of potential members of the control group; among those
who replied, all of the current smokers were selected
for the study, as were random samples of approximate-
ly 10% each of ex-smokers and lifelong nonsmokers.
Before the main collaborative analysis, preliminary

Darby et af

analyses were carried out on the data from the Finland
southern study and the Swedish nationwide study to as-
certain whether it was necessary to account specifically
for these aspects of study design in the analysis. It was
concluded that no special adjustment was necessary.

In six of the studies (France, Germany eastern, Ger-
many western, Italy, Sweden Stockholm, United King-
dom), people were not included unless they were in a
position to provide information personally, while, in the
Austria study, all of the information was supplied by
surrogates, as all of the people in that study had already
died, and, for the remaining studies, information was
accepted from both the study subjects themselves and
their surrogates, Most of the studies collected data from
the study subjects or their surrogates in person, but the
primary method of data collection was by mail in the
nationwide studies in Finland and Sweden, and also in
a part of the Swedish study of never-smokers, Addition-
al details of the method vsed for selecting the cases and
controls are given in appendix A (table Al).

Period of interest for exposure to radon

In the Collaborative Analysis, it was assumed that the
period of residential radon exposure that is relevant to
the risk of lung cancer at a particular point in time is
the 30-year period ending 5 years prior to the index date.
This period was chosen on the basis of the studies of
underground minces in which exposure within the pre-
vious 5 years and exposure more than 35 years previ-
ously were found to have little or no effect on the risk
of the disease (2), In order to determine the 30-year pe-
riod of interest, an index year was determined for each
subject. For the lung cancer cases, the index year was
usually the year of diagnosis of, or the year of death
from, lung cancer, while, for the controls, a suitable date
was chosen depending on the study design. [See appen-
dix A (table Al) for further details.]

Radon measurement pracedures in the
participating studies

In the Czech Republic study the aim was to measure the
radon concentration in all of the dwellings occupied by
the subjects within the 30-year period of interest, while
nine studies (Austria, Finland sonthern, France, Germa-
ny western, Italy, Sweden nationwide, Sweden never-
smokers, Sweden Stockholm, and United Kingdom) re-
stricted attention to dwellings that had been occupied
for at least 1 or 2 years during the period of interest. In
four studies, only one dwelling was considered (the most
recent home occupied for at least 2 years in the Austria
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study, the current dwelling in the Germany eastern and
Spain studies, and the dwelling occupied in 1985 in the
Finland nationwide study). Eleven of the studies used
closed alpha-track detectors, whereas two studies
(Czech Republic, France) used open alpha-track detec-
tors, and, in one study (Sweden Stockholm), the meas-
urements from the alpha-track detectors were supple-
mented by measurements made with thermolumines-
cence detectors for dwellings in which no alpha-track
measurement was possible, In nine of the studies, two
detectors were placed either in the bedroom and living
room or in the two most occupied rooms of the dwell-
ing, while, in one study (Italy), two pairs of detectors
were placed, one pair in the bedroom and one pair in
the living room, and in three studies (Finland nation-
wide, Finland southern, Spain) one detector only was
placed, either in the bedroom or in the living room,
‘When more than one measurement had been made, an
appropriately weighted average was calculated to give
a single representative value for each dwelling. In five
studies (Czech Republic, Finland nationwide, Germany
eastern, Germany western, Sweden Stockholm) the de-
tectors were left in place for a full year, in the Austria
study they were mostly left in place for a full year, but
for shorter periods and with seasonal cotrections, in
dwellings with high concentrations, and in the Italy
study the detectors were in place for two consecutive
6-month periods. In the remaining studies the measure-
ment period was less than a year (range 2-6 months),
and seasonal adjustments were applied when neces-
sary. Additional details of the radon measurement
procedures in the various studies are given in appen-
dix A (table A2).

Data on individual persons in the study

For each person included in the study, information was
compiled on all the variables necessary for the Collab-
orative Analysis according to a common data format.
[See appendix A (table A3).] The variables included
case-control status, interview type and method, sex, in-
dex year, age and region of residence during the index
year, histological type of cancer (for lung cancer cas-
es), diagnosis (for hospital controls), detailed smoking
history, social status, occupational exposure to radon,
asbestos or another established occupational lung car-
cinogen (23), average duration of occupancy of the
home during the 30-year period of interest, proportion
of 30-year period of interest spent living in an urban
area, usual position of the bedroom window at night,
number of years spent working outdoors, and exposure
to environmental tobacco smoke (for lifelong nonsmok-
ers). As far as was possible, uniform definitions were
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used across all of the studies even though it was neces-
sary to use study-specific definitions for social status,
based either on occupation or on education, depending
on the information available within each study. The sub-
jects were included in the analysis only if there was a
radon measurement corresponding to at least one dwell-
ing that they had occupied during the 30-year period of
interest ending 5 years prior to the index date; their
smoking history was available; and, for the lung cancer
cases, the final diagnosis was primary cancer of the tra-
chea, bronchus, or lung [International Classification of
Diseases (ICD), 9th revision, code 162 (24), but exclud-
ing carcinoid tamors]. Details of the numbers of per-
sons included in the Collaborative Analysis, both in re-
lation to the original study publication and to the total
number of persons initially selected for the study are
given in appendix A (table A4),

For each person, information was also sought on the
measured radon gas concentration for each dwelling
during the 30-year period of interest and on the geo-
graphic area of residence (or, for the Sweden Stockholm
study, the type of dwelling) where the person had been
living. Proxy measurements made in dwellings close to
the subject’s own dwelling were used only in the Italy
and Sweden Stockholm studies. For the Italy study,
proxy measurements were used only for apartments
above ground level, in the same building and, general-
ly, on the same floor as the target dwelling, whereas, in
the Sweden Stockholm study, proxy measurements were
only used for apartments in the same building and on
the same floor as the target dwelling. For years in which
no measurement of the person’s dwelling was availa-
ble, estimates were made. Ideally, such estimates would
be based on the distribution of radon concentrations in
the whole population. In these case~control studies, the
controls should, to a close approximation, reflect the
distribution in the population ag a whole. Therefore, the
estimates in each study were based on the measurements
made for the controls in the same study. These estimates
were either the overall arithmetic mean for all the con-
trols or else area-specific control means. For each study,
the effect of using area-specific means as compared with
the overall mean was evaluated by considering all of the
available measurements in each study and calculating
the mean squared error of prediction using the overall
and area-specific estimates. In four studies (Austria,
Czech Republic, Italy, United Kingdom), the use of
area-specific estimates improved the mean squared er-
ror of prediction by >10%, and area-specific estimates
were used throughout the analysis. For the remaining
studies, the reduction in the mean squared error of pre-
diction was <10% and the estimates for missing values
were based on the overall mean of the measurements
made for the controls. Further details are given in ap-
pendix C (table C1).




Statistical methods

Main analyses

The association between radon and lung cancer risk was
studied by considering the relationship between the odds
of developing lung cancer and various measures of ra-
don exposure using the following linear odds model:

equation |

Tn_ =" (1+py),

where 7 is the probability of developing lung cancer, x is
a continuous variable summarizing the radon exposure
of each subject, ¢ is the odds of developing lung can-
cer when x = 0, and f describes the linear relationship
between the odds of developing lung cancer and radon
exposure. This model was used, rather than the usual
logistic regression model, because radiobiological the-
ory suggests that it is more appropriate to quantify the
risk on a linear scale than on an exponential one. In ad-
dition, results expressed on a linear scale are more eas-
ily applied in the context of radiological protection,

For many analyses x was the time-weighted average
(TWA) observed radon concentration for a subject, and
it was calculated as x = )jlexj, where x; are the observed
radon concentrations, either measured or estimated, cor-
responding to the dwellings occupied by the person dur-
ing the 30-year period of interest, and w; arc weights
representing the proportion of the 30-year period inter-
est corresponding to each dwelling.

As the probability of developing lung cancer is
small, /(1 - ) ~ 7 in equation 1, and 1 + By is, to a
good approximation, the relative risk of lung cancer
when radon exposure takes value x compared with no
radon exposure or, equivalently, Bis, to a good approx-
imation, the excess relative risk of lung cancer per unit
increase in the radon exposure.

Allowance was made for potential confounders ei-
ther through stratification (ie, by allowing each stratum
to have its own o in equation 1) or by including covari-
ates in the model through the addition of categorical
terms in the linear part of equation 1:

—7ET—E~= exp(cr) (ZY./Z.;‘ + Bx), equation 2

1-
where the z; are indicator variables representing differ-
ent levels of the covariates and % are their associated
regression coefficients,

Within each stratum, the number of lung cancer cas-
es was assumed to have a binomial distribution with
parameters n and 7, where 7 is the total number of per-
sons in the stratum, Models were fitted using conditional
maximum likelihood, along the lines usually used in
conditional logistic regression using the software pack-
ages Bpicure (25) and Stata (26). When linear odds
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models of the form given in equation 1 were used, con-
fidence intervals for § were based on the conditional
likelihood, and, as the log likelihood was asymmetric,
they usually differed appreciably from those based on
standard errors, For linear odds models in which more
than one parameter was fitted, such as those of the form
given in equation 2, confidence intervals were based on
the profile of the conditional likelihood. For some anal-
yses the lower limit of the confidence interval, and oc-
casionally also the estimated value of B, could not be
evaluated precisely as they were less than ~1/x,,,,, where
See Was the largest value of x, and thus corresponded
to negative fitted values for the odds. In such cases, all
that could be presented was the fact that the values were
less than ~1/x,,,..

In analyses exploring the potential heterogeneity of
B with various categorical attributes of the subjects, the
single term Bx was replaced by separate terms f, x, B, x,
B, x, and so forth, corresponding to categories of the at-
tribute under consideration or, if there was an ordering
to the categories involved, by (8+8¢)x, whete ¢ took
values 1, 2, 3, ... and represented the categories, while
6 represented the trend across the ordered categortes. If
the categorical atiribute was not already included in the
stratification, appropriate additional categorical covari-
ates were included in the model, as in equation 2,

Tests of B=0 and other hypotheses were carried out
using the likelihood ratio and were two-sided where
appropriate. However, when the heterogeneity of 8 with
respect to cell type was considered, where all the con-
trols were included in each estimate, the likelihood ra-
tio test could not be computed easily. In this case the
approximate test statistic 2w, (b -5)? was used, where n
was the number of cell types involved, b, were the estimates
of B for the individual cell types, b was the average
of b, and w; were the inverses of the estimated variances
of b, The test statistic was evaluated by comparison with
the ¥° distribution on n-1 degrees of freedom.

In order to examine the goodness of fit of different
models, some analyses were repeated with both linear
and quadratic terms in radon, that is, using the equa-
tion: &/ (1 = m) = exp(@)(1 + B, x + B,4%), rather than
equation 1, and some analyses were repeated with a lo-
gistic model, that is, one with a log-linear rather than a
linear term for radon: &/ (1 — 7) = exp(a + Bx).

Analyses that considered categorical, rather than
continuous, measures of radon were based on the fol-
lowing log-linear model:

7 ,
!—:t—: exp(o) exp(l +Pyx, +B,x, +B,x, +Px, + .0),

equation 3

where x;, X5, X3, X4, ..., denote indicator variables cotre-
sponding to the categories of radon. A further good-
ness- of-fit test was carried out by testing whether
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the inclusion of terms representing the categories of
radon, as in equation 3, gave any improvement in fit
over the model given in equation 1.

For the analyses in which log-linear models were fit-
ted (including those based on categorical measures of
radon), confidence intervals were based on asymptotic
standard errors. For the analyses based on categorical
measures of radon, when confidence intervals were cal-
culated for f3, it seemed undesirable to regard one cate-
gory as a fixed baseline and present confidence inter-
vals for the other categories relative to it, as it would
have meant that the confidence intervals for the other
pairs of categories could not be easily interpreted be-
cause they would not be independent but would both be
substantially influenced by the variability in the base-
line category. Therefore, floated variances were calcu-
lated for each of the fB; (27). This procedure provided
confidence intervals for each category that were all ap-
proximately independent of each other and so could be
more easily interpreted.

For the analyses that considered radon as a continu-
ous variable, the relative risk was set to 1 at zero radon
exposure. For estimates of risk based on categorical
measures of radomn, it seemed desirable to choose the
arbitrary constant in the relative risk in such a way as
to make the categorical analysis compatible with the
corresponding continuous analysis. To achieve this goal,
for each categorical analysis, the arbitrary constant was
chosen to minimize the sum of the weighted squared
distances of the categorical estimates from the regres-
sion line for the corresponding analysis using radon as
a continuous variable, with weights set equal to the in-
verse of the approximate variances of the relative risks.
These approximate variances were calculated from the
floated varjances of the f3 using a Taylor series expan-
sion,

An upper confidence limit on any possible thresh-
old was computed using the method used previously in
analyses of atomic bomb survivors (28). For a postulat-
ed threshold exposure, ¢, the radon exposure, x, was
transformed to x,, where x, = 0 for x < rand x, = x - ¢ for
x2t. The model in equation 1 was then fitted
with x replaced by x,. This procedure was repeated for
t=10, 20, 30, ... Bg/m?, and the confidence interval
was derived from the profile of the resulting condition-
al likelihoods.

If the effects of radon and smoking combined in an
additive fashion, their joint effect on the odds of lung can-
cer could be represented by: 71/ (1 - m)=e%(1 + Bx+7z),
where ¢, f, and x are as in equation 1, z represents a per-
son’s smoking history, and ¥ decribes the effect of smok-
ing on the odds of lung cancer. If smoking is considered
as a categorical variable, this model can be rewritten as:
7/ (1-m)=e*(1 + Bx+ &), where & represents the ef-
fect of smoking in the different categories (lifelong
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nonsmokers, current smokers of <15, 15-24, and
225 cigarettes per day, and ex-smokers of <10 and
210 years’ duration, separately for each sex). If, how-
ever, the different smoking categories all corresponded
to different strata, then this model is equivalent to the
following model: 72/ (1 - 7)) = e% (1 + Bx), where B, var-
ies across the different smoking categories according to
the relation 8, = B/ (1+8), and (1+8)) is the relative risk
of lung cancer for persons in smoking category i com-
pared with lifelong nonsmokers and o differs from o
in that it takes this relation into account. Therefore, in
order to test whether the data were compatible with an
additive effect of smoking, the following model was fit-
ted to the data: 7/ (1-m)=e[1 + Bx/ (1 + &)], where
g, is the proportionate increase in risk for persons in
smoking category i compared with lifelong nonsmok-
ers of the same sex and, as before, i indicates catego-
ries of smoking for each sex. The values of & were as-
sumed to be known and were taken from the analysis of
the effects of smoking in these data. The fit of this model
was then compared with the fit of a model in which j3;
was allowed to vary freely across the different smoking
categories.

Combined effect of smoking history and radon expo-
sure on lung cancer risk

The variation in the excess relative risk of lung cancer
per unit increase in radon exposure in the groups of per-
sons with different smoking habits was studied using the
methods described in the preceding section. However,
it was desirable also to provide some estimates of the
combined risks of smoking and radon, It was to be ex-
pected that the major determinant of the absolute value
of the lung cancer risk for most of the persons in the
study would be their smoking history. It was also to be
expected that, for persons with identical radon exposure
histories who were also current or ex-smokers, lung can-
cer risks would vary substantially depending on the de-
tails of their smoking histories, including the age at
which they started to smoke, the amount of each prod-
uct smoked at each age, and, for ex-smokers, the time
since they had given up the habit. Within any popula-
tion the risks associated with smoking take many dec-
ades to mature (29). Cigarette smoking became popular
at different times in the different countries in which the
component studies of the Collaborative Analysis were
carried out, and it also became popular among men and
women at different times within most of the countries
involved (30). Therefore, joint modeling of the effects
of smoking and radon for the data in the Collaborative
Analysis would have had to allow for the fact that smok-
ing risks differ from country to country (31), and be-
tween men and women within any country, Such joint
modeling would have required very complex models




and would have led only to imprecisely estimated risks
for persons with any particular smoking history. This
situation did not seem desirable. Instead, estimates of
the joint effect of radon and smoking were calculated
for broad categories of smokers by assuming that, for
any radon concentration, the relative risk of lung can-
cer for the persons in each broad smoking category was
known precisely and was equal to the relative risk that
was seen for all men in that smoking category compared
with all male lifelong nonsmokers. Relative risks of the
effect of smoking on women were not used, as, in the
present studies, many of the women who were current
smokers did not start smoking until well into adult life.
More recently, most of the female smokers in these Eu-
ropean countries have tended to start smoking at a much
earlier age and to smoke a similar number of cigarettes
per day as men. Studies have shown that women are as
susceptible to lung cancer as men, given similar ciga-
rette smoking histories (32). Therefore, the observed
relative risks associated with smoking for women in
these studies are likely to underestimate substantially the
risks of smoking that will result from the present smok-
ing patterns of women (29).

The cumulative risk of death from lung cancer at
various ages was calculated by assuming that the age-
specific death rate from lung cancer for lifelong non-
smokers exposed to the mean residential radon concen-
tration observed in the United States (46 Bg/m?®) was
equal to that observed for men in a prospective study of
one million people carried out by the American Cancer
Society during the 1980s (33). [See appendix A, table
AS5.] Calculations were based on the rates for men only,
as the rates for men and women were virtually identi-
cal. The American rates were used in preference to those
based on European data, as they are based on a much
larger sample than any European data, including 316
deaths, and they are consistent with the findings of the
two main Buropean studies that provide data on the
death rate from lung cancer among lifelong nonsmok-
ers {Swedish longitudinal smoking study: 26 deaths ob-
served [95% confidence interval (95% CI) 17.0-38.1}
(34) and 20.7 expected based on the rates in table A5 in
appendix A; British doctors’ study: 18 deaths observed
(95% CI 10.7-28.4) and 19.9 expected based on the
rates in table A5 in appendix A (35)}. From the rates in
table A5 in appendix A, the hypothetical death rate at
gach age for lifelong nonsmokers with zero radon ex-
posure was calculated on the assumption of a linear re-
lationship between radon exposure and mortality from
lung cancer. The death rates at each age for lifelong non-
smokers with no radon exposure were then combined
with the relative risk for current smokers for all of the
studies combined and with the relative risks at various
levels of radon exposure, to provide estimates of the
absolute death rate for each age group of people with
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various smoking histories and with various radon ex-
posures. The cumulative death rates up to the ages of
75, 80, and 85 years were calculated by summing the
relevant age-specific death rates, and these were con-
verled into the percentage cumulative risks using the
formula 100 x [1 - exp(~¢)], where ¢ is the relevant cu-
mulative death rate.

Method of adjustment for random uncertainties in the
assessment of residential radon exposures

Measurements of radon gas made in the same dwelling
in different years have shown considerable variability,
indicating that, when the radon concentratien in a dwell-
ing is assessed from measurements taken during a sin-
gle year, there is appreciable random uncertainty in the
assessment of (he long-term average concentration of
residential radon in a dwelling over a period of several
years, [See, for example, Bochicchio et al, personal
communication, Hunter et al (36), Lomas & Green (37).]
The sources of this variation include uncertainties in the
measurement process itself and also variation in the true
radon concentration in the dwelling due, for example,
to year-to-year variation in the weather, variation in the
lifestyle of those living in the dwelling, and alterations
to the dwelling itself. Regression coefficients calculat-
ed using measurements that are subject to appreciable
random variability of this type (usually referred to as
classical or measurement error in the statistical litera-
ture) are known to suffer from bias unless special meth-
ods of analysis are used that take them into account (19,
22, 38, 39), In the present data, in addition to the uncer-
tainty of the measured radon concentrations, there are
also uncertainties for the TWA observed radon concen-
trations due (o the fact that, for many persons, radon
measurements were not available for some of the dwell-
ings occupied during the 30-year period of interest, and
uncettainties of this type (usuatly referred to as Berk-
son error in the statistical literature) also cause some bias
in the present situation, for which the response variable
is binary (38). To correct for the biases caused by both
types of uncertainty, the main analyses were repeated
with them taken explicitly into account.

Measurements of residential radon concentrations
from representative samples of dwellings in a given
geographic district have been shown on many occasions
to be approximately log-normally distributed. In addi-
tion, analyses of repeated radon measurements in the
same dwelling have shown that the size of the variabil-
ity associated with repeated measurements made in dif-
ferent years tends to increase as the radon concentra-
tion increases but that, after logarithmic trans{ormation,
the variability is approximately independent of the ra-
don concentration (38, 40, 41). Therefore, in the analy-
ses that adjusted for uncertainties, it was assumed that,
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within each geographic district, the true (ie, long-term
average) radon concentrations had a log-normal distri-
bution, and it was also assumed that, on a log scale, the
variability associated with repeated measurements in the
same dwelling was normally distributed about the true
radon concentration for that dwelling.

According to the preceding information, if Z, and
Z,, denote the logarithms of the true and the measured
radon concentrations in a dwelling, respectively, and g,
denotes the difference between the logarithm of the true
and the logarithm of the measured radon concentration,
then Z,, = Z, + &,, and Z, ~ N (u, V), where y is the mean
of the logarithms of the true long-term average radon
concentrations in the district, and g, ~ N (0, V,). It
therefore follows from Bayes” theorem that, for dwell-
ings for which a radon measurement was available, the
logarithm of the true radon concentration given the
measured value would have the following distribution:

V4

1

[Z ~N (l’l’/Vl+Zm/Vm) 1
VAV AT

n

equation 4

while, for dwellings for which no radon measurement
was available, the true long-term radon concentration
wotuld have the following distribution:

Z,~Nim V] equation 5

No information on V,, was provided by the data collect-
ed in the studies contributing to the Collaborative Anal-
ysis. Therefore, all of the information available from
other sources on the variability of repeated measure-
ments made in the same house in different years was
assembled and used to indicate appropriate values for
V.. for each study. Each study was considered to be a
separate geographic district and, within each study, the
sample mean and variance of the logarithms of the
measurements made on the dwellings for controls were
used to derive estimates of g and (V, + V,,), For the four
studies in which area-specific estimates had been used
to estimate the radon concentrations for dwellings that
could not be measured (Austria, Czech Republic, Italy,
United Kingdom), separate estimates of ¢ and (V, + V,,)
were constructed for each area when sufficient data were
available to allow such estimates to be constructed.
Maximum likelihood estimates of f, taking into ac-
count the error structure described in the previous para-
graph, were derived by integrating the likelihood over
the unknown true radon measurement. These estimates
were calculated using simulation, For each person in the
Collaborative Analysis, a value of the true radon con-
centration for each dwelling occupied during the 30-year
period of interest was generated, using the distribution
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in equation 4, where it had been possible to measure the
radon concentration of the dwelling, or equation 5,
where the radon concentration had been estimated indi-
rectly rather than measured. The TWA radon concen-
tration corresponding to these simulated true radon val-
ues was then calculated using the same weights ag pre-
viously, and the conditional likelihood corresponding to
equation 1 was evaluated for a range of valtues of f. This
procedure was repeated several times for the same set
of values of f. The average of the simulated likelihoods
was then determined, and its maximum was considered
to be the estimated value of §, and likelihood-based con-
fidence intervals were derived. This method was used,
rather than the averaging of the maximum values of the
individual simulated likelihoods, as such a procedure
leads to biased estimates of 3 (T Fearn, personal com-
munication). An investigation showed that stable esti-
mates of 3 were derived when the number of simula-
tions was set at 2000, and therefore this number was
used throughout. The methods that had been developed
previously to take wncertainties in the assessment of ra-
don exposure into account in the analysis of the United
Kingdom study (38) were not used in the present analy-
sis because it was desirable, in the present analysis, to
use the linear odds model given in equation [, rather
than a linear logistic model, and it was also desirable to
fit models conditional on the total number of persons in
each stratum. Neither of these aspects can be easily ac-
commodated using the previous methodology.

In addition to the analyses in which the uncertain-
ties in the assessment of radon concentrations were tak-
en into account by the method of integrated likelihood,
additional analyses were carried out in which a TWA
corrected radon concentration was calculated for each
person in the Collaborative Analysis. These TWA cor-
rected radon concentrations were derived by assuming
that every measured or estimated radon concentration
was equal to the expected value of the corresponding
distribution of the true radon concentrations given the
observed value, using the distribution for the true log
radon concentration given in either equation 4 or equa-
tion 5. These corrected values were used to derive the
mean corrected radon concentrations for groups of per-
sons. The main analyses were then repeated using a re-
gression calibration method in which the standard meth-
ods used in the previous section were applied, but with
the corrected radon concentrations in place of the ob-
served ones. The regression calibration technique has
been shown to provide reasonable adjusted-point esti-
mates in nonlinear dose-effect relationships (42), but it
may not fully take into account all of the variability in-
duced by the uncertainties in the assessment of radon
concentrations.
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Persons included in the Collaborative Analysis

Overall, 7148 Tung cancer cases were included in the
Collaborative Analysis. The contributions from the in-
dividual studies varied between 1323 lung cancer cases
in the Germany western study and 156 lung cancer cas-
es in the Spain study (table 2). Altogether there were
14 208 controls included in the analysis, and the number
of controls exceeded the number of lung cancer cases
in every study. Of the lung cancer cases, 5521 (77%)
were men, and in 11 of the studies the number of men
with lung cancer exceeded the number of women with
lung cancer, in some cases by a factor of 10, The re-
maining two studies were the Sweden never-smokers
study, in which there were 114 men with lung cancer
and 144 women with lung cancer, and the Sweden
Stockholm study, which included only women.

Of the men with lung cancer, 268 (5%) were life-
long nonsmokers, while 2832 (51%) were current smok-
ers of cigarettes at the time their illness developed, 2209
(40%) were ex-smokers, and 212 (4%) were either oc-
casional smokers or else smoked only a pipe, cigars, or
cigarillos. Among the women with lung cancer, 616
(38%) were lifelong nonsmokers, 743 (46%) were cur-
rent cigarette smokers, and 256 (16%) were ex-smok-
ers (table 3). As would be expected, the distribution of
the controls by smoking status differed substantially from
that of the lung cancer cases. Among the male controls,

2888 (28%), 2692 (26%), 4309 (41%), and 499 (5%)
were lifelong nonsmokers, current cigarette smokers,
ex-smokers, and occasional cigarette smokers or smok-
ers of a pipe but not of cigarettes, respectively, whereas
2530 (66%), 630 (16%), and 621 (16%) of the female
controls were lifelong nonsmokers, current cigarette
smokers, and ex-smokers, respectively, After stratification

Tahle 2, Numbers of persons in the European case~contro! stud-
ies by sex.

Study Cases (N) Gontrols (N)

Men Women Total Men Women Total

Austria 161 22 183 164 24 188
Gzech Republic 159 12 17 657 56 713
Finland nationwide 798 83 881 1277 158 1435
Finland southern 160 . 160 328 . 328
France 509 62 571 1080 129 1209
Germany eastern 833 112 945 1322 194 1516
BGermany western 1117 206 1323 1741 405 2146

taly 325 59 384 296 109 405
Spain 145 11 156 213 22 235
Swaden nationwide 546 414 860 1017 1028 2045
Swaden naver- 114 144 258 220 267 487
smokers

Sweden Stockholm . 196 196 . 315 375
United Kingdom 654 306 960 2073 1053 3126
Total 5521 1627 7148 10388 3820 14208

Table 3. Distribution of the cases and controls by smoking status and sex and the risk of lung cancer relative to that of lifelong

nonsmokers. (95% Cl = 95% confidence interval)

Smoking status Men Woemen
Cases Controls  Relative 95% Gl Cases Gontrols  Relative 05% Gl
(N) (N} risk? () {N) riska
Lifelong nonsmoker 268 2888 1.0 616 2530 1.0
Gurrent cigarette smoker
<15 per day 690 1075 13.2 10.9-16.1 311 360 5.8 4.7-7.2
15-24 per day 1361 1144 25.8 21.3-31.2 323 220 1.4 9.0-14.5
=25 per day 781 473 39.5 31.9-48.9 109 50 17.4 11.7-26.0
Ex-smoker
<10 years 1279 1176 20.8 17.2-25.2 176 219 5.5 4,3-71
210 years 930 3133 5.0 4,2-6.0 80 402 1.3 1.0-1.8
Other® 212 499 8.3 6.5-10.5 12 39 1.5 0.8-3.1
Total 5521 10 388 1627 3820

* Risks estimated after stratification by study, age, sex, and reglion of residence.
b Occasional cigarette smokers and current smokers of a pipe, clgars or cigarillos, but not of cigarettes.
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by study, age in 5-year age groups, sex, and region of
residence within study, the risks of lung cancer among
the men currently smoking cigarettes relative to lifelong
nonsmokers were, for all of the studies combined,
13.2 (95% CI 10.9-16.1), 25.8 (95% CI121.3-31.2), and
39.5 (95% CI 31.9-48.9) for those smoking <15, 15-24,
and 225 cigarettes per day, respectively, while, for the
men who had stopped smoking <10 and 210 years pre-
viously, the corresponding risks were 20.8 (95% CI
17.2-25.2) and 5.0 (95% CI 4.2-6.0), respectively. For
the women, the corresponding relative risks for lung
cancer among the current cigarette smokers were 5.8
(95% CI 4,7-7.2), 11.4 (95% CI 9.0-14.5), and 17.4
(95% CI 11.7-26.0) for those smoking <15, 15-24, and
>25 cigarettes per day, respectively, and for the female
ex-smokers of <10 and 210 years’” duration the corre-
sponding values were 5.5 (95% CI 4.3-7.1) and 1.3
(95% CI 1.0--1.8), respectively. These relative risks were
consistent with the relative risks of lung cancer for peo-
ple with different smoking habits that have previously
been observed in these countries. Additional tables of the
distribution of the persons studied according to demo-
graphic and other characteristics are given in appendix B,
tables B1-B17.

The mean number of addresses reported per person
during the 30-year period ending 5 years prior to the
index date was 2.7 (range 1 to 15), and the mean number
of addresses at which the radon concentration was meas-
ured per person was 1.6 (range 1 to 12) (table 4). The
mean number of years during the 30-year period of inter-
est for which measurements were available was 23 (77%),

Tabie 4. Numbers of residential addresses reported and meas-
ured per person during the 30-year period ending 5 years before
the index date and numbers of years for which measurements
were available in each study.

Study Addresses Addresses Years for which
reported measured measurements
(N) (N) available
(N)
Mean Range Mean Range Mean Range
Austria 15 1-3 1.0 11 23 1-30

Czech Republic 14 1-5 1.2 1-3 27  1-30
Finland nationwide 1.5 1-3 1.0 14 27 1-30
Finland southern 3.0 110 13 14 22 1-30
France 24 1-10 15 1-5 24 1-30
Germany eastern 23 1-10 10 1~ 20 1-30
Germany western 2.7 1-12 1.0 1-4 19 1-30

ltaly 29  1-9 22 17 27  1-30
Spain 20 2-2 1.0 1-1 20 7-25
Sweden nationwide 3.6 1-12 22 1-8 23 130
Sweden never- 28 1-9 2.1 1-7 25 1-30
smokers

Sweden Stockholm 3.8 1-10 24  1-6 23 130
United Kingdom 32 1-15 23 112 26 1-30

Total 27 1-15 16 112 23 1-80
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and it ranged from 19 (63%) in the Germany western
study to 27 (90%) in the Czech Republie, Finland na-
tionwide, and Italy studies. The mean observed TWA
residential radon concentration for the persons includ-
ed in the Collaborative Analysis varied from 50 Bg/m?
in the Germany western study to 500 Bq/m? in the Czech
study, and in every study the mean value exceeded the
median value, reflecting the skewed distribution of the
residential radon concentrations (table 5). The standard
deviation of the measurements tended to be higher in
the studies with the higher mean values, but every study
included persons with observed values of <100 Bg/m*
and >500 Bg/m®. When all of the studies were consid-
ered together, the overall mean TW A observed residen-
tial radon concentration was 105 Beg/m?, the median val-
ve was 63 Bq/m?, and the range was 1-4606 Bg/m®.
When the lung cancer cases and controls were consid-
ered separately, the distributions of the TWA observed
residential radon concentrations remained highly
skewed in each group. For the lung cancer cases, the
mean value was 104 Bg/m? (table 6). In all but three of
the studies (Germany western, Spain, and Sweden
Stockholm), the mean radon concentration of the lung
cancer cases exceeded that of the controls (appendix C,
table C5). The ratio of the number of cases of lung can-
cer to the number of controls differed from study to
study. Therefore, rather than calculating the overall
mean observed radon concentration for the controls, a
weighted mean was calculated, with weights proportion-
al to the study-specific numbers of cases, and it took
the value 97 Bg/m? (table 6). The estimated common
difference between the TWA observed radon concen-
tration for the lung cancer cases and the controls was
6.8 Bq/m?, with a standard error of 1.8 (P=0.0002).

The completeness of the radon measurements was
similar for the lung cancer cases and the controls, at 77%
and 78% of the 30-year period of interest, respectively
(table 7). As would be expected, coverage was higher
in the more recent past than in the more distant past,
with measurements for 92%, 80%, and 59%, respective-
ly, of the 10-year periods ending 5, 15, and 25 years
prior to the index date for the lung cancer cases. For
the controls the values were 92%, 81%, and 62%, re-
spectively (table 7). For the lung cancer cases, the mean
TWA observed radon concentrations in these three pe-
riods were similar, at 103, 104, and 104 Bg/m?, For the
controls, the corresponding weighted means were 96,
97, and 98 Bg/m?, For all three periods the mean after
adjustment for study was significantly greater for the
lung cancer cases than for the controls (P=0.0005,
0.0001%, and 0.006 for 5-14, 15-24, and 25-34 years
prior to the index date, respectively (table 7). Addition-
al information about the TWA observed radon concen-
traticns of the cases and controls is given in appendix C,
figure C1 and tables C2-C7.



Darby et af

Table 5. Distribution of the time-weighted average observed residential radon concentrations during the 30-year period of interest by
study, based on measured values and estimates when no measurement could be obtained. (SD = standard deviation)

Study Time-welghted average observed residential radon (Ba/m3)
Arithmetic Arithmetic Geometric Geometric Minimum Quartile Maximum
mean SD mean SD
1st 2nd  3rd

Austria 198 353 120 1.90 18 78 105 146 2649
Czech Republic 500 273 441 1,28 81 309 437 614 2209
Finland nationwide 103 125 80 1.48 19 52 74 110 3244
Finland southern 215 198 1758 1.43 24 125 176 232 2823
France 133 186 94 1.83 6 60 9i 138 4606
Germany eastern 76 83 65 1.27 14 51 64 76 2867
Germany western 50 35 45 1.19 9 37 45 52 818
taly 108 69 93 1,30 28 65 88 125 529
Spaln 131 132 100 1.56 30 63 90 133 955
Sweden natlonwlde 96 112 72 1.69 i 48 75 105 2253
Sweden never-smokers 74 65 58 1,64 2 37 58 90 506
Sweden Stockholm 134 77 119 1.25 22 92 118 151 636
United Kingdom 55 78 36 2.03 1 21 33 60 1700
All studies 105 153 68 2.35 1 41 63 106 4606

Table 6. Qverall distribution of the observed time-weighted aver-
age residential radon concentration for the lung cancer cases and
the controls, based on measured values and estimates for which
no measurement could be obtained,

Observed radon Cases Controls
concentration

N % N %
<25 Bg/m? 566 7.9 1474 10.4
25-49 Bg/m? 1999 28.0 3905 27.5
50-99 Bg/m? 2618 36.6 5033 35.4
100-199 Bg/m? 1296 18.1 2247 15.8
200-399 Bg/m3 434 6.1 936 6.6
400-799 Bg/m? 169 2.4 498 3.5
800-1599 Bg/m? 53 0.7 104 0.7
>1600 Bg/me 13 0.2 i) 0.1
Total 7148 100.0 14208  100.0
Mean® 104 g7t

* The estimated common difference between the cases and controls was
6.8 Bg/m? with a standard error of 1,8 Bg/m? (P=0.0002).

® Weighted mean for the controls, with weights proportional to study-
specific numbers of cases.

Correlation between radon and smoking

It was to be expected that the observed radon concen-
trations would be correlated with smoking history in the
populations in which these studies had been conducted,
and this correlation was examined using the informa-
tion on the controls. After stratification for study, sex,
age, and current region of residence within the study,
the percentage of the population that had never smoked
increased as the radon concentration increased (estimat-
ed percentages 39, 40, 41, 46 and 48 for observed radon

Tahle 7. Completeness of the residential radon measurements
and the mean observad radon concentrations by time period.

Time Cases Controls

period

prior to Years with  Mean radon  Years with ~ Mean radon
Index measuremant concentration measurement concentration
date (%) (Ba/md) (%) (Ba/m?)
5-14 years 92 103 92 962
15-24 years 80 104 81 972
26~34 yoars 59 104 62 982

All years 77 104 78 g7

» Welghted means for the controls, with weights proportional to study-
spaclfic numbers of cases. Estimated common difference between the
cages and controls: 5-14 years: 7.3 Bq/m? (standard error 2.1); 15-24
years: 7.8 Bo/m® (standard error 2.0); 25-34 years; 5.2 Bg/m? (standard
grror 1.9); all years: 6.8 Ba/m? (standard error 1.8).

concentrations of <100, 100-199, 200-399, 400-799,
and 2800 Bg/m?, respectively; P for trend 0.001). The
odds ratio of being a current cigarette smoker correspond-
ingly decreased with the increasing observed radon con-
centration (P=0.01}, while, for ex-smokers, there was no
clear trend (table 8),

Effect of confounding factors on the estimated risk
associated with radon

Without any allowance for confounding factors, B, the
excess relative risk of lung cancer per 100 Bg/m? in-
crease in the TWA observed radon concentration was
estimated to be slightly, but not significantly, negative
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Table 8. Percentage of controls estimated to be lifelong non-
smokers {or ex-smokers or current cigarette smokers) by ob-
served radon concentration.

Observed radon Lifelong Ex- Current cig-
concentration nonsmoker? smokera  arette smok-
(Ba/m?) (%) (%) era (%)
<100 39 22 39
100~199 40 22 37
200-399 41 23 35
400-799 46 23 31
2800 48 17 34

P for trend® 0,001 0.24 0.01

a Calculation performed separately for each category of smoking status by
considering controls in that smoking category versus controls in all other
smoking categorfes combined. The percentages were then derived by
first estimating odds ratios using logistic regression with stratification
for study, sex, age, and current region of residence within the study and
then setting the percentage of controls with an observed radon concen-
tration of <100 Ba/m? equal to that observed.

b Significance of trends calculated using a likelihood ratio test, based on
individual values of the observed radon concentration.

at ~0.005 (X2=0.36. P=(0.55, see table 9, stratification
1). The five factors “study”, “age”, “sex”, “region of
current residence within each study”, and “smoking his-
tory” were considered a priori to be likely confounders
of the relationship between radon concentration and
lung cancer and, when these factors were taken into ac-
count through stratification, the estimate of § changed
to +0,052 and was significantly positive (X? = 6.82,
P=0.009, see table 9, stratification 2).

To evaluate whether any of the variables included
in this initial stratification could be omitted, the analy-
sis was repeated omitting each of them in turn. Only
when sex was omitted from the stratification did the es-
timate of B remain essentially unchanged, while, when
age was omitted, the estimated value of B increased by
13%. For the variables “study”, “region”, and “smok-
ing”, their removal from the stratification resulted in a
change in the value of 8 of at least 50%, indicating the
presence of substantial confounding (table 9, stratifica-
tion 3).

In addition to the variables included in the a priori
stratification, information was available on social sta-
tus, occupational risk, home occupancy, and urban-ru-
ral status, To assess whether any of them had a con-
founding effect on the relationship between radon and
lung cancer, each of them was added in turn to the a
priori stratification. The estimated value of 3 did not
change at all when home occupancy was included, but
it changed by 5% when urban~rural status was includ-
ed (table 9, stratification 4). These variables were there-
fore not considered further as potential confounders.
The inclusion of social status decreased the estimate of
B by 9%, and the inclusion of employment in an occu-
pation with an established lung cancer risk decreased it
by 11%. These two variables were considered again,

20 Scand J Work Environ Health 2008, vol 32, suppl 1

after a more-detailed examination of the effect of strat-
ification for smoking, and additional details of this ex-
amination are described in subsequent paragraphs,

To determine whether it was better to account for
the confounding from the a priori stratification varia-
bles by including them in the model rather than by strat-
ification, the analysis was repeated omitting each vari-
able from the stratification in turn and including cate-
gorical covariates representing its main effect in the
model. Once again, only for sex did the estimate of j
remain essentially unchanged, while, when each of the
variables “study”, “age”, “region”, and “smoking” was
omitted in turn, the estimate of B changed appreciably,
increasing by 49%, 7%, 40%, and 12%, respectively (ta-
ble 9, stratification 5). In none of these models did the
inclusion of the variable as a main effect in the model
rather than by stratification result in an appreciable re-
duction in the standard error of f. These results indi-
cate that, in order to take the confounding effects of
these variables adequately into account by including
them in the model, it would not only be necessary to
include the main effects, but also a considerable number
of interaction terms. In addition, there was no material
loss of information about the relationship between ra-
don and fung cancer risk when the variables were in-
cluded as stratifying variables rather than directly as
main effects in the model, as measured by the standard
error of B, It was therefore considered preferable to use
stratification rather than explicit modeling to take into
account these variables,

In the a priori stratification, the following seven cat-
egories of smoking were considered: never-smokers,
current cigarette smokers of <15, 15-24, and 225 ciga-
rettes per day, ex-smokers of <10 years and 210 years
duration, and other (ie, occasional smokers and current
smokers of cigars or a pipe only). Additional analyses
were carried out to determine whether confounding by
smoking status could be adequately controlled with few-
er categories for the current and ex-smokers or, alter-
natively, whether additional categories were needed.
First, the number of smoking categories was reduced
either by combining all of the current cigarette smokers
into one group or by combining all of the ex-smokers
into one group. These changes caused the estimated val-
ue of f3to change by 10% and 18%, respectively (table
9, stratification 6a); this finding indicates that subdivi-
sion according to these attributes was desirable. Second,
the number of smoking categories was increased either
by increasing the number of amount-smoked categories
among current smokers from 4 to 7 or by increasing the
number of categories of duration since stopping among
ex-smokers from 2 to 6. Both of these changes had a
negligible effect on the estimate of B, indicating that
additional subdivision of these particular aspects of smok-
ing history was unnecessary (table 9, stratification 6b).
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Table 9. Derlvation of the stratification scheme used in the analysis. (SE = standard error, 95% Cl = 95% confidence interval, f = the
excess refative risk of lung cancer per 100 Bg/m? increase in the time-weighted average observed radon concentration)

Stratification Estimate  Ratio of 8 SE 95% Cl Likelthood ratio . |
of  to Bforapriori of for chi-squared for
B stratification B B test of =0 (1 df)

1. None -0.005 - 0.009 -0.017-0.013 0.36

2. Strata selected a prior! {study, age (5-year groups), sex, region, 0.052 1.00 0.026 0.011-0.107 6.82

smoking [7 groups: never-smokers, current cigarette smokers (<15,
15-24, 225 per day), ex-smokers (<10, 210years), others]}

3. Omitting each varfable in turn from the a priori stratification
Study -0.014 0.28 0.009 -0.021--0.001 3.16
Age 0.059 1.13 0.024 0.018-0.111 9.51
Sex 0.052 1.00 0.025 0.011-0.106 6.97
Region 0.080 1.65 0.026 0.036-0.136 17.28
Smoking 0.023 0.45 0.017 -0.005~0.,061 0.64
4, Adding extra variables to the a priori stratification
Soclal status (3 groups) 0.047 0.91 0.026 0.006-0.104 5.45
Occupational risk (3 groups) 0.046 0.89 0.026 0.006-0,102 5.34
Home occupancy (2 groups) 0.052 1.00 0.027 0.009-0.110 8.21
Urban-rural status (2 groups) 0.054 1.05 0.027 0.011~0.114 8.77
5. Removing each variable in turn from the a priori stratification and Including its main effect as a categorical covariate in the model
Study 0.077 1.49 0.025 0.035-0.130 17.73
Age 0.055 1.07 0.024 0.015-0.107 8.52
Sex 0.050 0.97 0.025 0.010-0.105 6.64
Region 0.072 1.40 0.025 0.030-0.127 14,56
Smoking 0.058 112 0.024 0.018-0.110 5.83

6. Sensitivity analysis of different aspects of smoking history
a. Reducing the number of smoking categories in the stratification

5 groups: (never-current-ex x 2~other) 0.057 1.10 0.025 0.016~0.112 8,51
6 groups: (naver-current x 3~gx-other) 0.042 0.82 0.024 0.004-0.094 4,98
b, Increasing the number of smoking categories In the stratification 2
(I) Current clgarette smokers: 7 amaunt-smoked groups (<8, 8-12, 0.052 1.00 0.026 0.010-0.109 6.56
13-17, 18-22, 23-27, 28-31, 232 per day)
(i) Ex-smokers; 6 groups (<5, 5-9, 10~14, 16-19, 20-24, 0.051 0.99 0.027 0.009-0.109 6.21

225 years since stopping)
¢. Considering age at start of smoking for current and ex-smokers and amount smoked for ex-smokers ?

{iy Current cigarette smokers: 12 groups (<15, 15-17, 18~-20, 221  0.058 112 0.028 0.013-0.119 7.33
years of age when started within each amount-smoked group}

(i) Ex-smokers: 8 groups (<15, 1517, 18-20, 221 years of age 0.058 1.02 ¢.027 0.010-0.111 8.41
when started within each group of ex-smokers)

(ili) Ex-smokers: 6 groups (<15, 15-24, 225 cigarette per day for 0.070 1.36 0.029 0.022~0.134 9.90

gach group of ex-smokers)
d. Varying number of groups when stratifying for age when started smoking for current smokers and amount smoked for ex-smokers *

Age started: 6 groups 0.055 1.06 0.027 0.012-0.114 7.00
Age started: 12 groups, as in 6c above 0.058 1.12 0.028 0.013-0.119 7.33
Age started: 18 groups 0.050 0.96 0.027 0.007-0.109 5.64
Amount smoked: 4 groups 0.062 1.19 0.028 0.017-0.121 8.81
Amount smoked: 6 groups, as in 6c above 0.070 1.35 0.029 0.022-0.134 9.90
Amount smoked; 14 groups 0.070 1.36 0.030 0.022~0.136 9.77
8. Effect of including age started among current smokers and amount smoked among ex-smokers as effects in the modle! rather than as additional strata®
(1) Current smokers: 12 age-started groups, 4 within each 0.052 0.610 0.026 0.011-0.107 6.78
cigarettes/day group
(il) Ex-smokers; 6 amount-smoked groups, 3 within each 0.055 0.64°0 0.026 0.012-0.112 7.21
years since stopped group
(i) and (if) simultaneously 0.054 0.64° 0.026 0.012-0.112 6.11
7. Final stratification: as strata selected a prieri and given above, but sub-  0.084 1.63 0.033 0.030-0.158 11.57

dividing current smokers by age started (<15, 15-17, 18-20, 221 years)
separately for smokers of <15, 15-24, and 225 cigarettes/day, and sub-
dividing ex-smokers by amount smoked (<15, 15-24, =25 cigarettes/
day) separately for smokers of <10 and 10 years’ duration

a Any persons for whom the additional information ngeded for this stratification was unavailable were allocated to separate groups within each of their
original number-per-day or years-since-stopped categories.
v Ratlo of A to A for final stratification in stratification 7.
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The effect of the age when a person started to smoke
was then considered. First, among the current cigarette
smokers, each of the three categories of current smok-
ers was subdivided by age at the time smoking was start-
ed into four categories. This change increased the esti-
mate of B by 12%, indicating that subdivision by age at
the start of smoking was appropriate for current smok-
ers (table 9, stratification 6c¢). In contrast, when each of
the two duration-since-stopping categories was subdi-
vided into four categories according to age when smok-
ing was started, the estimate of f§ changed by only 2%,
indicating that it was unnecessary to take age at the start
of smoking into account for ex-smokers. However,
when each of the two duration-since-stopping catego-
ries was subdivided into three categories according to
the average number of cigarettes smoked per day, the
estimated value of B increased by 35%, indicating that
it was desirable to take this aspect of smoking history
into account for the ex-smokers.

Further investigation of the confounding effects of
age at the start of smoking among the current smokers
and of the amount smoked among ex-smokers was car-
ried out in the form of a sensitivity analysis of the
number of groups necessary when these two aspects of
smoking history were both considered and also by in-
cluding them as main effects in the model, rather than
as additional strata. The results of this analysis indicat-
ed that there was little to be gained by increasing the
number of groups (table 9, stratification 6d) and also
that considerable confounding remained if fewer groups
were included in the stratification for these attributes
(table 9, stratification 6d) or if they were included as
main effects in the model, rather than through stratifi-
cation (table 9, stratification 6e).

The results of the smoking sensitivity analysis sug-
gested that it is appropriate to control for smoking his-
tory by stratification into 20 main groups: never-smok-
ers, current cigarette smokers in 12 groups (ie, subdi-
vided according to whether the subjects smoked <15,
15-24, or 225 cigarettes per day and according to
whether they started to smoke when aged <15, 15-17,
18-20 or 221 years within each amount-smoked-per-day
group), ex-smokers in six groups (ie, subdivided accord-
ing to whether the subjects stopped <10 or 210 years
prior to the index date and according to whether they
smoked <15, 15-24, or 225 cigarettes per day when they
were smokers within each years-since-stopped group),
and others (ie, occasional smokers and smokers of a
pipe, cigars or cigarillos only but not of cigarettes). The
few current smokers for whom age at the start of smok-
ing was unknown (appendix B, table B9) were allo-
cated to additional groups within the three amount-
smoked-per-day groups, and the few ex-smokers for
whom the number of cigarettes per day was unknown
(appendix B, table B11) were allocated to additional
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groups within each of the two years-since-stopping
groups.

To see whether the inclusion of social status or em-
ployment in an occupation with an established lung can-
cer risk made any appreciable difference with the finer
stratification for smoking, the analysis was repeated
with additional stratification on each of these variables
in turn. The addition of social status did not change the
estimate of f8, while the addition of occupational risk
reduced it by only 2%.

It was therefore concluded that it was appropriate
to control for the effects of confounding by stratifica-
tion for study, age in 5-year groups, sex, region of cur-
rent residence, and smoking history in 20 main groups,
as described earlier. With the stratification carried out
in this way, it was estimated that f, the excess relative
risk per 100 Bg/m* TWA observed residential radon
concentration was 0.084 (95% CI 0.030-0.158) (see ta-
ble 9, stratification 7). This value differed highly signifi-
cantly from zero [X? on 1 degree of freedom (df)=11.57,
P=0.0007]. All of the subsequent analyses were based on
this stratification unless otherwise indicated.

Homageneity of studies, influence of each study
and effect of the study design

The estimated value of f inevitably varied somewhat
between the individual studies (table 10), but there was
no evidence that the effect of radon differed between
the studies (X* on 12 df=5.48, P=0.94). Furthermore, the
overall result was not strongly influenced by any indi-
vidual study. When the analysis was repeated omitting
each study in turn, the estimated value of f changed
by <10% for 11 of the 13 studies, Two studies caused
the estimate of B to change by >10% when they were
omitted. These were the Germany eastern study, whose
omission decreased the estimated value of B by 11%, and
the Finland nationwide study, whose omission increased
the estimated value of 3 by 21% (table 11).

Although all of the studies had broadly the same
design, detailed aspects of the design differed somewhat
between the studies. Therefore, a series of analyses was
carried out to see if the estimated effect of radon dif-
fered according to study design (table 12). There were
no significant differences in the estimated effect of ra-
don according to whether clinical information was used
in the ascertainment of the lung cancer cases when com-
pared with studies in which ascertainment was made
using death certificates only (X?=0.79, 1 df, P=0.37) or
according to whether the study included hospital con-
trols (X*=0.04, 1 df, P=0.84). Similarly, there were no
significant differences in the estimated effect of radon
according to whether or not surrogate interviews were
accepted (X2=0.01, 1 df, P=0.93) or whether the radon




Tahble 10. Estimated linear relationship between the relative risk
of lung cancer and the ohserved residential radon concentration
for each study and for all studies combined. (95% C! = 95% con-
fidence interval, B = the excess relative risk of lung cancer per
100 Bg/m? increase in the time-weighted average observed ra-
don concentration, estimated after stratification by study, age,
sex, region of residence, and smoking history)
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Table 11. Influence analysis showing the estimated linear rela-
tionship between the relative risk of lung cancer and the observed
residential radon concentration when each study was omitted in
turn. (B = Increase in the relative risk of lung cancer per 100 Bg/
m? increase in the time-weighted average observed radon con-
centration, estimated affer stratification by study, age, sex, re-
gion of residence, and smoking history)

Study Estimate of 3 95% Cl for 8 Study omitled Estimate of 3 95% Gl for B
Austria 0.464 <~ 0,046%->5.0000 Austria 0.083 0.029-0.157
Czech Republic 0.187 - 0.003-2.073 Czech Republic 0.077 0,020~0,153
Finland nationwide 0.032 <-0.0312-0.173 Finland nationwide 0.102 0,036-0.194
Finland southern 0.064 - 0,079~1.578 finland southern 0.085 0,029~0.160
France 0.106 - 0.006-0.411 France 0.081 0.022-0.160
Germany eastern 0.178 - 0,002~0.563 Germany eastern 0.075 0.020-0.151
Germany western -0.025 <- 0.122:-0.393 Germany western 0.089 0.032-0.166
Italy 0.099 - 0.178~1.397 Italy 0.084 0.028~0.159
Spain <-0.106" <- 0.106~0.587 Spain 0.088 0.032-0.163
Sweden natlonwide 0.114 - 0.043-0.460 Sweden nationwide 0.082 0.026-0.159
Sweden never-smokers 0.237 - 0.075-0.946 Sweden nover-smokers 0.080 0.026-0.153
Sweden Stockholm 0.121 - 0.135~1.413 Sweden Stockholm 0.084 0,029-0.158
United Kingdom 0.044 - 0.045-0.223 United Kingdom 0.093 0.032~0.180
All studies® 0.084 0.030-0.158 All studies included 0.084 0.030-0.158

* Values below thase limits, but cannot be ascertained, as lower values of
B lead to negative fitted values for the probability of lung cancer.

b The upper 95% confidence limit is greater than 5,00.

¢ Chi-squared for heterogeneity = 5.48, 12 df; P=0.94.

Tahle 12. Effect of study design on the estimate of 8. (95% Gt = 95% confidence interval, B = excess relative risk of lung cancer per
100 Bg/m? increase in the time-welghted average observed radon concentration, estimated after stratification by study, age, sex, region

of residence, and smoking history; df = degrees of freedom)

Study design Cases Controls Estimate 95% (i Likelihood ratio test for
(N) (N) of for B heterogenaity of g
Chi- df  P-value
squared
Ascertainment of cases
Clinical information used 6794 13 307 0.075 0.019-0.151 0.79 1037
Death certificates only 354 901 0.214 0.004-2.757
Ascertainment of controls
Hospital controls used 2111 5115 0.076 - (.001-0.206 0.04 1 084
Population controls only 5037 9093 0,090 0.022-0.188
Method of interview
Surrogates accepted 2769 5431 0.082 0.009-0.193 0.01 1 0.93
No surrogates used 4379 8777 0.087 0.014-0.197
Type of detector
Closed 6406 12286 0.071 0.010-0.153 0.52 1 047
Open 742 1922 0.131 0.018-0.393
Coverage by study of target population
>80% 1025 2071 0.133 0.008-0.378 0.39 1 053
72-79% 1131 3839 0.084 - 0.004-0.245
56-71% 1660 3013 0.075 - 0.041-0.308
<56% 3332 5285 0.066 - 0.009-0.187

detectors used were open or closed (X*=0.52, 1 df,
P=0.47). Finally, there were no significant differences
in the estimated effect of radon according to the extent
to which the studies had managed to cover their target
populations (X*=0.39, 1 df, P=0.53).

Effect modification according to the characteristics
of the radon measurements

Both the mean and the standard deviation of the meas-
ured radon concentrations varied substantially between
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the different geographic regions in which the cases and
controls lived. However, when the cases and controls
were subdivided into five groups according to the mean
radon concentration typical of their region, as deter-
mined by the mean measured radon concentration for
the residences of controls in that region, there was no
evidence of heterogeneity in the relationship between
the observed residential radon concentration and lung
cancer risk (X2=0.90, 4 df, P=0.93) (table 13). Similar-
ly, when the cases and controls were grouped accord-
ing to the standard deviation of the measured radon con-
centration for the residences of the controls in their re-
gion, there was no evidence of heterogeneity in the ef-
fect of radon (X?=3.06, 4 df, P=0.55).

The cases and controls included in the Collaborative
Analysis also varied substantially according to the
number of residences in which radon measurements had
been made and the number of years during the 30-year
period of interest for which radon measurements were
available. However, when they were subdivided into
four or five groups according to either of these charac-
teristics alone or according to a combination of these

characteristics, there was no evidence of any heteroge-
neity in the effect of radon (X?=3.49, 3 df, P=0.32;
X2=3.23, 4 df, P=0.52; X?=1.30, 3 df, P=0.73) (table 13).
In view of these results, subsequent analyses did not
subdivide the cases and controls according to any of
these characteristics.

Effect of different measures of the observed radon
concentration and of different models for the relation-
ship between radon concentration and lung cancer

In the results presented in the preceding section, a per-
son’s radon exposure was taken to be the average ob-
served radon concentration in the 30-year period end-
ing 5 years prior to the index date with the contribution
from each year weighted equally (ie, the contribution
from each address weighted according to the length of
time that the person lived there during the 30-year peri-
od). When only the 10-year period ending 5 years prior
to the index date was considered, the estimated value
of B was 0.075 (95% CI0.027-0.138) (table 14), and,

Table 13. Relationship between the relative risk of lung cancer and the observed residential radon concentration according to character-
istics of the radon measurements. (B = excess relative risk of lung cancer per 100 Bg/m? increase in the time-weighted average ob-
served radon concentration, estimated after stratification by study, age, sex, region of residence, and smoking history; 95% Cl = 95%
confidence interval; df = degrees of freedom)

Characteristic of the radon measurements Cases Controls Estimate 95% Cl Likelihood ratio test for
(N) Ny of B for B heterogenelty of
Chi-squared df  P-value
Reglanal radon concentration, as determined by mean measurements for controls
<50 Bg/m? 1363 3494 0.026 <-0.101-0.340 0.90 4 0.93
50-74 Bg/m? 2123 3678 0.140 0.003-0,372
75-99 Bg/m? 1045 2126 0.112 -0.021-0.350
100-119 Bg/m? 1437 2327 0.083 -0.025-0,215
>120 By/m? 1180 2583 0.075 0.003-0.212
Variation n regional radon concentration, as determined by standard deviation of measurements for controls (Bg/m?)
<45 Bg/m? 1748 2955 0.286 0.022-0.748 3.06 4 0.55
45-54 Bg/m? 892 2867 0.031 <-0.101-0.338
55-84 Bg/m® 1438 2317 0.154 0.002-0.430
85-119 Bg/m? 1272 2425 0.059 -0.036-0.245
=120 Bg/m? 1798 3644 0.063 0.005-0.157
Number of residences with radon measurements
1 4981 9239 0.070 0.015-0.147 3.49 3 0.32
2 1109 2554 0.208 0.060-0.447
3 625 1350 0.027 <-0.082-0.266
>4 433 1065 0.038 <-0.085-0.515
Number of years with radon measurements
<15 years 1260 2284 -0.051 -0.126-0,143 3,28 4 0.52
15-19 years 745 1454 0.170 -0.056-0.669
20-24 years 1023 1956 0.136 -0.010-0.409
25-29 years 1383 2697 0.072 -0.015-0.216
30 years 2737 5817 0.080 0.019-0,169
Number of residences measured X number of years measured
<3 residences, <20 years 1869 3422 0.019 <-0.069-0.238 1.30 3 0.73
<3 residences, 220 years 4221 8371 0,094 0.034-0.175
23 residences, <20 years 136 316 0.013 -0.300-1.041
23 residences, 220 years 922 2099 0.021 <-0.082-0.229
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Table 14. Effect of different measures of observed residential radon concentration on the estimate of 8. (95% Gl = 95% confidence
interval; B = excess relative risk of lung cancer per 100 Bg/m? increase in the time-weighted average observed radon concentration,
estimated after stratification by study, age, sex, region of residence, and smoking history; df = degrees of freedom)

Measure of observed residential Cases Controls Estimate 95% G Likelihoad ratio
radon concentration (N) (N) of B for B test for B=0
Chi-squared df P-value
Time-weighted average
5-34 years® 7148 14 208 0.084 0.030-0.158 11.57 1 0.0007
Only 5-14 years (ie, recent past) 7148 14 208 0.075 0.027-0.138 11.64 1 0.0007
Only 15-24 years 7148 14 208 0.076 0.027-0.140 11.64 1 0.0008
Only 25~34 years (e, distant past) 7148 14 208 0.066 0.016-0,135 7.84 1 0,005
BEIR VI welghting® 7148 14 208 0.084 0.030-0.156 11.89 1 0.0006

* Observed radon concentration for each address In 30-year period ending 5 years prior to the index date welghted according to the length of time that the

person lived there, with each year receiving equal weight.

o Periods 5-14, 15-26, 25-34 years before the index date welghted In proportions 1.0 : 0.75 : 0.50.

Tahle 15. Comparison of different models for the relationship between the time-weighted average observed radon coneentration and

the risk of lung cancer, (RR = relative risk, df = degrees of freedom;)

Model for radon Deviance at Fitted

maximum parameters

likelihood estimate (N}

Likelihood ratio
chi-squared for

Estimated risk versus 0 Bg/m? at:

testof =0 100 By/m® 200 By/m® 500 Bo/m?® 1000 Bg/md

1. Linear: RR=1+8 x 12 562.27 1
2. Linear-quadratic: RR=1+0; x+J, X2 12 561.81 2
3. Log-linear: RR=exp(f x) 12 561,55 1

11.67 1.084 1.169 1422 1.844
12.03 1.065 1.134 1.875 1.879
12.28* 1.064 1132 1.364 1.861

= Testof f=0 (1 df),
b Test of B, =0and B,=0 (2 df).

when only the 10-year periods ending 15 and 25 years
prior to the index date were considered, the estimated
values of §were 0.076 (95% CI 0.027-0,140) and 0.066
(95% CI 0.016-0.135), respectively. If radon exposures
throughout the 30-year period were considered, but the
contributions from periods 5~14, 1524, and 25--34
years before the index date weighted in the proportions
1.0:0.75: 0.50, as in the BEIR VI Commitlee's pre-
ferred models of the effect of occupational exposure (0
radon among underground miners, the estimated value
of 8 was 0.084, identical to the value obtained when all
three periods were given equal weight.

The results presented in the preceding section all as-
sumed that the relative risk (RR) of lung cancer increas-
es linearly with radon concentration, taking the form
RR=1+f3x. When this model was extended to allow a quad-
ratic relationship (ie, to take the form RR=1+f, x+8, x?),
there was no significant improvement in the fit, with de-
viance taking the value of 12 561.81 in comparison with
12 562.27 (corresponding to X*=0.46, 1 df, P=0.50) (ta-
ble 13). When a log-linear relationship between lung
cancer and radon concentration was assumed [ie,
RR=exp(fx)], the fit was also very similar, with devi-
ance=12 561.55. In addition to providing equally good
fits to the data, the predicted RR values corresponding
to these three models were also very close throughout
the range of 0 to 1000 Bg/m® (table 15 and figure 1),
with the maximum absolute difference occurring at

3.001

e | IO OF ¢
e

e | o glinear -

» s 000 Linear-quadratic

), D) Ay gmangrstogprsmeg g msssoqesnpremeiposrey
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Observed radon concentration (Bg/m 3)
Figure 1. Gomparison of different models for the relationship
hetween the observed radon concentration and the risk of lung
cancer. The equations for the fitted models are:
linear RR = 1 + 0.000844 X, log-linear; RA = exp{0.000621 X), and
linear-quadratic: RR =1+ 0.000622 X + 0.000000258 X2,
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495 Bq/m?, where the fitted value from the log-linear
model was 1.360, compared with 1.418 for the linear
model. Estimated values of S for the individual studies,
based on a log-linear relationship between lung cancer

Table 16. Relative risk of lung cancer according to the catego-
ries of the time-weighted average observed residential radon con-
centration. (95% Cl = 95% confidence interval)

Observed radon  Gases Gontrols Mean Relative  95% Cl ¢

concentration? (N (N) observed risk®
raden
concen-
tration
<25 Bg/m? 566 1474 17 1.00 0.87-1.15

25-49 Bg/m? 1999 3905 39 1.08 0.98-1.15
50-99 Bg/m? 2618 5033 71 1.03 0.96-1.10
100-199 Bg/m® 1206 2247 136 1.20 1.08-1.32
200-399 Bg/m? 434 936 273 1.18 0.99-1.42
400-799 Bg/m? 169 498 542 1.43 1.06-1.92
2800 Bg/m? 66 1156 1204 2.02 1.24-3.31

Total 7148 14208

2 Observed radon concentration for each address in the 30-year period
ending 5 years prior to the index date weighted according to the length
of time that the person lived there.

b Relative risks calculated after stratification by study, age, sex, region of
residence, and smoking history. Risks scaled so that relative risk is 1.00
at 0 Bg/m? on the assumption of a linear relationship, see the Statistical
Methods section for details.

¢ Confidence intervals calculated using the method of floated variances.

3.00+ .’

2.001

Relative risk

1.00 LT T RPN

0.003 200 400 600 800 10001200 1400

Observed radon concentration (Bg/m ?)

Figure 2. Relative risk of lung cancer according to the time-
weighted average observed residential radon concentration after
stratification by study, age, sex, region of residence, and smoking
habits. The relative risks and 95% confidence intervals are shown
for the categories <25, 25-49, 50-99, 100199, 200-399, 400-
799 and 2800 Bq/m?, as is the estimated linear relationship
RR=1 + 0.00084 X (solid line), with 95% confidence limits (dashed
lines). The refative risk is equal to 1 at 0 Bg/m?.
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and radon concentration, and an influence analysis,
showing the effect of omitting each study in turn, assum-
ing a log-linear relationship, are given in appendix D, ta-
bles D3 and D4. All of the other presented results that used
a continuous measure of radon exposure were based on
the linear model.

Relative risk of lung cancer according to categories
of abserved residential radon concentration, a fur-
ther test of linearity, the significance of the dose-
response relationship excluding high radon concen-
frations, and a confidence interval for a possible
threshold radon concentration

When the cases and controls were subdivided accord-
ing to categories of TWA observed radon concentration,
the relative risk compared with 0 Bq/m? in categories
<25, 25-49, 50-99, 100-199, 200-399, 400-799, and
2800 Bg/m? were 1,00 (95% CI 0.87-1.15), 1.06 (95%
C10.98-1.15), 1.03 (95% C1 0.96-1,10), 1.20 (95% CI
1.08-1.32), 1.18 (95% CI 0.99-1.42), 1.43 (95% CI
1.06-1.92), and 2.02 (95% CI 1.24-3.31), respectively
(table 16). These estimated risks are consistent with the
results of the analysis to that considered radon concen-
tration as a continuous variable (figure 2), An analysis
based on an alternative set of categories was requested
at the outset of the study by the German collaborators,
and the results are given in appendix D, table D10 and
figure D2. The analysis given in figure 2, but for each in-
dividual study, is presented in figure D1,

As a further test of the evidence for any nonlineari-
ty in the dose—response relationship, the fit of the line-
ar model RR=1+fx was compared with the fit of a mod-
el that also included categorical terms in the radon con-
centration for the categories listed in table 16. These
additional terms provided no significant improvement
in fit (X?=4.00, 6 df, P=0.68).

To examine the extent to which the evidence in fa-
vor of a dose~response relationship between radon and
lung cancer was dependent on the cases and controls
with high TWA observed radon concentrations, the
model RR=1+fx was fitted after the exclusion of cases
and controls with observed radon concentrations of
2800 Bg/m’, 2400 Bq/m?, 2200 Bg/m?, 2150 Bg/m?,
2100 Bg/m?, and =50 Bg/m? in turn, There were statis-
tically significant dose~response relationships when the
radon concentrations in the ranges of 0~-800 Bg/m?, 0—
400 Bqg/m?, and 0-200 Bg/m? were considered (P=0.02,
P=0.04, and P=0.04, respectively), with estimated val-
ues of 0.078 (95% C10.012-0.164), 0.095
(95% CI 0.005-0.206), and 0.140 (95% CI 0.004-
0.309), respectively, for 3 (table 17). Models that al-
lowed for a possible threshold concentration did not
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Table 17. Estimated linear relationship between the relative risk of lung cancer and the observed residential radon for persons with
observed radon concentrations in specific ranges. (B = excess of the relative risk of lung cancer per 100 Bg/m? increase in the time-
weighted average observed radon concentration, estimated after stratification by study, age, sex, region of residence, and smoking
history; 95% Gl = 95% confidence interval; df = degrees of freedom)

Range of the observed Cases Controls Estimate 95% Gl Likelihood ratio test of 5=0
radon concentrations (N (N) of p for B

Chi-squared df P-value
<800 Bg/m? only 7082 14 093 0.078 0.012~0.164 5.59 1 0.02
<400 Bg/m® only 6913 13 595 0.095 0.005~0.206 434 1 0.04
<200 Bg/m? only 6479 12 659 0.140 0.004-0.309 412 1 0.04
<100 Bg/m? only 5183 10412 0.025 - 0.192-0.306 0.04 1 0.84
All values 7148 14 208 0.084 0.030-0.158 11.57 i 0.0007

Tahle 18. Relationship between the relative risk of lung cancer and the observed residential radon concentration according to character-
istics of the cases and contrals. (8 = excess relative risk of lung cancer per 100 Bg/m3 increase in the time-weighted average observed
radon concentration, estimated after stratification by study, age, sex, region of residence, and smoking history; 95% C! = 95% confi-
dence interval; df = degrees of freedom)

Characteristic » Cases Controls Estimats 95% Gl Likelihood ratio test for
(N) (N) of B for B heterogeneity or trend ®
Chi-squared df P-vaius
Age
<45 years 222 588 0,111 <-0,157-0.350 0.001 1 0.98
45-54 years 878 1994 -0.015 <~ 0,070~0.439
55-64 years 2506 4818 0.136 0.030-0.311
65~74 years 3051 5889 0.085 0.013-0.189
275 years 491 919 ~-0.002 <-0.078-0.278
Sex
Male 5521 10388 0.112 0.041-0.212 1.69 1 0.19
Female 1627 3820 0.025 -0.038-0.144
Smoking status
Current clgarette smoker 3575 3322 0.070 -0.014-0.217 0.17 3 0.98
Ex-smoker 2465 4930 0.082 0.003-0.211
Lifelong nonsmoker 884 5418 0,106 0.003-0.280
Other 224 538 0.077 - 0.029-0.562
Social status
Higher 943 2687 0.167 - 0.003-0.461 0.10 i 0.75
Intermediate 1783 4130 0.054 - 0.039-0.209
Lower 3147 4968 0.093 0.011~0.225
Unknown 1275 2423 0.077 -0.002-0.216
Employment in an occupation known to be associated with an increased risk of lung cancer
None 5106 10511 0.080 0.019-0.165 0.15 1 0.70
Some 1675 2609 0.051 - (.034-0.224
Unknown 367 1088 0.167 0.001-0,864
Proportion of time spent at home
<50% 1087 1804 0.010 <-0,031-0.188 0.64 1 0.42
50-74% 4052 7567 0.073 0.005-0.180
275% 951 2471 0.093 - 0.005-0.263
Unknown 1058 2366 0.162 0.021-0.464
Residence in urban or rural area
All rural 4153 8711 0.127 0.050-0.236 6.76 1 0.1
Some urban 2114 4062 -0.070 <-0.070-0.060
Unknown 881 1435 0.032 <-0,031-0.174
Position of bedroom window at night
Open 2247 3519 0.010 ~0,032-0,130 4.64 1 0.03
Closed 1825 3427 0.304 0.100-0.641
Unknown 3076 7262 0.072 0.010-0.162

a For sach characteristic, persons with unknown values for that characteristic were omitted from the (ikelihoed ratio test.
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provide a significant improvement in fit when compared
with a model in which the risk was proportional to the
concentration, even for very low concentrations (P=0.44),

Tahble 19. Relative risk of lung cancer according to categories of
observed residential radon concentration calculated separately
tfor current cigarette smokers, ex-smokers, and lifelong non-
smokers. (85% Cl = 95% confidence interval)

Observed radon ~ Cases Controls Mean Relative  95%Cl¢
concentration ® (N) (N) observed risk®

radon

concen-

tration

(Ba/m?)
Current cigarette smokers
<25 Bg/m3 281 335 17 0.92 0.72-1.19
25-49 Bg/m? 975 808 39 1.00 0.86-1.17
50-89 Bg/me 1304 1071 72 1.05 0.93-1.19
100-199 Bg/m? 654 595 136 1.24 1.03-1.51
200399 Bg/m? 234 204 275 1.19 0.86-1.64
2400 Bg/m? 127 219 652 1.48 0.92-2.35
Tota} 3575 3322 115 - -
Ex-smokers
<25 Bg/md 198 621 18 0.94 0.75-1.18
25-49 Bg/m? 750 1515 38 1.10 0.97-1,24
50-99 Bg/m? 898 1734 70 1.03 0.92-1.15
100~199 Bg/m? 431 680 135 1.18 0.99-1.41
200-399 Bg/m? 127 251 266 1,08 0.78-1.49
2400 Bg/m? 61 129 689 1.45 0.86-2.42
Total 2465 4930 90 - -
Lifelong nonsmokers
<25 Bg/m? 56 467 17 1,06 0.78-1.45
25-49 Bg/m® 222 1443 38 1.07 0.90-1.26
50-99 Bg/m? 332 2023 1Al 1,02 0.90-1.16
100-199 Bg/m? 170 866 135 1.23 1.02-1.48
200-399 Bg/m? 63 362 278 1.37 1.00-1.80
=400 Bg/m? 41 257 711 1.72 1.04-2.88
Total 884 5418 113 - -

2 Observed radon concentration for each address in the 30-year period
ending 5 years prior to the index date weighted according to the length
of time that the person lived there.

v Relative risks estimated separately within each smoking category after
stratification by study, age, sex, region of residence, and, for current and
ex-smokers, detailed smoking history. The baseline within each smoking
category was 0 Bg/m? on the assumption of a linear relationship.

¢ Estimated using the method of floated variances.

Current cigarette Ex-smokers

smokers

3.00 1 3.00 3.00

2,00 1 2,00 2.00

Relative risk

1.00 1.00

and the estimated upper 95% confidence limit for a pos-
sible threshold was 150 Bg/m?,

Effect modification according to the characleristics
of the cases and conlrols

There was no evidence that the effect of the observed
residential radon concentration on lung cancer risk dif-
fered according to attained age (X%=0.001, 1 df,
P=0.98), sex (X?=1.69, 1 df, P=0.19), or smoking sta-
tus (X?=0.17, 3 df, P=0.98) (table 18 on page 27). When
the relative risk of lung cancer according to categories
of residential radon concentration was examined sepa-
rately for current cigarette smokers, ex-smokers, and
lifelong nonsmokers, a similar pattern was found for
each of the three groups, and, within each of the three
groups, the pattern was consistent with that seen for all
of the cases and controls combined (table 19 and figure
3). When the effect of smoking was considered separate-
ly for six smoking categories for the men (lifelong non-
smokers, current smokers of <15, 15-24, and 225 ciga-
rettes per day, and ex-smokers of <10 and 210 years’
duration) and also for the same six smoking categories
for the women, an additive interaction between smok-
ing and radon was rejected (X?=19.89, 11 df, P=0.05).
When the cases and controls were subdivided ac-
cording to social status, employment in an occupation
known to be associated with an increased risk of lung
cancer, or proportion of time spent at home, there was
no evidence of any variation in the effect of residential
radon on lung cancer risk (X*=0.10, 1 df, P=0,75;
X?2=0.15, 1 df, P=0.70; and X*=0.64, 1 df; P=0.42, re-
spectively) (table 18). When the men and women were
considered separately, there was still no evidence of
variation in the effect of radon with the proportion of
time spent at home (men: X*=2,18, 1 df, P=0.14; wom-
emn: X2=0.17, 1 df, P=0.68). In contrast, there was some

Lifelong
nonsmokers

Figure 3. Relative risk of lung cancer according to
the time-weighted average observed residential ra~
don concentration by smoking status. The relative
risks and 95% floated confidence intervals are shown
for the categorical analyses, as are the estimated
linear relationships (solid lines) and 95% confi-
dence intervals (dashed lines). The risks were calcu-
lated after stratification by study, age, sex, region of
residence and, for current and ex-smokers, detailed
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smoking history. The relative risks are equal to 1 at
0 Bg/m®,



evidence that the effect of radon concentration on lung
cancer risk differed according to whether the cases and
controls had lived in an urban area for part of the 30-
year period of interest (X%=6.76, 1 df, P=0,01), with
clear evidence of a positive effect among the cases and
controls who had lived in a rural area for all 30 years
(estimate of = 0.127, 95% CI 0.050-0.236), while, for
those who had lived for some of the 30-year period in
an urban area, the estimated effect was negative (esti-
mate of B=-0.070, 95% CI <0.070-0.060). There was
also evidence that the effect of radon concentration on
lung cancer risk differed according to the position of
the bedroom window at night (X2=4.64, 1 df, P=0,03),
with a greater effect for those who slept with their bed-
room window closed (estimate of f=0.304,
95% CI10.100-0.641) than for those who slept with it
open (estimate of f=0.010, 95% CI -0.032~0,130). The
position of the bedroom window at night was first sug-
gested as an effect modifier of residential radon by the
Sweden nationwide study (18), and, when the analysis
was repeated excluding this study, it was no longer a
significant effect modifier (X2=1.47, 1 df, P=0.23) al-
though the estimated effect of radon on lung cancer risk
remained higher for those who slept with the window
closed than for those who slept with it open (table 20),
When the analyses of residence in an urban or a rural
area and of the position of the bedroom window at night
were repeated with only the cases and controls for
whom both characteristics were known, the results were
similar to those shown in table 18 (table 20). However,
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when both characteristics were considered simultane-
ously, the modifying effect of residence in an urban or
a rural area remained significant (X*=5.46, 1 df,
P=(),02), while the effect of the position of the bedroom
window at night was no longer so (X*=0.73, 1 df,
P=0.39) (table 20). When the analysis of the modifying
effect of residence in an urban or a rural area on the
effect of residential radon was repeated separately for
each study, no consistent effect was found. The effect
was positive in six studies (France, Germany eastern,
Germany western, Italy, Spain, Sweden never-smokers),
while it was negative in four studies (Czech Republic,
Sweden nationwide, Sweden Stockholm, United King-
dom) and could not be estimated in the remaining stud-
ies, either because data were not available or because it
could not be distinguished from the stratification varia-
bles. Among the 10 studies in which an effect could be
estimated, there was evidence of heterogeneity
(X2=23.77, 10 df, P=0.008). The cases and controls
known to have lived in a rural area for all 30 years of
interest had spent similar proportions of time at home
when compared with those who had lived for some time
in an urban area (all rural: 549% of the persons spent 50—
74% and 17% spent >75% of the time at home; some
urban: 56% of the persons spent 50~74% and 18% spent
>75% of the time at home), The mean number of resi-
dences with radon measurements and the mean number
of years with radon measurements were similar in the
two groups {all rural: 1.6 residences, 23.6 years; some
urban: 1.8 residences, 21.7 years). However, those who

Table 20. Relationship between the relative risk of lung cancer and the observed residential radon concentration according to residence
in an urban or rural area and the position of the bedroom window at night. (3 = the excess relative risk of lung cancer per 100 Bg/m?®
increase in the time-welghted average observed radon concentration, estimated after stratification by study, age, sex, region of resi-
dence, and smoking history; 95% Gl = 95% confidence interval; df = degrees of freedom)

Characteristic Cases Conirols Estimate 95% Cl Likelihood ratio test for difference
M) U of 4 for Chi-squared  df P-value
1. Position of bedroom window at night—omitting data from Swedsn nationwide study
Open 1988 2822 0.055 - 0.027-0.248 1.47 1 0.23
Closed 1245 2221 0.281 0.057-0,701
Unknown 2955 7020 - -
2, Characteristics fitted separately, but including only persons for whom both characteristics known
Residence in urban or rural area
All rural 2742 4788 0.207 0.071-0.423 9.97 1 0.00
Some urban 1330 2158 0,071 <~0.071--0.013
Position of bedroom window at night
Open 2247 3519 0.032 -0.029-0.183 4,64 1 0.03
Closed 1825 3427 0.292 0.091-0.632
At least one characteristic unknown 3076 7262 - -
3. Characteristics fitted simultaneously, but including only persons for whom baoth characteristics known
Residence all rural and window open 1402 2219 0.147 -b
Change in B for some urban residence 845¢ 1300¢ -0.234 ald 5.46 1 0.02
Changa in B for window closed 1340¢ 25691 0.067 ~b 0.73 1 0.39

a For each test, persons with unknown values for that characteristic were omitted from the model.

» Numerical difficulties were experienced in the computation of the 95% confidence intervals.

¢ Numbers of persons with some urban residence and window open.

d Numbers of persons with all rural residence and window closed (485 cases and 858 controls had some urban residence and slept with the window closed),
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had lived in a rural area for the whole of the 30-year
period of interest had considerably higher radon con-
centrations than those who had lived for part of the time
in an urban area {the mean TWA observed radon con-
centration being 123 Bq/m® for all rural and 67 Bg/m’
for some urban).

Etfect modification among lifelong nonsmokers ac-
cording to the characteristics of the cases and conirols

There was a significant association between the ob-
served residential radon concentration and lung cancer

risk when lifelong nonsmokers were considered sepa-
rately (estimate of §=0.106, 95% CI 0.003-0.280;
X2=4.15, 1 df; P=0.04) (table 18 and figure 3). When
the cases and controls who were lifelong nonsmokers
were subdivided according to age, sex, the smoking sta-
tus of spouse, social status, proportion of time spent at
home, whether or not they had spent some of the 30-
year period of interest living in an urban area, or the
position of the bedroom window at night, there was no
evidence of any variation in the effect of residential ra-
don on lung cancer risk (table 21). In contrast, when life-
long nonsmokers were subdivided according to wheth-
er or not they had been employed in an occupation
known to be associated with an increased risk of lung

Table 21. Relationship between the relative risk of lung cancer and the observed residential radon concentration according to character-
istics of the cases and controls among the lifelong nonsmokers. (8 = the excess relative risk of lung cancer per 100 Bq/m® increase in
the time-weighted average observed radon concentration, estimated after stratification by study, age, sex and region of residence; 95%
€l = 95% confidence interval; df = degrees of freedom)

Characteristic Lifelong nonmokers Likelihood ratio test for
heterogeneity or trend 2
Cases Controls Estimate 95% Cl Chi-squared df P-value
(N) (N) of B for B
Age
<45 years 34 209 -0.329 <-0.329-1.557 0.46 1 0.50
45-54 years 101 735 -0.008 <~0.131-0.903
55-64 years 262 1811 0.093 <-0.031-0.458
65-74 years 348 2189 0.155 <~ (0,045-0.482
275 years 139 474 0.071 <-0.078-0,890
Sex ’
Male 268 2888 0.320 0.014-1.118 1.74 1 0.19
Female 616 2530 0.060 -0.028-0.232
Smoker as spouse
Yes 389 1928 0.194 0.014-0.556 1.81 1 0.18
No 442 3225 0.044 -0.036-0.209
Unknown 53 265 >5.000 0.031->5.000
Social status
Higher 179 1133 0.025 <-0.101-0.477 2.54 1 0.11
Intermediate 260 1675 -0.014 -0.072-0,200
Lower 297 1567 0.369 0.067-1,037
Unknown 148 1043 0.105 <-0.031-0.580
Employment in an occupation known to be associated with an increased risk of lung cancer
None 769 4353 0.032 <-0.031-0,180 7.26 1 0.01
Some 51 589 2.859 0.272->5.000
Unknown 64 476 0.957 0.007->5.000
Proportion of time spent at home
<50% 51 589 -0.009 <-0.031-0.752 0.95 1 0.33
50~75% 345 2461 0.012 <-0.046-0.235
275% 144 1154 0.134 -0.022-0.557
Unknown 344 1214 0.313 0.029-0.953 ;
Residence in urban or rural area ‘v
All rural 528 3394 0.121 0.004-0.336 0.99 1 0.32
Some urban 268 1364 0.382 -0.022-1,526 j
Unknown 88 660 ~0.031 <-0.031-0.247 4
Position of bedroom window at night
Open 167 1151 -0.085 <-0.085-0.118 2,74 1 0.10
Closed 234 1396 0.216 -0.011-0.767
Unknown . 483 2871 0.145 0.000-0.439

2 For each characteristic, persons with unknown values for that characteristic were omitted from the likelihood ratio test,
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cancer, there was evidence of a difference in the effect
of residential radon on lung cancer (X?=7.26, 1 df,
P=0.01), with a larger increase in the relative risk per
unit radon concentration for the cases and controls who
had been exposed to an occupational risk than for those
who had not (estimates of B were 2.859, 95% C1 0.272-
>5.000, for those with occupational exposure and 0,032,
95% CI <-0.031-0.180, for those without). When the anal-
ysis of the modifying effect of occupational exposure was
repeated separately for the men and women, the esti-
mated effect of residential radon was greater for those
with some occupational exposure among both the men
and women, although only 12 women with lung cancer
and 35 female controls were known to have had occu-
pational exposure (table 22), When the analysis was re-
peated separately for occupational exposure to asbes-
tos, radon, and other established risk factors, the modi-
fying effect of asbestos and of other established risk fac-
tors was similar in size, although only 18 cases and
357 controls had occupational exposure (o asbestos.
Only 2 cases and 5 controls had occupational exposure
to radon (table 22).

To gain further insight into the possible role of em-
ployment in an occupation known to be associated with
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an increased risk of lung cancer as an effect modifier
of radon among the lifelong nonsmokers in this data set,
the effect of such an occupation directly on lung cancer
risk (ie, without radon being considered) was examined.
It was found that lung cancer risks were, in fact, very
similar for the cases and controls with and without em-
ployment in such an occupation (relative risk = 1.219,
95% CI0.844-1,759; X*=1.10, 1 df, P=0.30) (table 23).
When the numbers of persons who were lifelong non-
smokers were tabulated by case-control status, the ob-
served residential radon concentration and whether or
not the persons had been employed in an occupation
known to be associated with an increased risk of lung
cancer, it was found that the modifying effect of em-
ployment was not primarily due to more cases than con-
trols with occupational exposure to an established lung
cancer risk having high observed radon concentrations, but
rather due to a deficit of cases with low radon concentra-
tions having such exposure, Among all of the lifelong non-
smokers, 51 cases and 589 controls had some employment
in an occupation known to be associated with an in-
creased risk of lung cancer, However, among the people
with a TWA observed radon concentration of <25 Bg/m?,
there was only | case compared with 45 controls.

Table 22. Relationship between the relative risk of lung cancer and the observed residential radon concentration according to sex and
whether or not the person had been employed in an occupation known to be assoclated with an increased risk of (ung cancer among the
Iifelong nonsmokers. (B = the excess relative risk of lung cancer per 100 Bg/m? increase in the time-weighted average observed raden
concentration, estimated after stratification by study, age, sex, and region of residence; 95% C| = 95% confidence interval: df = degrees

of freedom)

Characteristic Lifelong nonsmokars Likelihood ratio test for heterogeneity of 52
Cases Controls Estimate 95% Cl Chi-squared df P-value
(\) (N} of for 3
1. Employment in an occupation known to be assoclated with an increased risk of lung cancer
Males
None 213 2095 0.067 <~0.031-0.624 3.83 1 0.05
Some 39 554 2.714 <-0,126->5.000
Unknown 16 239 >5,000 > 50000
Females
None 556 2258 0.028 <-0.046-0.190 2.86 1 0.09
Some 12 35 10.940 <-0,083~->5,000
Unknown 48 237 0.239 <-0.045->5.000
2. Employment in an occupation with exposure to specific risks
Asbestos
None 802 4585 0.062 ~0.028-0.224 3.33 1 0.07
Some 18 357 >5.000 0.003->5.000
Unknown 64 476 0.960 0.007~»5.000
Radon
None 818 4937
Some 2 5
Unknown 64 476 -
Other
None 783 4689 0.040 <-0,031-0.196 3.92 1 0.05
Some 37 253 1.697 <-0,083->5.000
Unknown 64 476 0.96 0.0071->5.000

a For each characteristic, persons with unknown values for that characteristic were omitted from the likelihood ratio test.
b Upper 95% confidence lImit: numerical difficulties were experienced In the computation of the lower 95% confidence limit.
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Table 23. Employment in an occupation known to be associated with an increased risk of lung cancer among the lifelong nonsmokers.

(95% Cl = 95% confidence interval, df = degrees of freedom)
Characteristic Lifelong nonsmokers Likelihood ratio test for difference
Cases Controls Relative 95% Cl for Chi-squared df P-valug
(N) (N) rigk® relative risk
None 769 4353 1.000 - 1.10 1 0.30
Some 51 589 1.219 0.844-1.759
Unknown 64 476 -b

a Relative risks stratified by study, region of residence, age, sex, and smoking history.
b Estimate could not be obtained for persons with unknown values as it could not be distinguished from the stratification varlables.

Table 24. Relationship between the relative risk of lung cancer and the observed residential radon concentration according to histological
type. (B = the excess relative risk of lung cancer per 100 Bg/m? increase in the time-weighted average observed radon concentration,
estimated after stratification by study, age, sex, région of residence, and smoking history; 95% Cl = 95% confidence interval; df = degrees of freedom)

Histological type Cases Controls  Estimate 95% Gl Test for heterogeneity of 3
(N) (N) of B for
Chi-squared  df P-valug
1. Availability of microscopic confirmation in studies seeking clinical information regarding the diagnosis of lung cancer
Microscopically confirmed lung cancer 6310 13 307 0.075 0.019-0.151 0.24 1 0.63
No microsopic evidence 484 13 307 0.039 <-0,022-0,220
2. Small-celi compared with other micrascopically confirmed histological type
Small-cell 1379 13 307 0.312 0.128-0.606 4.84 1 0.03
Other microscopically confirmed 4931 13 307 0.026 <-0.031-0.102
3. Histological type
Small-cell 1379 13 307 0.312 0.128-0.606 7.07 3 0,07
Squamous-cell 2479 13 307 -0.014 <~-0,031-0,086
Adenocarcinoma 1698 13 307 0.063 <-0.031-0.202
Other confirmed type 754 13 307 0.035 <-0.031-0.235

Differences in the effect of residential radon on
different histological types of lung cancer

In the 11 studies that sought clinical information regard-
ing the diagnosis of lung cancer, microscopic informa-
tion confirming the diagnosis was available for all but
484 cases. The estimated value of § for those for whom
no microscopic confirmation was available was some-
what lower than for the those for whom it was availa-
ble (estimates 0.039 with 95% CI <-0.022~0.220 and
0.075 with 95% CI 0.019- 0.151, respectively), but the
difference was not statistically significant (X?=0.24 on
1 df, P=0.63). (See table 24.)

A steeper dose-response relationship for small-cell
lung cancer than for other types has previously been re-
ported among underground miners occupationally ex-
posed to radon and, when the lung cancer cases for
whom microscopic information was available were sub-
divided according to whether they had small-cell Iung
cancer or another histological type, the dose—response
relationship in the two groups differed significantly
(X2=4.84 on 1 df, P=0.03). The estimated value of 3 for
small-cell lung cancer was substantially higher than for

other histological types (estimates of fwere 0.312,
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95% CI 0.128-0.606, for small-cell lung cancer and
0.026, 95% CI <-0.031-0.102, for other histological
types) (table 24). For squamous cell carcinoma the esti-
mated value of 8 was slightly negative, while for aden-
ocarcinoma and for other confirmed histological types
it was positive. However, in all these three groups the
95% confidence interval for § included zero (table 24).
When the analysis by histological type was repeated sep-
arately for the men and women and for current cigarette
smokers, ex-smokers and lifelong nonsmokers, the
dose~response relationship for small-cell lung cancer
was steeper than for other confirmed types in all five
groups (table 25). Overall 21.8% (1379 of 6310) of the
microscopically confirmed lung cancers were of the
small-cell type (table 26). All 11 studies in which clini-
cal information was sought on the diagnosis of lung can-
cer had persons with observed radon concentrations of
<50 Bg/m?, and, in this group, the proportion of micro-
scopically confirmed lung cancers that were of the
small-cell type was similar to the overall value, at 21.4%
(508 of 2376). In contrast, among the cases and con-
trols with observed radon of >800 Bq/m?, 55.0% (11 of
20) of the microscopically confirmed lung cancers were
of the small-cell type, and all five of those with observed
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radon concentrations of >1600 Bg/m* were small-cell Table 25. Relationship hetween the risk of lung cancer and the
lung cancers. The 11 persons with small-cell lung can- observed residentlal raden concentration according to histologi-
cer who had observed residential radon concentrations cal type, calculated separately for the men anq women and for
of >800 Ba/m?® came fr different studies (Fi current cigarette smokers, ex-smokers, and lifefong nonsmok-

Bg/m’ came from seven different studies (Fin- | g5 (959 CI = 95% confidence interval)
land nationwide, Finland southern, France, Germany
eastern, Spain, Sweden nationwide, and United King- Histological type Ca\?;’S Eg}'g‘ftbe ?:?z,ﬁl,
dom); 9 were male and 2 were female, while 4 were
current cigarette smokers, 5 were ex-smokers, 1 was a Men®
lifelong nonsmoker, and 1 was an occasional smoker; Small-cell . ' 1051 0313 0.117-0.842
their ages were 58, 61, 63, 66 (2 pCI’SOHS) 68, 69, 7()’ 71 All other microscopically confirmed 3771 0.045 <-0.031-0.154
(2 persons), and 80 ) spectivel Squamous-cell 2134 0.003 <-0.031-0.124
p » and ol years, respectively. Adenocarcinoma 1127 0.046 <-0.031-0.252
When the effect of residential radon on small-cell Other type 510 0.184 -0.014-0.561
lung cancer was examined by categories of observed Women®
residential radon concentration, the relative risks com- Small-cell 328 0.304 <-0.045-1.382
pared with 0 Bq/m? in the categories <25, 25-49, 50— All other micrascopically confirmed 1160 -0.002  -0.062-0.117
99, 100-199, 200-399, and 2400 Bg/m? were 1.17 |  Squamauscel 345 -0.069 <0.045-0.138
, , Adenocarcinoma 571 0.079 -0.036-0.308
(95% C1 0.93-1.50), 1.15 (95% CI 1.00-1.31), 1.22 Other type 244 -0.069 <-0.045-0.048
(95% CI 1.09-1.38), 1.27 (95% CI 1.06-1.53), 1.91 Current clgaretts smokers®
(95% CI 1.40-2.64), and 2.74 (95% CI 1.51-5.09), re- [ small-cell 829 0150 <-0.045-0512
spectively (table 27 and figure 4). These values differed All other microscopically confirmed 2308 0,046 <-0.066-0.235
appreciably from those seen for other histological types zguamotls;cell 13?3 '8-[1353 <'8~ggg‘8'égg
. , o ] N enocarcinoma . <-0.066-0.
of lung cancer, for which the.l‘elauve risks compared with Other type 337 0.978 <-0.066-1.004
0 Bg/m? in the same categories were 0,95 (95% CI 0.80— Ex-smokers ¢
1.12), 1.03 (95% CI 0.94-1.13), 0.99 (95% C1 0.91-1.07), Small-cell 416 0344  0.078-0.876
1.17 (95% CI 1.04-1.32), 1.00 (95% CI0.79-1.26), and | Al other microscopically confirmed 1758 0.013 <-0.082-0.146
1.23 (95% C10.84-1.81), respectively, Squamous-cel 997  0.018 <-0.082-0.201
Adenocarcinoma 508 -0.029 <-0.082-0.189
Other type 253 0.015 <-0.082-0.351
Lifelong nonsmokers®
Small-cell 84  1.402 <-0.031->5.000
Al other microscopically confirmed 704 0.042 <-0.031-0.203
Combined effect of smoking and radon exposure Squamous-cell 137 -0.081 <-0.031-0.279
Adenocarcinoma 438  0.108 <-0.031-0.359
QOther type 129 -0.069 <-0.031-0.239
The estimates of f for current cigarette smokers, ex- « ot tho men and women was e oo risk o |
. e ) Co A for the men and wom 16 6xcoss relative risk of lung cancer per
smokers, and lifelong nonsm(')kms were Slml!dl, at 100 Bg/m@ increase in the tima-wolghted average observed radon con-
0.070, 0.082 and 0.106, respectively, with no evidence centration, estimated afler stratification by study, age, region of resk-
f heter it ble 18). Tt is therefore appropriate dence, and smoking history.
of heterogeneity (table 18). Tt 1§ therelore appropriae v f for current smokers, ex-smokers, and lifelong nonsmokers was the
to assume that the overall estimate of f3, at 0.084 excess relative risk of lung cancer per 100 Ba/m® increase In the time-
(95% C10,030-0.158) is appropriate regardless of | Eifin' St s sa. rgion of residenc, anc, forcurrntan ex
smoking status, Among the men, the risk of lung can- ﬁlmol:)ers. dflalleld ﬁrnoqugolglglaory. £ 3820
. : e T < Numbers of controls ars men an women,
cer 'fox those smoking 15-24 cigareltes per day, [‘Cldtl'VC ¢ Numbars of controls are 3322 current cigaretle smokers, 4930 ex-smok-
to lifelong nonsmokers, was 25.8 for all of the studies ers, and 5418 fifelong nonsmokers.

Table 26. Numbers of persons with small-cell lung cancer and other microscopically confirmed types of lung cancer, by the time-

weighted average observed radon concentration.

Type of lung cancer Observed radon concentration (Bg/m?) Total
number of
<25 25— 50~ 100~ 200~ 400~ 800- 21600 persons
Small-cell lung cancer 123 385 518 235 94 13 6 5 1379
Other microscopically confirmed lung cancer 389 1479 1863 894 235 62 9 - 4931
Total 512 1864 2381 1129 329 75 15 5 6310
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Table 27. Relative risk of lung cancer according to catagories of
observed residential radon concentration by histological type of
lung cancer, (95% C! = 95% confidence interval)

Observed Cases Con- Mean Relative 95%Cle
radon (N} trols observed risk®
concentration @ (N) radon
concen-
tration
(Ba/m?)
Small-cell lung cancer
<25 Bg/m3 123 1474 17 117 0.93-1.50
25-49 Bg/m? 385 3905 38 1.15 1.00-1.31
50-99 Bg/m® 518 5033 71 1.22 1.09-1.38
100-199 Bg/m® 235 2247 135 1.27 1.06-1.53
200-399 Bg/m? 94 936 275 1.91 1.40-2.64
2400 Bg/m? 24 613 668 2.74 1.51-5.09
Total (Bg/m3) 1379 14208 105 - -
Other micrascopically confirmed
<25 Bg/m3 389 1474 17 0.95 0.80-1.12
25-49 Bg/m® 1479 3905 39 1.03 0.94-1.13
50-99 Bg/m®* 1863 5033 71 0.99 0.91-1.07
100-199 Bg/m3 894 2247 136 117 1.04-1.32
200-399 Bg/m3 235 936 273 1.00 0,79-1.26
2400 Bg/m3 71 613 651 1,23 0.84-1.81

Total (Bg/m3) 4931 14208 100 - -

¢ Observed radon concentration for each address in the 30-year period
ending 6 years prior to the index date weighted according to the length
of tima that the person lived there.

b Relative risks estimated after stratification by study, age, sex, region of
residence, and, for current and ex-smokers, detailed smoking history.
Risks scaled so that the relative risk was 1.00 at 0 Bg/m® on the assump-
tioln of a linear relationship, see the Statistical Methods section for de-
tails.

¢ Gonfidence intervals calcufated using the methad of fioated variances

combined, while for ex-smokers of <10 and =10 years’
duration the risks relative to that of lifelong nonsmok-
ers were 20.8 and 5.0, respectively (table 3). When these
smoking-related risks are combined with the overall es-
timate of f3, the result suggests that current smokers of
15-24 cigarettes per day have risks, relative to that of
lifelong nonsmokers, varying from 25.8 to 43.1, as their
observed radon concentration increases from 0 to
800 Bg/m?, while ex-smokers of <10 years’ duration
have risks varying from 20.8 to 34.8, as their observed
radon concentration increases from 0 to 800 Bg/m3, and
ex-smokers of 210 years’ duration have risks increas-
ing from 5.0 to 8.3, as their observed radon concen-
tration increases from 0 to 800 Bg/m? (table 28 and fig-
ure 5),

For lifelong nonsmokers with an observed radon
concentration of 0 Bg/m?, the cumulative risk of death
from lung cancer was estimated to be 0.42% by the age
of 75 years, increasing to 0.81% by the age of 85 years.
For lifelong nonsmokers with observed radon concen-
trations of >0 Bq/m?, the cumulative risks of death were
somewhat greater, but, even at an observed radon con-
centration of 800 Bg/m?, the risk increased only to
0.71% (95% CI 0.43-0.95) by the age of 75 years and
to 1.35% (95% CI 0.83-1.82) by the age of 85 years
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Figure 4. Risk of ung cancer according to the time-weighted average
observed residential raden concentration by histological type. The
risks were calculated after stratification by study, age, sex, region of
residence, and, for current and ex-smokers, detailed smoking history,
The relative risks and 95% confidence intervals are shown for the
categorical analyses, as are the estimated linear relationships (solid
lines) and 95% confidence intervals (dashed lines). The relative risks
are equal to 1 at 0 Bg/m? The lower confidence interval of the linear
relationship for the “other microscopically confirmed” group was
lower than that shown, but it could not be determined precisely.

(table 29 and figure 6). For continuing smokers of 15~
24 cigarettes per day, not only was the cumulative risk of
death from lung cancer at an observed radon concentra-
tion of 0 Bq/m? much higher, at 10.43% by the age of 75
years and increasing to 19.06% by the age of 85 years,
but the increase in the cumulative risk with an increasing
observed radon concentration was also substantially high-
er—by the age of 75 years the cumulative risks associat-
ed with observed radon concentrations of 100, 200, 400,
and 800 Bg/m?* were 11.25% (95% CI 10.45-~11.97),
12.07% (95% CI 10.48-13.49), 13.68% (95% CI 10,54~
16.45), and 16.81% (95% CI 10.66-22.06), respective-
ly. By the age of 85 years, these risks had risen substan-
tially further, to 20,48% (95% CI 19.11-21.72), 21.88%
(95% CI1 19.16-24.29), 24.61% (95% CI 19.61-29.18),
and 29.78% (95% CI 19.47-38.04), respectively. For
those who gave up smoking, the relative risks during
the first 10 years were about 80% of those of the con-
tinuing smokers (table 28). Hence the cumulative risks
for ex-smokers would also be about 80% of those of
continuing smokers. Thereafter they would be lower, but
there were not enough persons in the present study who
were ex-smokers of 10-19, 20-29, and so forth years’
duration to calculate specific estimates of cumulative
risk.



Tahle 28. Risk of lung cancer relative that of to lifelong nonsmok-
ers with no radon exposure hy observed radon concentration for
various smoking categories. {(95% Gl = 95% confidence interval)

Observed radon Relative 95% CI
concentration rigk®

Current cigarette smokers (15-24 per day)

0 Bg/m? 25.8 -

100 Bg/m? 27.9 26.5-29.8
200 Bg/m? 30.1 27.3-33.9
400 Bg/m® 344 28.9-42.1
800 Bg/m? 431 32.0-58.3
Ex-smokers (<10 years)

0 Bg/m? 20.8 -
100 Bg/m? 22,6 21.5-24.1
200 Bg/m? 24.3 22.1-274
400 Bg/m? 27.8 23.3-34.0
800 Bg/m? 34.8 25.8-47.2
Ex-smokers (210 years)

0 Bg/m?3 5.0 -

100 Bg/m? 5.4 51-6.8
200 Bg/m? 58 5.3-6.6
400 Bg/m? 6.7 5.6-8.1
800 Bg/m3 8.3 6.2-11.3
Lifelong nonsmokers

0 Bg/m?3 1.0 -
100 Bg/m? 1.1 1.0-1.2
200 Bg/m? 1.2 1113
400 Bg/m? 1.3 1.1-1.6
800 Bg/m? 1.7 1.2-2.3

* Observed radon concentration for each address in the 30-year period
ending 5 years prior to the index date weighted acgording to the length
of time that the person lived thers.

¥ Risk of lung cancer relative to lifelong nonsmokers with 0 Bg/m? radon
concentration. Risks for smokers of 15-24 clgarettes per day, ex-smok-
ers of <10, and ex-smokers of 210 years' duration relative to that of
Iifelong nonsmokers, assumed to he 25.8, 20.8 and 5.0, respectively
(see table 3), regardless of the radon concentration. Relative risks of
lung cancer assumed to increase by 0.084 (95% Cl 0.033-0.158) per
100 Boy/m? regardless of smoking status.
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Figure 5. Risk of lung cancer relative to that of lifelong nonsmokers
with no radon exposure by the observed raden concentration. See
table 28 for the methodological datails.
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Table 29, Cumulative risk of death from lung cancer by age for
the lifelong nonsmokers and continuing smokers of 15~24 ciga-
rettes per day at various levels of observed radon concentration.?
{95% Cl = 95% confindence Interval)

Age Lifelong Continuing smokers of

nonsmokers 15-24 cigarsttes per day
Cumulative  95% Cl Gumulative  95% CI
risk (%) risk (%)

Observed radon concentration of 0 Bg/m*

75 years 0.42 - 10.43 -

80 years 0.59 - 14.26 ~

85 years 0.81 - 19.06 -

Gbserved radon concentration of 100 Bg/m?

75 years 0.46 0.42-0.49 11.25  10.45-11.97

80 years 0.64 0.59-0.68 15.36  14.30-16.32

85 years 0.88 0.81-0.94 2048  19.11-21.72

Observed radon concentration of 200 Bg/m?

75 years 0.49 0.43-0.56 12.07  10.48-13.49

80 years 0.69 0.59-0.78 16.45  14.34-18.33

85 years 0.95 0.81~1.06 21.88  19.16-24.29

Observed radon concentration of 400 Bg/m?

75 years 0.56 0.43-0.69 13.68  10.54-16.45

80 years 0.79 0.60-0.96 18.58  14.42-22.21

85 years 1.08 0.82-1.32 24.61  19.26-29.18

Observed radon concentration of 800 Bg/m®

76 years 0.71 0.43-0.95 16.81  10.66-22.06

80 years 0.98 0.60-1.33 22,69  14.58-29.42

85 years 1.35 0.83-1.82 29,78  19.47-38.04

a Absolute risk of lung cancer for the lifelong nonsmokers taken from a
prospective study of the American Cancer Society. The relative risk of lung
cancer for continuing smokers of 15-24 cigarettes per day was assumed
to be aqual to the overall estimates in the present study (see table 3). The
relative risk of lung cancer was assumed to increase by 0.084 (95% Cl
0.030-0.158) per 100 Bg/m® incraase in the time-weighted average ob-
served radon concentration (see table 9).
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Figure 6. Cumulative risk of death from lung cancer by 75 years of age
for various smoking historfes by the observed radon concentration.
{see table 29 for the methodological details.)
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Analyses adjusted for the effect of random uncer-
tainties in the assessment of radan conceniration

The extent to which random uncertainties in the assess-
ment of radon concentrations have affected the results
presented in the previous sections is determined prima-
rily by the variability of the repeated measurements of
radon gas in the same dwelling in different years, No
information about this variability is provided in the data
presented in the preceding paragraphs. Therefore the
laboratories that had performed the radon measurements
for the 13 studies were contacted and requested to pro-
vide any information that they had available on the

variability of repeated measurements of radon gas tak-
en in the same dwelling on different occasions, in the
same areas as the study and under approximately the
same conditions as in the study. All of the information
that could be obtained is summarized in table 30. There
were substantial differences between the different coun-
tries in the amount of variation observed, from a vari-
ance on the log scale of 0.029 in Italy to one of 0.33
in Finland.

In table 30, in one of the two sets of data from Fin-
land, the dwellings had specifically been selected to
have small variability between repeated measurements,
and the data from eastern Germany had been obtained

Table 30. Summary of the available information on the variability of repeated measurements of radon gas taken In the same dwelling on
different occasions.

Location Description of information Type of dwelling  Typical Occupier or Measure-  Main Geo-  Varl- Coeffi-
duration of bullding changes ments source of metric  ance cient of
measurement awaysin  radon mean  on  varia-
period in each same room (Bg/m3) loga- tion
year rithmic  on

scale linear
scale

Gzech 1920 measurements made in Mainly single 1 year None Yes Subsoll 327 042 036

Republic® 960 dwellings in 1992 and repeat- family houses under

in 1993 (J Hulka & L Toma- dwelling
4sk, personal communication)

Finland 301 dwellings in Finland southem  Mostly single Mostly Same occupier; Not Subsoll 319 033 062

who had requested more than one family houses 2 months buildings with  necessarily under
measurement and who respond- during winter,  radon mitigation dwelling
ad to a questionnaire (| Makeldl- but some excluded
nen, personal communication) 1 year
Finland® 337 measurements made in Mostly single Mostly 1 year,  No occupier Not Subsall 196 012 0.36
80 dwellings in 18 different years; family houses but some 2 months changes; building necessarlly under
dwellings were selected to hava during winter ~ changes in dwelling
small variability (I Mékeldinen, with seasonal 7 dwellings
personal communication) corraction
Germany 110 measurements made in Mainly cellars of 1 year None Yes Subsoil  ~20000 0.30 0.59
eastern® 11 dwellings In 5 different years  single family houses under
[Heid et al (41)] or {ahoratorles dwelling
[taly 363 measurements made in 80 dif- Nine single family 1 year Occupier changes Yes Probablr 97 0.029¢ 0.17¢
ferent dwellings in 3-5 consecutive houses, remainder (2 x 6 months  In 1 dwelling; hoth bulld-
years; each measurement is average  apartments consecutively)  building changes ing mate-
of living and bedroom detectors in 1 dwelling rial and
[Bochicehio et al, personal subsail
communication)
Sweden 860 measurements made in Mostly single 3 months Naone Yes Subsolf 178 014 0.39
44 dwellings In 13 different years family houses?  in winter under
(R Falk, personal communication) dwelling
United 436 measurements made in Mostly single Either 1 year Occupier changes Not Subsoll 107 023 051
Kingdom 218 dwellings with time intervals  family houses (2 x 6 months  in 148 dwallings; necessarily under
of up to 10 years; each measure- consecutively)  dwellings with dwslling
ment is average of living and bed- or 3 months radon mitigation
room detectars [Darby et al {22), with seasonal  omitted, but other
Lomas & Green (37)] correction bullding changes
not ruled out
United 576 measursments made in Mostly single 3 months with  None Not Subsoll 96 0.18 0.44
Kingdom 96 dwellings in 6 different years;  famlly houses seasonal necessarlly under
gach measurement is average of correction dwelling

living and bedroom detectors
[Hunter et at (36)]

s Open detectors used in the Czech Republic and closed detectors used everywhere else.
bThe data from Finland in which dwellings had been spacifically selected to have small varlability and the data from the Germany eastern study in which
the dwsllings consldered had very high radon coneentrations were not used in determining the values for the variation of repeated measurements made

in the same dwelling on different occasions.

© Al of the detectors were from same batch of material; therefors batch-to-batch variation was excluded.
4 The varlance estimate increases If the calculation is repeated after restriction to the three above-ground apartments.
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from buildings with much higher radon concentrations
than the dwellings included in the German epidemio-
logic studies, Therefore these two datasels were not used
in determining the parameter values for the Collabora-
tive Analysis. For the remaining datasets summarized
in table 30, the estimated variances on the logarithmic
scale were used to estimate the corresponding country-
specific variances in the Collaborative Analysis, and for
the United Kingdom the average of the two estimates
given in table 30 was used. For studies carried out in
countries in which there were no data available on the
variability of repeated measurements, the median of the
estimated values for the other countries was used (ie,
0.14). Additional details for the values of the parame-
ters used in the analyses correcting for uncertainties in
the assessment of radon concentrations are given in table
D5 in appendix D.

When uncertainties in the assessment of the radon con-
centrations were taken into account using the method of
integrated likelihood, the excess relative risk of lung
cancer per 100 Bg/m? (ie, B8) was estimated to be 0.16
(95% CI 0.05-0.31). As the variability of repeated
measurements in the same dwellings on different occa-
sions was not known precisely, this analysis was repeat-
ed using both higher and lower values (table 31). When
the variability estimates were all decreased by 30%, the
estimated value of f was 0.14 (95% CI 0.05-0.27), and,
when the variability estimates were all increased by
30%, the estimated value of 5 was 0.19 (95% CI 0,06~
0.41). All of the subsequent results presented in this re-
port were calculated using the central estimates of the
variability of the repeated measurements,

A TWA radon concentration correcting for uncer-
tainties in the assessment of radon concentrations was
caleulated for each person. For the lung cancer cases,
the mean value of the corrected radon concentrations
was 90 Bg/m?, somewhat lower than the mean of the
observed values, which was 104 Bg/m®. For the controls
the weighted mean after correction was 86 Bg/m?, com-
pared with 97 Bg/m® before the correction. The estimat-
ed common difference between the corrected TWA ra-
don concentration for the lung cancer cases and the con-
trols was 3.4, with a standard error of 1,0 (P=0.0007)
(table 32). Summaries of the distributions of the cor-
rected radon concentrations in the individual studies are
given in table D6 of appendix D.

For those with high values for their observed TWA
radon concentration, the value after correction for un-
certainties tended to be substantially lower, For exam-
ple, for the 181 persons (66 lung cancer cases and
115 controls) with observed radon concentrations of
>800 Bq/m3, the mean observed radon concentration
was 1204 Bg/m?, while the mean corrected radon con-
centration was 678 Bg/m? (table 33). For those with low
TWA observed radon concentrations, the corrected

Darby et al

values tended to be somewhat increased—for the 2040
persons (566 lung cancer cases and 1474 controls) with
observed radon concentrations of <25 Bg/m?, the mean
observed value was 17 Bg/m?, while the mean correct-
ed value was 21 Bg/m*,

The linear relationship between the relative risk of
lung cancer and TWA-corrected radon concentration,
for which the estimated value of B was 0.16 per
100 Bg/m?, is shown on the right in figure 7. Also
shown on the right in figure 7 are the relative risks for
the original categorical analysis (ic, for persons with
observed radon concentrations in categories <25, 25-
49, 50-99, 100-199, 200~-399, 400-799, and
2800 Bg/m?), but these relative risks are now plotted
against the mean corrected radon concentration for the

Table 31. Estimated linear relationship between the relative risk
of lung cancer and the residential radon concentration correcting
for uncertainties in the assessment of radon concentrations. (8=
the excess relative risk of lung cancer per 100 Bg/m? increase in
the time-weighted average radon concentration, estimated after
stratification by study, age, sex, region of residence, and smok-
Ing history and correcting for uncertainties in the assessment of
radon concentrations; 95% Cl = 95% confidence interval)

Estimate of variability of Esti- 95% €l
repeated measurements mate for g
In the same dwelling on of 8

different occasions

Method of correction
for uncertainties

1. Integrated likellhood  Central estimate® 0.16  0.06-0.31
2, Integrated likelihood ~ Central estimate x 0.7 014 0.06-0.27
3. Integrated likelihood  Central estimate x 1.3 0.19  0.06-0.41
4, Regression callbration Central estimate 0.16  0.05-0.3

4 The central eslimate uses tha values of ¥, given intable D5 in appendix D.

Table 32. Overall distribution of the time-weighted average of
the residential radon concentration for the cases and controls
after corraction for uncertainties in the assessment of residential
radon.¢

Radon Cases Controls
concentration
% N %

<25 Bg/m? 403 586 1168 8.2
25-49 Bg/m? 1985 278 4033 28.4
50-99 Bg/m? 3096 433 5788 40.7
100-199 Bg/m* 1207 16.9 2036 14.3
200-399 Bg/m? 286 4.0 650 4.6
400~799 Bag/m? 159 22 519 3.7
800~-1599 Bqg/m? 11 0.2 14 0.1
21600 Bg/m? 1 0.0 - 0.0
Total 7148 100.0 14 208 100.0

2 The mean for the persons with lung cancer was 90 Bo/m?. The estimated
difference hetween the cases and controls was 3.4 Bq/m? (standard er-
ror 1,0 Bg/m¥), based on a linear model with separate effects for each
study and a common difference between the cases and controls. The
mean for the controls was 86 Bg/m? [weighted mean for the contrals,
with welghts proportional to the study-specific numbers of cases.
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Table 33. Mean observed and corrected radon concentrations
by categories of observed radon concentration for the cases and

controls.
Observed raden  Cases Contrals Mean Mean
concentration 2 (N} {N) ohserved corrected
radon radon
congentration * concentration ®
(Bo/m?) (Ba/m?)
<25 Bg/m3 566 1474 17 21
25-49 Bg/m3 1999 3 905 39 42
50-99 Bg/m?3 2618 5033 71 69
100-199 Bg/m® 1296 2247 136 119
200~-399 Ba/m? 434 936 273 236
400-799 Bg/m? 169 498 542 433
=800 Bg/m® 66 115 1204 . 678
Total 7148 14 208 - -~

2 Observed radon concentration for each address in the 30-year period
ending 5 years prior to the index date weighted according to the length
of time that the person lived there.

* Corrected radon concentration after uncertainties in the assessment of
the radon concentrations were taken into account.

persons in each category. The original analysis, based
entirely on observed radon concentrations, and for
which the estimated value of 8 was 0.084 per
100 Bg/m?3, is shown on the left in figure 7 for com-
parison.

An additional analysis was carried out in which it
was assumed that each person’s TWA radon concentra-
tion was known precisely and was equal to his or her
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corrected value (ie, using the method of regression cal-
ibration). With this method, the estimated value of 8 was
also 0.16 (95% CI0.05-0.30), a value very similar to
the estimated value of f using the method of integrated
likelihood (table 31). Estimated values of B in the indi-
vidual studies using the method of regression calibra-
tion are given in table D7 of appendix D. The analysis
shown in table D7 was repeated omitting each study in
turn, and the estimated value of ff changed by <10% for
10 of the 13 studies. However, omitting either the Czech
Republic or the Germany eastern study reduced the es-
timate of 8 by 11%, while omitting the United King-
dom study increased the estimate of B by 34%. Study-
specific estimates based on a log-linear rather than a lin-
ear model are shown in table D8 of appendix D.

The analyses correcting for uncertainties in the as-
sessment of radon concentrations were repeated sepa-
rately for the cases and controls in different age groups,
for the men and women, and for current cigarette smok-
ers, ex-smokers, and lifelong nonsmokers (table 34).
The estimates of j calculated using the method of re-
gression calibration were similar to those calculated us-
ing the method of integrated likelihood throughout. As
with the analysis based on the observed radon concen-
trations, there was no evidence of a trend in 8 with the
age of the person, nor was there any evidence of dil-
ferences in ff between the men and women, or of het-

erogeneity in § between the three main categories of

3.00 o

Relative risk
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Figure 7. Relative risk of lung cancer according to the time-weighted average observed residential radon concentration (on the lft) and the time-
weighted average corrected residential radon concentration (an the right). The relative risks and 95% confidence intervals are shown for the
categorical analyses, as are the estimated linear relationships (solid lines) with 95% confidence intervals (dashed lines). The risks ware calculated
after stratification by study, age, sex, region of residence, and smoking history. On the right, the estimated linear relationship was calculated using
the method of integrated likelihood, and the ralative risks from the categorical analysis based on categories of observed radon wers plotted against
the mean corrected radon concentration in each of these categories. In both figures, the relative risks are squal to 1 at 0 Bg/m2,
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Table 34. Relationship between the relative risk of lung cancer and the radon cencentration according to age, sex, smoking status, and
histological type, based on the observed radon concentration and also after correction for uncertainties in the assessment of the
residential radon concentrations. (b = the excess relative risk of lung cancer per 100 Ba/m? Increase in the time-weighted average radon
concentration, estimated after stratification by study, age, sex, region of residence, and detalled smeking history; 85% Cl = 95%

confidence interval)

Cases Contrals Based on After correction for uncertainties
(N) (N) observed radon in the assessmant of radon concentration
concentration
Integrated likelihood method  Regression calibration method
Estimate 95% Cf Estimate 95% Gl Estimate 95% Cl
of B for of § for B of p forB
Age
<45 years 222 588 0.1 <-0.16-0.35 -0.15 <-0,08~0.69 -0.12 <-0.17-0.73
45-54 years 878 1994 -0.02 <0,07-0.44 0.12 <-0.03-0.95 0.13 <-0.14-0.97
55-64 years 2506 4818 0.14 0.03-0.31 0.17 0.01-0.45 0.18 <-0.04-0.46
65~74 years 3051 5889 0.08 0.01-0,19 0.16 0.03-0.37 0.16 0.03-0.36
275 years 491 919 0.00 <-0.08-0.28 0.77 <-(L4->5.00 0.57 <-0.14-4,54
P for trend 0.98 0.26 0.28
Sex
Men 5521 10388 0.1 0.04-0.21 0.25 0.09-0.49 0.25 0.09-0.48
Women 1627 3820 0.03 -0.04-0.14 0.04 <-0.03-0,23 0.04 -0.06-0,22
P for difference 0.19 0,26 0.08
Smoking status
Current cigarette smoker 3575 3322 0.07 -0.01-0.22 0.10 <-0.03-0.38 0.09 <-0.08-0.37
Ex-smoker 2465 4930 0.08 0.00-0.21 0.22 0.02-0.57 0.18 0.02-0.47
Lifelong nonsmoker 884 5418 0.11 0.00-0.28 0.20 0.02-0.52 0.20 0.02-0.53
P for heterogeneity 0.92 0.86 0.78
Histological type of lung cancer
Small-cell 1379 13 307 0.31 0.13-0.61 0.51 0.18-1.09 0.49 0.17-1.07
Other microscopically 4931 13 307 0.03 <-0,03-0.10 0.06 <-0,02-0.21 0.06 -0.04-0.21
confirmed
P for difference 0.03 0.05 0.08
All persons 7148 14 208 6.08 0.03-0.16 0.16 0.05-0.31 0.16 0.05-0.30
P for test of =0 0.0007 0: 0.006 0: 0.0008

smokers (table 34). With the method of integrated like-
lihood, the estimated value of 8 was 0.10 (95% CI -
0.06-0.38) for current cigarette smokers, 0,22
95% CI10.02-0.57) for ex-smokers, and 0.20
(95% CI10.02~0.52) for lifelong nonsmokers, and there
was no evidence of heterogeneity (P=().86). For persons
with high observed radon concentrations, the corrected
radon concentrations tended to be substantially lower,
while, for people with low observed radon concentra-
tions, the corrected values tended to be somewhat high-
er in all three smoking categories (table 35). The out-
come of the analysis correcting for uncertainties in the
three main smoking categories is summarized in the
bottom half of figure 8, and the original analysis, based
on the observed radon concentrations, is shown in the
top half of the figure for comparison.

The correction for uncertainties had a proportionate-
ly greater effect on the estimated excess relative risks
of the ex-smokers and lifelong nonsmokers than of the
current smokers. To see whether this finding could be
explained by the differing estimates of the variability
between repeated measurements of radon gas in the

different studies, the regression calibration analysis de-
seribed in the previous paragraph was repeated on the
assumption that, on the logarithmic scale, the variance
between repeated radon measurements was the same in
all of the studies and equal to (.12, When this proce-
dure was carried out, the difTerences between the three
main smoking groups were smaller, and the estimated
excess relative risks per 100 Bg/m? had values of 0.09
(95% C1-0.04-0.32), 0.14 (95% CI 0.01~0.35), and
0.16 (95% CI 0.00-0.42) for current cigarette smokers,
ex-smokers, and lifelong nonsmokers, respectively,
The analyses correcting for uncertainty were also
repeated considering only the persons with microscopi-
cally confirmed small-cell lung cancer, together with all
of the controls, and considering only the persons with
microscopically confirmed lung cancers of other types,
together with all of the controls. For small-cell lung can-
cer, the estimated value of § using the method of inte-
grated likelihood was 0.51 (95% CI0.18~1.09), while
for other microscopically confirmed lung cancers the
estimated value of S was 0,06 (95% CI -0,04~0.21). Esti-
mates derived using the method of regression calibration
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Tabie 35. Mean observed and corrected radon concentrations by
categories of observed radon concentration and smoking status.

Table 35. Continued.

Observed radon  Gases Controls Mean Mean
Observed radon  Cases  Controls Mean Mean concentration * N) (N) observed corrected
concentration = N) (N) observed corrected radon radon
radon radon concentration 2 concentration b
concentration * concentration (Bg/m?) (Ba/m?)
(Ba/m?) (Bo/m?)
Lifelong nonsmokers
Current cigarette smokers <25 Bg/m?3 56 467 17 21
<25 Bg/m? 281 335 17 21 25-49 Bg/m? 222 1443 38 42
25-49 Bg/m3 975 808 39 42 50-99 Bg/m? 332 2023 I 69
50-99 Bg/m3 1304 1071 72 70 100-199 Bg/m? 170 866 135 119
100-199 Bg/m? 654 595 136 123 200-399 Bg/m? 63 362 278 237
200-399 Bg/m? 234 294 275 253 2400 Bg/m? 41 257 711 505
2400 Bg/m?3 127 219 652 478 All concentrations 884 5418 o .
All concentrations 3575 3322 - .-
aQ0bserved radon concentration for each address In the 30-year period
Ex-smokers
ending 5 years prior to the index date weighted according to the length
<25 Bg/m?3 198 621 18 21 of time that the person lived there.
25-49 Bg/m?3 750 1515 38 42 b Corrected radon concentratfon, after uncertainties in the assessment of
50-99 Bg/m? 898 1734 70 87 radon concentrations were taken into account.
100-199 Bg/m?3 431 680 135 116
200-399 Bg/m? 127 251 266 212
=400 Bg/m? 61 129 689 469
All congentrations 2465 4930 - o
(continued)
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/
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were, once again, very similar to those calculated using
the integrated likelihood method (table 34). As with the
analyses already described, the corrected radon concen-
trations tended to be substantially lower than the ob-
served ones for the persons with high observed concen-
trations, while, for persons with low observed concen-
trations, the corrected values were somewhat higher in
both analyses (table 36). The outcome of the analyses
correcting for uncertainties considering only the persons
with small-cell lung cancer and considering only the

persons with microscopically confirmed lung cancers of

other types are summarized in the lower half of figure
9, and the original analyses, based on observed radon
concentrations, are shown in the upper half of the fig-
ure for comparison.

As with the analyses based on the observed radon
concentrations, there was no evidence of heterogeneity
between the estimates of B in the three main smoking
categories (table 34), The overall estimate of § obtained
using the method of integrated likelihood (ie, 0.16,
95% CI 0.05-0.31) was therefore congidered together
with the risks of lung cancer relative to that of the life-
long nonsmokers for men, as given in table 3. This proce-
dure suggested that, for lifelong nonsmokers, the risk of
Jung cancer increases by a factor of 2.3 (95% CI [.4-3.5)
as the corrected radon increases from 0 to 800 Bg/m?. For
current smokers of 15-24 cigarettes per day, the risks
relative to that of lifelong nonsmokers were much high-
er, varying from 25.8 to 58.8, as the corrected radon
concentration increased from 0 to 800 Bg/m?, while, for
ex-smokers of <10 years’ duration, the risks varied from
20.8 to 47.5 as the corrected radon concentration in-
creased from 0 to 800 Bg/m?, and, for ex-smokers of
210 years’ duration, the risks increased from 5.0 to 11.4

Small-cell Other microscopically
confirmed
/
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as the corrected radon concentration increased from 0
to 800 Bg/m? (table 37 and figure 10).

Using the methods described in “Combined Effect
of Smoking History and Radon Exposure on Lung Can-
cer Risk” in the Statistical Methods section, the cumu-
lative risk of death from lung cancer for lifelong non-
smokers with a corrected radon concentration of 0 Bg/m?

Table 36. Mean observed and corrected radon concentrations by
categories of observed radon concentration and histological type
of lung cancer.

QObserved radon Cases  Controls Mean Mean
concentration 2 (N) (N) observed corrected
radon radon
concentration * gongentration ®
(Bo/m?) (Ba/m3)
Small-cell lung cancer
<25 Bg/m? 123 1474 17 21
25-49 Bo/m? 385 3 905 38 41
50-99 Bg/m? 518 5033 7 68
100~199 Bg/m? 235 2247 135 119
200-399 Bg/m® 94 936 275 240
=400 Bg/m? 24 613 668 487
All concentrations 1379 14 208 . -

Other microscopically confirmed

<25 Bg/m? 389 1474 17 21
25-49 Bg/m? 1479 3 905 39 42
50-99 Bo/m? 1 863 5 033 71 68
100-199 Bg/m? 894 2 247 136 119
200399 Ba/m? 235 936 273 235
2400 Bg/m? 71 613 651 473
All concentrations 4 931 14 208 " .-

" Qbserver radon concentralion for each address In the 30-year pariod
ending 5 years prior 1o the index date weighted according to the length
of time that the person lived there.

Gorrected radon concentration after uncertainties In the assessment of
radon concentrations wera taken into account,

Small-cell Other microscopically
confirmed
3,00 3.00
-~
£
© 200 2.00
2
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Figure 9. Relative risk of lung cancer according to the time-weighted average observed residentiai radon concentration (top) and the time-weighted
average corrected residential radon concentration (bottom) by histological type. The relative risks and 95% floated confidence intervals are shown
for the categorical analyses, as are the estimated linear relationships (solid lines) and $5% confidence intervals (dashed lines). (See figure 7 for

additional methodological detalls.)
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Tahle 37. Risk of lung cancer relative to lifelong nonsmokers
with no radon exposure by corrected radon concentration for
various smoking categories. (95% Gl = 95% confidence interval)

Corrected radon Relative 95% Gl
concentration @ risk®

Current cigarette smokers (15-24 per day)

0 Bg/me 25.8 .

100 Bg/m? 299 27.1-33.8
200 Bg/m?3 340 28.3-41.7
400 Bg/m?3 423 30.9-39.3
800 Bg/m? 58.8 36.1-89.7
Ex-smokers (<10 ysars)

0 Bg/m? 20.8 -

100 Bg/m3 242 21.9-27.3
200 Bg/m? 275 22.9-33.8
400 Bg/m?® 34.2 25.0-46.7
800 Bg/m? 47.5 29.2-72.5
Ex-smokers (=10 years)

0 Bg/m? 50 -

100 Bg/m? 5.8 52-6.5
200 Bg/m? 6.6 5.5-8.1
400 Bg/m? 8.2 6.0-11.2
800 Bg/m? 11.4 7.0-17.4
Lifelong nonsmokers

0 Bg/m? 1.0 .-

100 Bg/m3 1.2 1.1-1.3
200 Bg/m? 1.3 11-1.6
400 Bg/m?® 1.6 1.2-2.2
800 Bg/m3 2.3 1.4-3.5

aRadon concentration for each address in the 30-vear period ending 5
years prior 10 the index date weighted according to the length of time
that the person lived there and corrected for uncertainties in the assess-
ment of radon concentrations.

bRisk of lung cancer relative to that of lifelong nonsmokers with a 0 Bg/m?®
radon concentration. Risks for smokers of 15-24 cigarettes per day, ex-
smokers of <10 and =10 years' duration relative to that of lifelong non-
smokers assumed to be 25.8, 20.8, and 5.0, respectively (see table 3),
regardless of the radon concentration. Relative risks of lung cancer as-
sumed to increase by 0.16 (95% Cl 0.05-0.30) per 100 Ba/m? regard-
less of smoking status.

was estimated to be 0.41% by the age of 75 years, in-
creasing to 0.78% by the age of 85 years. For lifelong
nonsmokers with corrected radon concentrations of
>0 Bg/m?, the cumulative risks of death were somewhat
greater, but even at a corrected radon concentration of
800 Bg/m?, the risk rose only to 0.93% (95% CI 0.57—
1.42) by the age of 75 years and to 1.78%
(95% CI 1.10-2.70) by the age of 85 years (table 38 and
figure 11}. For continuing smokers of 15-24 cigarettes
per day, not only was the cumulative risk of death from
lung cancer at a corrected radon concentration of 0 Bq/
m? much higher, at 10.11% by the age of 75 years and
increasing to 18.51% by the age of 85 years, but the in-
crease in the cumulative risk with an increasing correct-
ed radon concentration was also substantially higher—
by the age of 75 years, the cumulative risks associated
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Figure 10. Risk of lung cancer relative to that of lifelong nonsmokers
with no radon exposure by the observed radon concentration (top) and
the corrected radon concentration (bottom).( See tables 28 and 37 for
the methodological details.)

with corrected radon concentrations of 100, 200, 400,
and 800 Bg/m® were 11.63% (95% CI 10.59-13.03),
13.12% (95% CI 11.06-15.85), 16.03% (95% CI 12.00-
21.23%), and 21.57% (95% CI 13.86-30.98), respec-
tively. By the age of 85 years these values had risen sub-
stantially further, to 21.13% (95% CI 19.34-23.52),
23.67% (95% CI 20.16~28.22), 28.51% (95% CI 21.77~
36.77), and 37.29% (95% CI 24.91-50.94), respective-
ly. As with the analyses based on the observed radon
concentration, for those who gave up smoking, the rel-
ative risks in the first 10 years were about 80% of those
for continuing smokers (table 37). Therefore, the cumu-
lative risks for the ex-smokers would also be about 80%
of those for continuing smokers during the first 10 years
after having stopped smoking. Beyond this time, they
would be lower than the proportion of risks for




Tahle 38. Cumulative risk (%) of death from lung cancer by age
for lifelong nonsmokers and continuing smokers of 15-24 ciga-
rettes per day at various levels of radon concentration after cor-
rection for uncertainties in the assessment of radon concentra-
tions.? (95% Cl = 95% confidence interval)

Age Lifelong nonsmokers Continuing smokers of
15-24 cigarettes per day
Cumulative  95% Cl Cumulative  95% Cl

risk risk

No radon exposure

75 years 0.41 1011

80 years 0.57 13.84

85 years 0.78 18.51

Corrected radon concentration of 100 Bg/m?

75 years 0.47 0.43-0.54 11.63  10.59-13.03

80 years 0.66 0.60~0.75 16587 14.48-17.73

85 years 0.91 0.82-1.03 2113 19.,34-23.52

Corrected radon concentration of 200 Bg/m?

75 years 0.54 0.45-0.66 1312 11,06-15.85

80 years 0.75 0.63-0.92 17.85 15.11-21.44

85 years 1.03 0.86-1.27 2367 20.16-28.22

Corrected radon concentration of 400 Bo/m?

75 years 0.67 0.49~0.91 16,03  12.00-21.23

80 years 0.94 0.69-1.27 21,67 16.37-28.37

85 years 1.28 0.94-1.75 2851 21.77~36.77

Corrected radon concentration of 800 Bg/m?

75 years 0.93 0.57-1.42 21,57 13.86-30.98

80 years 1.30 0.80-1.97 28.79 18.82-40.45

85 years 1.78 1.10-2.70 3729  24.91-50.94

a Absolute risk of lung cancer for lifelong nonsmokers taken from the pro-
spective study of the Amerlcan Cancer Sociely. Relative risk of lung can-
cer for continuing smokers of 15-24 cigareties per day assumed equal
1o the overall estimates in the present study (see table 3), Relative risk of
lung cancer assumed to increase by 0.16 (85% Cl 0.05-0.31) per 100
Bg/m® Increase in the time-weighted average observed radon concentra-
tion (see table 31).

continuing smokers, but there were insufficient persons
in the present study who were ex-smokers of 10~19, 20~
29, and so forth years’ duration to calculate specific es-
timates of cumulative risk,
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Discussion

Overall resulls and comparison with other studies of
residential radon and lung cancer

This analysis combined data from the 13 European stud-
ies of residential radon and lung cancer that have in-
cluded at least 150 lung cancer cases selected accord-
ing to clear rules, together with controls representative
of the populations from which the lung cancer cases had
been drawn, and in which individual information on
both smoking history and radon exposure history, based
on long-term measurements of radon gas concentrations,
was available in the detail that was agreed upon when
collaboration began. Other European studies of residen-
tial radon and lung cancer that do not meet these crite-
ria have been reported by Axelson et al (43), Axelson
et al (44), Edling et al (45), Damber & Larsson (46),
Svensson et al (47), Axelson et al (48), Poffijn et al (49),
Deri et al (50), Zaridze & Zemlyanaya (51), Magnus et
al (52), Pressyanov et al (53), Pisa et al (54) and Con-
rady et al (55). The data presented here provide, for the
first time, very strong evidence (P=0.0007), based on
individual data, of an association between residential
radon concentration during the previous 35 years and
the risk of lung cancer after adjustment for smoking his-
tory. There was no evidence of heterogeneity between
the different studies in this relationship (P=0.94), nor
were the results dominated by any individual study. In
addition, there was no evidence that the estimated dose—
response relationship depended on detailed aspects of
the study design (table 12) or the characteristics of the
radon measurenients (table 13).

The estimated excess relative risk of lung cancer of
0.084 (95% CI 0.030-0.158) per 100 Bg/m? increase in
the TWA observed radon concentration is statistically
consistent with the estimate of 0.11 (95% CI 0.00-0.28)
found in a recent collaborative analysis of seven North
American studies of residential radon and lung cancer
(56). Compared with the North American collaborative
analysis, data from larger numbers of persons were
available for analysis in the European study (7148 lung
cancer cases and 14 208 controls, against 3662 lung can-
cer cases and 4966 controls), and the TWA observed
radon concentrations tended to be higher (10.4% of the
persons with >200 Bg/m?, compared with 4.9% in the
North American collaborative analysis), and these dif-
ferences are likely to account for the greater precision
of the estimate in the European study. The results of the
present Buropean study are also consistent with those
of arecent study carried out in Gansu, China (57), which
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found an excess relative risk of 0.19 (95% CI 0.05-0.47)
per 100 Bg/m? observed radon concentration on the ba-
sis of 768 lung cancer cases and 1659 controls, although
they differed substantially from the findings of an ear-
lier Chinese study carried out in Shenyang, which re-
ported a negative dose—response relationship [the excess
relative risk at 100 Bg/m? being -0.16 (95% CI -0.2-
-0.1) on the basis of 308 lung cancer cases and 356 con-
trols (58, 59)]. One possible explanation for this discrep-
ancy may be differences in the etiology of lung cancer
between Europe and China and within China, as indoor
air pollution is known to play a substantial role in caus-
ing lung cancer in some areas of China, including Shen-
yang (60). Another possible explanation may be the fact
that the Shenyang study included two controls whose
radon measurements were more than 50% greater than
the next largest value in that study, When included, these
two persons are highly influential, but when they are
omitted the results from the Shenyang and Gansu stud-
ies do not differ significantly (61).

Prior to this study, meta-analyses based on pub-
lished reports of studies of residential radon and lung
cancer have reported statistically significant associations
between radon and Iung cancer (2, 59, 62, 63). In all of
these analyses, however, there was strong evidence of
heterogeneity in the dose~response relationships ob-
served in the different studies, The main explanation for
this finding is likely to be that the degree to which the
individual studies corrected for confounding by smok-
ing differed between the different studies, and none had
sufficient data to be able to correct in as much detail as
in the present study. Other explanations for the hetero-
geneity in the meta-analyses based on published data
may include differences in the statistical methods used
and, possibly, also the inclusion of the Shenyang study.
One other meta-analysis of published data (64) did not
test for heterogeneity, but reported that there was some
evidence of a U-shaped dose~response relationship, with
a lower risk of lung cancer at 25-50 and 50-75 Bg/m?.
However, there was no suggestion of such an effect in
the Collaborative Analysis of individual data.

Shape of the dose-response, evidence at <200 Bg/m’
and the effect of exposure at different times in the past

In the analyses presented in this report, the relationship
between the odds of developing lung cancer and the




TWA observed radon concentration has been modeled.
The results given are based on linear models, although
both linear and log-linear models provided equally good
fits to the data (table 15). Reasons for preferring the lin-
ear to the log-linear model include the fact that the
weight of scientific evidence suggests that a linear non-
threshold model is the most plausible dose~response re-
lationship for ionizing radiation (65). In addition, line-
ar rather than log-linear models have been used in oth-
er analyses of the effects of exposure to radon, includ-
ing an analysis of 11 cohort studies of miners of urani-
um and other igneous rocks who were occupationally
exposed (2, 66), albeit at radon concentrations that were
usually much higher than those normally found in dwell-
ings. The ability of the linear model to summarize the
data was not improved by the addition of a quadratic
term (table 15), nor by the inclusion of additional cate-
gorical terms for radon, and no departure from linearity
was found when the data were subdivided into catego-
ries of radon (figure 2). In particular, there was no evi-
dence of any departure from linearity that could be at-
tributed to the existence of radio-sensitive subpopula-
tions, adaptive responses, or bystander effects (2, 67—
69); neither was there any evidence of a protective cf-
fect of exposure (o radon at low concentrations, which
has sometimes been postulated (70), nor of a threshold,
and, indeed, postulated thresholds of >150 Bg/m? lie
outside the upper 95% confidence limit,

The evidence in favor of an association between res-
idential radon and lung cancer risk did not rely on the
persons with unusually high radon concentrations, and,
when the linear model was fitted to the data from only
the persons with TWA observed radon concentrations
below a certain value, the asgociation remained statisti-
cally significant even when only the persons with ra-
don concentrations of <200 Bg/m* were considered. The
estimated excess relative risk of lung cancer per
100 Bg/m?® when only the persons with observed radon
concentrations of <200 Bq/m* were considered was
0.140 (95% C1 0.004-0.309), in good agreement with
the estimate based on the entire data set {excess
RR 0.084, 95% CI 0.030-0.158).

The distribution of the residential radon concentra-
tions is usually highly skewed and, in this analysis, the
distribution of the radon concenirations in the compo-
nent studies and in the overall data had long upper tails
(figure C1 in appendix C). Estimates of linear trend are
known to be sensitive to outlying observations and, con-
sequently, in some of the component studies, a very
small number of persons with very high radon concen-
trations had a disproportionate influence on the estimat-
ed excess relative risk of lung cancer per 100 Bg/m?.
[See table D1 in appendix D, Heid et al (71), and Schaf-
frath Rosario et al (72) for further discussion of this is-
sue.] For the Collaborative Analysis, however, the

Darby et al

amount of data available was sufficient lo overcome this
problem.

Analyses of studies of underground miners have sug-
gested that radon exposures in the relatively recent past
have substantially greater influence on lung cancer risk
than exposure in the more distant past, with periods 5—
14, 1524, and 25-34 years previously having influenc-
es approximately in proportions of 1.00:0.75:0.50, re-
spectively (2, 66). In the present daia set, an estimate
of the excess relative risk per 100 Bg/m* weighting these
three periods in proportions of 1.00:0.75:0.50 is iden-
tical to the estimate desived by giving equal weights to
every year in the 30-year peried ending S years previ-
ously, and separate estimates, each considering only
exposures in the three periods 5-14, 15-24, and 25—
34 years previously, were also all very similar (table 14).
This difference is not surprising, for the exposures of
the miners would often have varied substantially from
year to year as mine ventilation was introduced, and the
overall length of employment of the men in a job in-
volving radon exposure was usually relatively short (av-
erage 5.7 years). In this study, in contrast, the radon
exposures vavied little from year to year because the
people moved their residence only seldom, an average
of only 2.7 addresses being reported during the entire
30-year period of interest. In consequence, the
TWA observed radon concentrations during the three
time periods were highly correfated (correlations be-
tween exposures in periods 5-14 & 15-24 years: 0.94;
5-14 & 25--34 years: (1.85; and 15-24 & 25-34 years:
0.88). Consequently, with these data, distinguishing be-
tween the effects of exposures received in different pe-
riods of the past is impossible, An analysis estimating
separately the effects of exposures received during the
periods 519 and 20-34 years previously has recently
been carried out in the Czech Republic cohort study
from which the Czeeh Republie case~control data in-
cluded in this Collaborative Analysis have been derived
(73). The estimated effect of the exposures received in
the distant past was lower than that for exposures re-
ceived more recently, However, the confidence inter-
vais associated with both estimates were very wide [es-
timated excess relative risks per 1000 Bg/m? a; 0.045
{90% CI0.000-0.153) and 0.013 (90% CI 0.000-0.123),
respectively).

Confounding

Residential radon concentrations vary geographically,
and it was to be expected that there would be substan-
tial confounding by study, as the studies were carried
out in different geographic areas and with different
case—control ratios. The overall mean TWA observed
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radon concentrations for all of the lung cancer cases in
the study was 104 Bg/m?, slightly lower than the corre-
sponding value for the controls, which was 105 Bg/m?,
and this finding is reflected in the slight negative trend
in the risk of fung cancer with increasing radon concen-
tration when no confounding factors were taken into
account (table 9, stratification 1). However, when the
mean TWA observed radon concentrations was calcn-
lated separately for each study, it was larger for the lung
cancer cases than for the controls, in some cases by con-
siderable amounts, for 10 of the 13 studies (Austria,
Czech Republic, Finland southern, Finland nationwide,
France, Germany eastern, Italy, Sweden nationwide,
Sweden never-smokers, United Kingdom). Only in three
studies (Germany western, Spain, Sweden Stockholm)
was the mean observed radon concentration lower for
the lung cancer cases than for the controls. [See table
C4 in appendix C for details.] When a weighted mean
observed TWA radon concentration was calculated for
the controls, with weights proportional to the numbers
of lung cancer cases in each study, its value was
97 Bg/m?; and a highly significant difference between the
two groups of persons was revealed (P=0.0002) (table 6).
Most of the studies were matched for age and sex
" and, therefore, ensured that there was little confound-
ing with these factors, and several studies were matched
for region of residence. However, the ratio of cases to
controls varied between the different studies, and the
change from the crude excess relative risk of lung can-
cer per 100 Bg/m?® of -0.005 (95% CI -0.017-0.13) to
0.023 (95% CI -0.005-0.061) when study, age, sex, and
region were taken into account (table 9 stratifications 1
and 3) is primarily the effect of this correction.

In addition, there was also substantial negative con-
founding by smoking, and, after stratification by smok-
ing habits, the preceding estimate of 0.023 increased
substantially, to 0.084. This topic is discussed further
in the section Radon and Smoking, on page 49.

Effect modification according to characteristics of
the cases and controis

Overall there was little evidence of any modification of
the effect of exposure to the TWA observed residential
radon concentration on the relative risk of lung cancer
according to the characteristics of the cases and con-
trols. The estimated excess relative risk per 100 Bg/m?
observed radon concentration was larger for the men
than for the women (table 18), but the position was re-
versed in the North American studies of residential ra-
don and lung cancer, with the excess relative risk be-
ing greater for the women than for the men (56, 74).
In neither study was the difference between the men and
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women significant statistically, and it seems likely that,
in both studies, the difference between the two sexes is
due to chance. There was little evidence that the effect
of residential radon varied with age, nor was there evi-
dence of such variation in the North American data. This
finding is in marked contrast to the results of the analy-
sis of the entire group of occupationally exposed min-
ers, among whom there was a statistically significant
trend in the excess relative risk per unit radon concen-
tration, with estimated values at ages <55, 55-64, 65~
74, and 275 years in the proportions 1.00:0.57 : 0.34:
0.28, respectively (2, 59, 63). In the miners’ studies,
persons who reached the older age groups during the
period of follow-up were likely to have started smok-
ing later in life than those who were younger at the end
of the follow-up. Thus, as no adjustment for confound-
ing by smoking was carried out in the main analyses of
the miners’ studies, there is scope for differential con-
founding with the effect of smoking in the different age
groups in the miners’ studies. An alternative explana-
tion might be differences in the accuracy of the expo-
sure assessment in the different age groups. In the min-
ers’ studies, persons who reached the older age groups
during the period of follow-up were likely to have start-
ed their exposure earlier in calendar time than the
younger persons. In most mines, the accuracy of expo-
sure assessment was lowest for the earliest calendar pe-
riods. Radon concentrations would also have been high-
est during the earliest calendar periods, and it is note-
worthy that, when the analysis of radon-exposed min-
ers was restricted to those exposed at low radon con-
centrations, there was no trend with age (excess rela-
tive risk per unit radon concentration, with estimated
values at ages <55, 55~64, 265 years, respectively, in
the proportions 1.00:0.92:1.43) (75). In contrast, in the
present study, there was a tendency for older people to
spend a greater proportion of their time indoors at home,
and, among those for whom this variable was known,
the percentages spending >75% of their time at home
were 11.1%, 15.6%, and 24.6% for those aged <55, 55-
64, and 265 years, respectively. As a consequence, the
observed radon concentrations may be a somewhat
poorer reflection of the bronchial dose due to radon and
its decay products for older persons than for younger
ones in the miners’ studies and a somewhat better re-
flection of it in the residential studies.

In the present study the estimated excess relative risk
of lung cancer per 100 Bq/m* observed radon concen-
tration was slightly higher for the ex-smokers than for
the current smokers [excess RR 0,082 (95% CI 0,003~
0.211) versus excess RR 0.070 (95% CI -0.014-0.217]
(table 18) and slightly higher again among the lifelong
nonsmokers [excess RR 0.106 (95% CI 0.003-0,280)],
although the heterogeneity between these estimates was
not statistically significant. Similarly, there was no




significant difference in the effect of radon exposure by
smoking status in the North American data. Further dis-
cussion of this issue is given in the section Radon and
Smoking, on page 49.

There was evidence that the excess refative risk per
100 Bq/m? observed radon concentration was higher
among those who had lived in a rural area for the entire
30-year period of interest than among those who had
lived in an urban area for part of the time (P=0.01) (ta-
ble 18), Residence in an urban, as opposed to a rural,
area has not been suggested as an effect modifier of ra-
don by any previous study. Furthermore, the effect was
not consistent across all of the studies. The significance
level of the effect was not extreme, and, therefore, it
may be a chance finding. Alternatively, it could reflect
some, as yet, unidentified difference in behavior be-
tween people living in urban and rural areas. The per-
sons living in rural areas tended to be exposed to high-
er radon concentrations than those living in urban are-
as, and they had moved their residence less often than
those living in urban areas, but no other specific differ-
ence could be identified,

There was also some evidence that the excess rela-
tive risk per 100 Bq/m?® observed radon concentration
was higher among those who usually slept with the bed-
room window closed rather than open (P for difference
0.03) (table 18). The apparently modifying effect of
sleeping with the bedroom window open was discussed
in the Sweden nationwide study (18). As a rule, the ra-
don conceniration decreases when a window is kept
open, sometimes by 50% to 70%. In the Sweden nation-
wide study, most of the cases and controls had slept with
their bedroom window closed. All of the lung cancer
cases and half the controls in the present study had died
by the time the radon measurements were obtained, and,
although no information on window position was ob-
tained when the measurements were made, it is likely
that most of the measurements were made with the win-
dows closed. Therefore a greater degree of exposure
misclassification would be expected for the persons who
slept with their window open. The weaker association
for those who slept with an open window might also be
explained by greater residual negative confounding, It
is likely that there is some resicdual confounding (eg,
with cigarette smoking or other lifestyle factors) in these
data, and it is possible that the confounding is stronger
for those who slept with an open window. The position
of the bedroom window at night as a possible effect
modifier was first suggested by the data from the Swe-
den nationwide study, and, when this study is excluded,
the effect is no longer significant statistically. Neither
does it remain significant when fitted simultaneously
with residence in an urban or a rural area (table 20).
Thus the evidence suggesting that it is an effect modifi-
er is not strong.
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When lifelong nonsmokers were considered sepa-
rately, there was no evidence that the effect of expo-
sure differed according to whether or not the person had
been married to a smoker (table 21). Neither was there
any evidence that the effect of residential radon differed
according (o most of the other characteristics that were
examined. The one exception was employment in an
occupation known to be associated with lung cancer in
other studies, with a larger excess relative risk of lung
cancer for those who had been employed in such an oc-
cupation, However, there was no evidence in these data
that such employment per se increased lung cancer risk
(table 23), nor that it modified the effect of residential
radon concentration when ail of the data in the Collab-
orative Analysis were considered together alter stratifi-
cation for smoking history (table 18). Furthermore, the
significance of the effect was primarily due to a deficit
of persons with low radon concentrations having such
employment. Overall, therefore, the evidence that em-
ployment in an occupation known to be associated with
a risk of fung cancer is an effect modifier is not strong.

Histological type of lung cancer

The present study provides evidence of a stronger asso-
ciation between exposure to residential radon and small-
cell lung cuncer than between radon and other histolog-
ical types of the disease, Although a central pathologi-
cal review was carried out in only three studies (Ger-
many eastern, Germany western, and United Kingdom),
several studies contributed to the finding, and it is there-
fore unlikely to be an artifact of variations in the patho-
logical classification, The result is in line with early clin-
ical and autopsy reports on highly exposed miners in the
Schneeberg region (76), where an excess of intrathorac-
ic neoplasms was identified and the tumors were classi-
fied as lymphosarcomas, with the implication that they
were mostly small-cell lung cancers. In addition, autop-
sy studies from highly exposed uranium miners in Jé-
chymov and Schneeberg in the early part of the 20th
century suggested a preponderance of small-cell lung
cancers (77, 78). More recently, histological studies of
radon-exposed uranium miners who died of lung can-
cer in the Czech Republic (79, 80), the United States
(81), and China (82) have also found that radon-induced
lung cancers are more likely to be of the small-cell type
than of other histological types.

In the United States study (81), a comparison was
made of the localization of tumors within the lung be-
tween radon-exposed miners and nonminers, and it was
found that the proportion of lung tumors and, especial-
ly, small-cell lung tumors in the central zone was great-
er for the miners than for the nonminers. Thus the
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explanation for the preponderance of small-cell lung
cancers may be the fact that radon and its decay prod-
ucts deliver the highest radiation dose to the central zone
of the lung (2). Other factors may also play a role, how-
ever, as histological studies of lung cancers in survivors
of the atomic bombings of Hiroshima and Nagasaki who
were exposed to uniform whole-body radiation, predom-
inantly from gamma rays (83), have also suggested that
radiation-induced lung cancers are more likely to be of
the small-cell type than of other histological types. For
the atomic bomb survivors, the reason for the greater
risk of small-cell tumors has not yet been resolved.

Although it had been expected a priori that small-
cell lung cancers would be more closely associated with
radon than other cell types, the lack of any appreciable
association between radon exposure and other types of
lung cancer observed in the present study was not ex-
pected. In studies of occupationally exposed miners, in-
creased risks of both squamous-cell carcinomas (81) and
adenocarcinomas (82) have been found to be associat-
ed with radon exposure. Most recently, in a large study
of miners in eastern Germany (84), the data suggested
that all cell types were associated with radon exposure,
but that high radon exposure tended to increase the pro-
portion of both small-cell and squamous-cell cancers.
A recent review has also pointed out that the histo-
logical type of lung cancer has not proved to be a
definitive indicator of radon progeny as a cause of
the lung cancer in radon-exposed underground min-
ers (2).

Effects of uncertainties in the assessment of radon
concentrations

Correction for the effects of random uncertainties in the
assessment of radon concentrations had a major impact,
with the estimated increase in relative risk per 100 Bg/m?
nearly doubling, from 0.084 to 0.16, and the width of
the associated 95% confidence interval also increasing,
from 0.030-0.158 to 0.05-0.31. Data on the degree of
variability between repeat measurements of radon gas
taken in the same dwelling on different occasions in the
same areas as the study and under approximately the
same conditions as in the study were sought from the
laboratories that had performed the radon measurements
for the 13 studies (table 30). Data were not available
for all the countries in which the studies had been car-
ried out. Nevertheless, they provide strong evidence
that there is an appreciable degree of variability between
repeated measurements in the same dwelling, and they
give an approximate estimate of its size.

Analyses of data from Germany (41), Sweden (R Falk,
personal communication), and the United Kingdom (38)
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have all shown that there is greater variability between
repeated measurements in dwellings with high radon
concentrations than in dwellings with low radon con-
centrations, but that, after logarithmic transformation,
the variability is approximately independent of the ra-
don concentration. Therefore, estimates of variability
were made after logarithmic transformation, and, in the
statistical model used for the analysis, it was assumed
that the variability was multiplicative rather than addi-
tive, The size of the variability of the repeated meas-
urements differed from one dataset to the other, and, in
particular, a much lower variability was observed in the
[talian dataset than elsewhere (table 30), The Italian data
are likely to be highly representative of the random
measurement uncertainties in the Italy case—-control
study, because they were obtained in a sample of dwell-
ings from the same area as the case~control study, and
using the same radon measurement technique and pro-
tocol, the same measurement laboratory and personnel,
and the same detector batch. The other datasets were
also likely to be reasonably representative of the ran-
dom uncertainties of the case-control studies in the
countries in which they were carried out. One possible
difference between the Italian dataset and the other da-
tasets included in table 30 is that both the building ma-
terial and the subsoil under the building may have con-
tributed to the residential radon concentration in the re-
gion where the Italy study was conducted (85), where-
as elsewhere the primary source was predominantly the
subsoil. This difference should be present also in the
corresponding case—control studies.

Although the estimates of the variability of repeat
measurements were subject to considerable uncertainty,
the estimated increase in the refative risk per 100 Bg/m?
was relatively insensitive to the precise values used,
decreasing only from 0.16 to 0.14 when the estimates
of variability were decreased by 30% and increasing
only to 0.19 when they were increased by 30% (la-
ble 31). The value of the corrected estimate obtained
using the regression calibration method was virtually
identical to those obtained using the more rigorous in-
tegrated likelihood method.

As was expected, correction for random uncertain-
ties in the assessment of radon concentrations increased
the residential radon concentrations among the persons
with low observed concentrations and decreased them
among those with high observed concentrations. As a
consequence of the assumption that the uncertainties
were multiplicative, the amount by which the high ra-
don concentrations were reduced was much greater than
the amount by which the low radon concentrations were
increased (table 33). However, the dose-response rela-
tionship remained approximately linear after correction
for uncertainties (figure 7). The effect of making separate
corrections for current cigarette smokers, ex-smokers, and




lifelong nonsmokers is discussed in the section Radon
and Smoking, on page 49, When separate corrections
were made for small-cell and other microscopically con-
firmed lung cancers, the estimated increase in refative
risk per 100 Bg/m? rose to 0.51 (95% CI 0.18~1.09) for
small-cell lung cancers, and the dose-response relation-
ship remained approximately linear (figure 9), while the
estimated risk increase remained much smaller and not
significantly different from zero for other microscopi-
cally confirmed tumors.

The preceding corrections take into account the ran-
dom uncertainties present in the assessment of residen-
tial concentrations in the case—control studies but, as the
assessment of the residential radon coneentrations was
based on measurements of radon gas made in the recent
past, it was not possible to take into account systematic
factors such as the tendency for radon concentrations
to have increased by around 30% between the 19505 and
the 1990s, as is thought to have taken place in Sweden
(86) and may also have occurred in some other coun-
tries, particularly those experiencing severe winters. It
was not possible to take this factor into account in the
present analysis, as there was too little information
available on the amount by which the radon concentra-
tions were likely to have increased in individual dwell-
ings. However, if it had been possible to take this fac-
tor into account, then it would have tended to increase
the estimated excess relative risk per unit radon concen-
tration. Recent research has led to the development of
methods to estimate the historical average radon con-
centrations to which people have been exposed, through
measurements of the surface activity on a glass object
that has been in a person’s dwellings during the entire
period of interest (87-89). Several epidemiologic stud-
ies using this technology are currently underway, and,
to date, the results of two have been published (90, 91).
Although the uncertainties associated with this method
are not yet fully understood (92, 93}, both of these stud-
ies have provided larger estimates of the excess rela-
tive risk associated with residential radon than corre-
sponding estimates using recent measurements of radon
gas concentrations.

An additional issue is the fact that, in the Collabo-
rative Analysis, risk was considered in relation to the
residential radon concentration rather than in relation to
the person’s bronchial dose from residential radon. For
a fixed residential radon concentration, defined as a
weighted average of living room and bedroom values,
as in the Collaborative Analysis, individual persens ex-
perience a range of bronchial doses depending on the
variation in the radon concentrations within the home,
the amount of time the person spends in the different
parts of the home, the amount of time the person spends
away from the home, and the radon concentrations in
the places outside the home where time is spent. If taken
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into account, it seems likely that this variation would
also tend to increase the estimated excess relative risk
per unit radon concentration (94).

Radon and smoking

As is well known, the risk of lung cancer from smok-
ing, and especially from smoking cigarettes, is substan-
tial. In the present study, there was negative confound-
ing between residential radon and smoking. The estimat-
ed increase in the relative risk of lung cancer per
100 By/m® was (0.023 when study, region, age, and sex,
but not smoking, were included in the stratification. This
value increased to 0.052 after stratification for smok-
ing in seven categorics (never-smokers, curcent cigarette
smokers of <15, 15-24, and 225 cigarettes per day, ex-
smokers of <10 years and 210 years” duration, and oth-
ers), and increased further, to 0.084, when current smok-
ers were further stratified by age at starting to smoke and
ex-smokers were stratified by amount smoked (table 9).

When the analysis based on the observed radon con-
centrations wis repeated separately for broad categories
of smokers, the estimated excess relative risk of lung
cancer per 100 Bg/m* observed radon concentration was
slightly higher for the ex-smokers than for the current
smokers (excess RR 0.082, 95% C10.003-0.211, ver-
sus excess RR 0,070, 95% CI ~0.014-0.217) (table 18),
and higher still for lifelong nonsmokers (excess RR
0,106, 95% C1 0.003-0.280). When corrections were
made for the effects of random uncertainties in the as-
sessment of radon concentrations, the estimated effect
of radon increased in all three smoking groups, and the
cotrected values were 0.10 (93% CI -0.06-0.38) for
current smokers, 0.22 (95% CI0.02-0.57) for ex-smok-
ers, and 0,20 (95% CI 0.02-0.52) for lifelong nonsmok-
ers (table 34). Thus the size of the correction for uncer-
tainties was greater for the ex-smokers and lifelong non-
smokers than for the current cigarette smokers. This re-
sult was due to the fact that the variability between the
repeated measurements of radon gas differed between
the different studies, as did the distribution of smoking
histories (table B7 in appendix B). Although the esti-
mates of the effect of radon on the relative risk of lung
cancer differed appreciably between the three main
smoking categories, the confidence intervals were so wide
that there was no formal evidence of heterogeneity be-
tween the categories, and the data are compatible with the
relative risks when the same valve is used for all three
smoking categories.

The presence of random uncertainties in the assess-
ment of residential radon concentrations means that risk
estimates based on measured radon concentrations in-
evitably underestimate the true magnitude of the risks,
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In the present study it was possible to make an approx-
imate adjustment for the effects of random uncertain-
ties, and this adjustment increased the estimated effects
of residential radon substantially. It seems certain that
there were also random errors in the assessment of
smoking habits. As there was negative confounding be-
tween smoking and radon in these data, a correction
adjusting for such uncertainties would be likely to in-
crease the estimated effect of exposure to radon still fur-
ther, particularly among current smokers, and, in prin-
ciple, it would be desirable to make such an adjustment
(41). However, there is little quantitative information
available on the nature and extent of random errors in
the reporting of smoking histories in the context of stud-
ies such as this, In addition, making such adjustments
in the context of a complex analysis would present con-
siderable technical challenges. Therefore such adjust-
ments were not attempted, nor were such adjustments
made in any of the other major studies of the joint ef-
fects of radiation and smoking.

The effect of radon exposure among persons with
different smoking histories has also been examined
among miners occupationally exposed to radon (2, 66).
For 7 of the 11 studies for which data were available,
there was some, although usually very limited, informa-
tion on smoking status. When those reported to be life-
long nonsmokers (among whom there were 64 deaths
from lung cancer) and others were considered separate-
ly, the estimated excess relative risk per unit radon con-
centration was 3.03 times higher than the correspond-
ing ratio for those who were nonsmokers. Despite the
large size of this ratio, these estimates had wide confi-
dence intervals, and the difference between them was
not statistically significant,

The effect of exposure to jonizing radiation on per-
sons with different smoking histories has recently been
examined in the life-span study of the survivors of the
atomic bombings of Hiroshima and Nagasaki (95),
where the exposures were predominantly to gamma ra-
diation. In this population there was strong evidence that
the excess relative risk per sievert varied within the cat-
egories of smoking level (P<0.01). There was a tenden-
cy for the risks relative to those of unexposed persons
with the same smoking level to decrease with an increas-
ing amount smoked, and, in the age group of 60—
70 years, the estimated excess relative risk per sievert
was 0.64 [standard error (SE) 0.45] for the nonsmokers
and 1.02 (SE 0.66), 0.10 (SE 0.14), and 0.00 (SE 0.14)
for the smokers of 1-15, 16-25 and 226 cigarettes per
day, respectively, The ex-smokers were omitted from
this analysis. When radiation exposure and smoking
were considered simultaneously for the survivors of the
atomic bombings, a multiplicative model was rejected,
but the data were consistent with an additive model (ie,
one in which the increase in the absolute risk of lung
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cancer per sievert was the same, regardless of smoking
history).

In all of the three studies referred to in the previous
paragraph, the excess relative risk per unit exposure was
lower for continuing smokers than for nonsmokers, al-
though, in the present dataset and in the studies of ra-
don-exposed miners, the difference did not reach statis-
tical significance. The consistency of the finding may
suggest that the effect of radon is, in fact, proportion-
ately somewhat greater for nonsmokers than for smok-
ers. In the present study, however, there was negative
confounding with smoking and, although it had been
taken into account as far as is possible, it seems likely
that some residual confounding with smoking remained,
particularly for current smokers, due to random errors
in the reporting of smoking histories. Thus, in the
present study, the observed differences between contin-
uing smokers and lifelong nonsmokers in the excess rel-
ative risks per unit radon concentration may also be sim-
ply a reflection of an inadequate allowance for con-
founding. Therefore, in the analyses of the joint effects
of smoking and radon presented in this publication, we
have assumed that the excess relative risk per 100 Bg/m?
is the same, regardless of smoking status.

When the implications of the risks of exposure to
residential radon, especially in the context of public
health, are considered, it is desirable to consider jointly
the effects of radon and the likely risks of lung cancer
from smoking. In the present analysis, the relative risks
of current and ex-smokers relative to that of lifelong
nonsmokers (table 3) were similar to those found in oth-
er studies carried out with these populations (31). In the
present analysis the joint effect of smoking and radon
has been estimated by assuming that the relative risk for
persons in each broad smoking category was known pre-
cisely and was equal to the relative risk that was found
for all men in that smoking category when they were
compared with lifelong nonsmokers (tables 37 and 38,
and figures 10 and 11). [A discussion of why this was
done is given under “Joint Effect of Smoking History
and Radon Exposure on Lung Cancer Risk” in the Sta-
tistical Methods section.]

For the persons in the collaborative analysis, the
mean time-weighted corrected radon concentration dur-
ing the period of interest was 90 Bq/m? for the lung can-
cer cases and 86 Bqg/m? for the controls (table 32) and
only 7.7% of them had TWA corrected radon concen-
trations of >200 Bg/m?. Thus, for the vast majority of
the persons included in this analysis, the risk of lung
cancer was determined predominantly by their smoking
history rather than by their radon exposure (figures 10
and 11). The component studies of the Collaborative
Analysis were, on the whole, carried out in high radon
areas of the countries concerned, and several studies
included only persons with low residential mobility.




Summaries of the results of the surveys of the indoor
radon concentrations that have been carried out for the
general population in different countries are given in the
reports of the United Nations Scientific Committee on
the Effects of Atomic Radiation (1). According to these
surveys, the population-weighted average indoor radon
concentration for Europe as a whole is around 60 Bg/m?,
while the worldwide average is 39 Bq/m* Thus with
respect to the general population, both in Europe and
worldwide, most people have residential radon concen-
trations that are <200 Bg/m?. At these concentrations,
for those who smoke cigarettes, a far greater reduction
in the cumulative risk of lung cancer would likely be
attained if they gave up smoking than if they reduced
the level of their radon exposure.

Quantitative comparison of the risks abserved in the
present study with those observed for underground
miners occupationally exposed to radon

In a collaborative analysis of 11 cohorts of underground
miners of uranium and other igneous rocks who were
occupationally exposed to radon, there were substantial
inverse dose-rate effects (2, 66). This finding may be
due, at least in part, to the effects of random errors in
the assessment of radon exposures among the miners,
although several other mechanisms have been postulat-
ed (2, 96). In the Collaborative Analysis of the 11 min-
er cohorts, the average exposure received by the min-
ers was 158 working level months (WLM)," received
over an average of 5.7 years (2, 66). In contrast, the
mean residential radon concentration experienced by the
populations represented in the studies included in the
Collaborative Analysis was 86 Bg/m? after correction
for uncertainties in the assessment of the radon concen-
tration. Living in a home with a radon concentration at
this level for 30 years results in an exposure of approx-
imately 10 WLM,¥ less than one tenth the average cu-
mulative exposure of the miners,
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The generally higher exposures and also the exist-
ence of inverse dose-rate effects in the miners’ data
complicate the quantitative comparison of the risks of
lung cancer between the present study and that of the
occupationally exposed miners. The most relevant com-
parison is with an analysis of a subset of the data from
the 11 studies of miners that was limited to total expo-
sures of <50 WLM (2, 75). The bronchial dose received
by such an exposure would be approximately equal to
that incurred by living in a home with a concentration
of 427 Bg/m? for 30 years. Within this group, the esti-
mated excess relative risk for those exposed at coneen-
trations below 0.5 WL was 0.0251 per WLM, which is
equivalent (o an increase in the relative risk of 0.30 per
100 Bg/m* when residential exposure over the previous
30 years is taken into consideration, while removing the
restriction to total exposures below 50 WLM suggested
an increase of 0.19 in the relative risk per 100 Bg/m?.
In a more tecent follow-up of one of the miner cohorts
in which the average cumulative exposure was only
16.5 WLM, the estimated excess relative risk per WLM
for those exposed only to concentrations lower than
1 WL was similar to that for the miners with total ex-
posures of less than 50 WLM, at 0,024 per WLM (97,

The increase in the relative risk per unit exposure
seen in the collaborative analysis of data from the
11 miner cohorts with total exposures below 50 WLM is
compatible with, although somewhat higher than, the es-
timated value of 0.16 (95% CI 0.05-0.31) per 100 Bg/m?
after correction for uncertainties in the assessment of
the radon concentrations that was obtained in the present
Coliaborative Analysis, When the two results are com-
pared, the uncertainties in them both should be borne in
mind. The uncertainties in the estimate from the present
Collaborative Analysis have already been discussed.
However, there are also substantial uncertainties for the
estimated excess relative risk from the miners® studies.
Confidence intervals have not been published for the
estimates based on the 11 cohorts of miners cited in the
previous paragraph, In addition, there was substantial het-
erogeneity between the effects of radon in the different

19 The working level (WL) is defined as any combination of the short-lived radon progeny in one liter of air that results in

the ultimate release of 1.3 x 105 MeV of potential o-particle energy. Exposure 1o this concentration for a “working
month” of 170 hours (or twice this concentration for half as long, and so forth) is defined as a working level month
(WLM).

20 This follows if it is assumed that 1 Bg/m3 at equilibrium is equivalent to (.00027 WL, that the equilibrium factor (see
below) in dwellings is 0.40, that people spend 70% of the time at home, that there are 36525 x 24 /170 =51.6
“working months” (see footnote 19) in 1 year, and that the ratio of the dose to lung celis for exposures in homes to that
for similar exposures in mines (sometimes referred to as the K-factor) is unity. Under these assumptions, living in a
home with 86 Bg/m3 for 30 years will result in 86 x 0.00027 x 0.40 x 0.70 x 51.6 x 1 x 30=10.1 WLM. (The
equilibrium factor is defined as the ratio of the equilibrium equivalent concentration of radon to the actual radon
concentration, for which the equilibrium equivalent concentration is the activity concentration of radon in equilibrium
with its short-lived progeny that has the same potential alpha energy concentration as the actual nonequilibrium
mixture.)
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miners’ studies (2, 66). It should also be borne in mind
that the effect of uncertainties in the assessment of ra-
don exposures has not been taken into account in the
main analyses of the miners” studies. In the study of a
single cohort of miners in which it was taken into ac-
count, it was found that the estimated excess relative risk
was increased by around 60% for high dose-rate expo-
sures, but was little changed for low dose-rate (0—
15 WL) exposures (98).

Concluding remarks

The Collaborative Analysis of data from 13 European
studies of the effects of residential radon on the risk of
lung cancer presents, for the first time, strong evidence
of an association between residential radon and the risk
of lung cancer after adjustment for smoking history. The
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dose-response relationship was linear with no evidence
of a threshold; it remained statistically significant even
when the analysis was limited to observed radon con-
centrations of <200 Bg/m?; and there was no evidence
that the excess relative risk per unit increase in the ra-
don concentration varied with smoking history, When
based on the observed radon concentration, the estimat-
ed excess relative risk per 100 Bg/m* was 0.084
(95% CI 0.03-0.158). However, this estimate is likely
to underestimate the true risk, as it does not take into
account the uncertainties present in the assessment of
residential radon concentrations. When an approximate
correction for the effect of such uncertainties was includ-
ed, the estimated excess relative risk per 100 Bg/m® was
0.16 (95% CI 0.05-0.31). These resulls are crucial to the
development and refinement of policies for managing
exposure to this form of natural radiation, so as to help
reduce the annual number of deaths from the most com-
mon type of fatal cancer in Europe.
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Appendix A: additional methodological information

Tahle A1. Summary of the design of each study, [See alsa the list of references at the end of appendix A]

Study

Summary of design

Austria [Oberaig-
ner et al, 2002
)

Czech Republic
[Tomé4Sek et al,
2001 (2)]

Finland nation-
wide [Auvinen
et al, 1996 (3)]

Finland southern
[Ruosteenoja et
al, 1996 (4)]

France [Baysson
2004 et al, (5)]

Germany eastern
[Wichmann et al,
1999 (6); Kreuzer
et al, 2003 (7);
Wichmann et al,
2005 (8)]

Germany
western [Wich-
mann et al, 2005
(8); Wichmann
et al, 1998 (9);
Kreienbrock

et al,2001 (10))

The study was carried out in the district of lmst in Tyrol, Austria, The cases were persons having died from lung cancer in 1970-
1992, taken from the official mortality statistics file for Austria. The controls were a random sample of decedents (excluding
persons who had died from smoking-related causes) in the same period taken from the same source, individually matched by sex,
age, and year of the decedents. Only German-speaking people for whom a next-of-kin could be found were selected for the study.
There was no review of pathological material. The index year was the year of death.

The study was based on a cohort study of the population of the Middle Bohemian Pluton. The cohort study population Included
inhabitants of the area (80 villages), who had resided there for at least 3 years (including at least 1 year after 1960), a total of

12004 people. The follow-up was from 1960 to 1999. Information on vital status and causes of death was obtained from local
authorlties and from the natlonal population registry. Smoking status was available for 206 of the 210 who diad from lung cancer
and 70% of the population as a whole. The cage~-control study comprised the 206 lung cancer cases, together with 4 controls per case
selected at random from people who wers alive al the time of death of the case and for whom smoking information was available,
matched for sex and year of birth (x5 years). There was no review of pathological materfal, For the cases, the index year was the year
of death, and for the controls it was the year of death of the matched case.

All persons residing in the same single-family house from 1 January 1967 or earlier, until the end of 1985 wers identified from the
Finnish Population Register. In this group, all of the cases of lung cancer diagnosed from 1 January 1986 through 31 March 1992
were identifled from the Finnish Cancer Register, There was no specific review of pathological material. One control matched by year
of birth and sex was Identified from the same cohort for each case, the control had to be alive at the time of the diagnosis for the
corresponding case. In the event that no information was available for the primary control another control was identified. The index
year was the year of diagnosis for the cases. For the controls it was the year of diagnosis of the matched case or, if this information
was not available, the mean year of diagnosis for the cases with the same sex and year of birth,

Nineteen rural municipalities in southern Finland with high radon levels were included in the study. All men with lung cancer diagnos-
ed in the resident population in these municipalities during 1980-1985 were identified through the Finnish Cancer Register {1980~
1982) or through hospitals in the study area with diagnostic and treatment facilities for lung cancer (1583-1985), The cases were
excluded from the study {f they were institutionalized, had migrated to the study area after 1 January 1980, had been diagnosed prior
to 1980, had a lung metastasis only secondary to another primary site, or had missing case records. There was no specific review of
pathological material. A random sammple of men resident in the study municipalities on 1 January 1980 and balanced according fo
the age distribution of the cases was drawn from the National Population Register, The controls were excluded from the study if
they were institutionalized, deceased with no next of kin, or had been diagnosed with lung cancer. A questionnaire on smoking was
sent to the remainder. Among those who replied, all current smokers were selected for the study, as wore random samples of
approximately 10% each of ex-smekers and lifelong nansmokers.The index date was Lhe year of diagnosis for the cases and the
mean year of diagnosis of the cases (1982) for the controls.

The study was undertaken in five radon-prana raglons (Auvergne, Britlany, Languedoe, Limousin and Ardennes). n sach participating
hospital where the investigation and treatment of lung cancer is carried out, all persons diagnosed with primary lung cancer during
1992-1998 and under 75 years of age on their dale of dlagnosis wera Identified by local intorviowers and interviewed wilhin 6 months
of diagnosls. Persons were efigible for the study if they had lived In the study arcas for at least 25 out of the fast 35 years, There
ware no exclusion criteria based on accupation or natfonallly, There was no specific review of pathological material. For each case,
two controls were identified from the poo! of hospital patients of the same region who satisfied the sludy residence requirements
and who had not been hospitalized for a disease strongly related to tobacce. Within each region the controls were individually
matchad to the cases for sex and age (= 5 years). In each region, attempts were made to Include patienis with a wide variety of
diseases In the hospltal controt group. The index year was the year of dlagnosis for both the cases and the controls,

Tha cases were recruited in five hospitals in Thuringia and Saxony from Qctober 1890 te Marely 1997 and were eligible if they current-
ly resided in the study area, had lived in Germany since 1965, wore aged 75 yoars or lass, had microscopically confirmed lung cancer
with no evidence of tuberculosls, could be interviewed within 3 months of he initial dlagnosis, had never worked in the SDAG (Die
Sowjetisch-Deutsche Aktiengesellschaft) Wismut uranium mining Industry, and were well enough Lo be interviewed personally.
Histological matarial was reviewed by one pathologist and cytological material by another. Histological and/or gytological material was
available for all the cases; a revlew of the histological material by one referenca pathologist and of the cytolgical material by another
was performed for 61% of the cases, Population contrals wera recruited during 1920-1997 using a two-stage process. First, a
random sample of about 30 000 people was selected from the central registration office of the former German Democratic Republic.
Then people were selected at random with frequency matehing to the cases for sax, age (six 5-year groups), and 10 matching
regions. The eligibllity criteria were similar to those for the cases.The index year was the year of interview (for the cases within

3 months of diagnosis). Exclusion criteria were as for the Germany western study.

The study was carried out In the rural areas of Fifel, Westerwald/Hunsrueck, and Upper Palalinate/Lower Bavaria and aiso In nelgh-
boring urban areas (the Incustrialized Ruhr area, Rhineland and the Saar reglon). The cases were recruited in 9 hospitals from Octo-
ber 1990 to October 1995 and were gligible if they currantly resided In the study area, had lived in Garmany since 1985, spoke
German, were aged 75 years or lgss, had microscopically confirmed lung cancer with no evidence of tuberculasis, could be Inter-
viewed within 3 months of the initial diagnosis, and had never worked in the SDAG {(Dle Sewjetisch-Dsutsche Aktiengesslischaft)
Wismut uranium mining industry. Histologlcal and/or cytological material was avaifable for all of the casas; a review of the histolo-
gical material by one reference pathologist and of the cytologicat material by another was Farformed for 75% of the cases. People
were excluded when the current address had been occupied for less than a year or when the subject had spent less than 25% of his
or her time at home. Population controls were selected at random from registers of residents or by random digit dialing, were
frequency matched to the cases for sex, age (six 5-year groups), and 13 matching regions. The eligibllity criteria were similar to
those for the cases, The index year was the year of interview (for the cases within 3 months of diagnosis).

{continued)
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Table A1. Continued.

Study

Summary of design

ltaly fBochicchio
at al, 2005
(1

Spain [Barros-
Dios et al, 2002
{12)]

Swaden nation-
wide [Pershagen
et al, 1994 (13);
Lagarde et al,
1997 {14)]

Sweden never-
smokers [La-
garde et al, 2001
(13)]

Sweden Stock-

holm [Svensson
et al, 1989 {20);
Pershagen et al,
1992 (21)]

United Kingdom
[Darby et al,
1998 (22)]

The study was based on patients admitted to one of the main hospitals of the metropolitan area of Rome during November 1993~
June 1996, The participants were Caucasians, aged at least 35 years, resident in the Lazio region for at least 25 years of the

35 years hefore the year of interview. The cases were those with a final diagnosis of lung cancer, The controls were selected from
the following wards: general surgery, orthopedics, ear, nose & throat, and general medicine. They were frequency-matched to the
cases for sex and age (5-year groups). People admitted to the hospital for conditions related to smoking or diet, including most
cancers, respiratory diseases, diabetes, and cardiovascular, digestive and renal diseases, were not included as controls, There was
no specific review of pathological material.

The study was carrled out in the Santiage de Compostela Public Health District in northwest Spain and was population-based. All of
the cases of lung cancer diagnosed in the period 1992-1994 were identified from the pathology departments of the local hospitals.
There was no specific review of pathological material for this study. The controls were selected at random from the 1991 census,
subject to frequency matching to the cases by geographic area (comarca) of current residence and sex. Exclusion criteria were

age under 35 years, current residence less than 5 years’ duration or having undergone major structural alterations recently, cases
without histological confirmation and/or undergoing occupational or therapeutic radiation, controls with respiratory tract disease or
pravious cancer, The interviews took place during the period 1992-1995 and were carried out by two speclally trained interviewers,
gither with the subject in person or, if he or she had died, with their closest surviving relative or cohabitant, The Index date was the
mean year of diagnosis of the cases (1993) for all the participants.

The study was carrled out in 109 municipalities in Sweden, of which 56 had been selected as high-radon areas and the remainder as
low-radon areas, The base population for the study included all persons 35 to 74 years of age who had lived in one of these munic-
ipalities at some time from 1 January 1980, through 31 December 1984, and who had been living in Sweden on 1 January 1947.

All of the cases of lung cancer diagnosed in the base population from 1 January 1980 through 31 December 1984 were selected
from the Swedish Cancer Register. There was no specific review of pathological material. Two control groups representing the base
population for the study were selected from the population registers of Statistics Sweden, The first control group was frequency-
matched with the case group for age and calendar year of residence in the study area. The second group was selacted according to
the same criteria used to select the first group, except that, in addition, it was frequency-matched for vital status on 1 Dacember
1986. The index year was the year of diagnosis for the cases and the frequency-matched year of selection for the controls,

Participants were recruited from five case~contro! studies carried out for other reasons. All never-smoker cases in these studies were
included provided their year of diagnosis was 1980 or later. Up to twice as many never-smoker controls were selected, matched

for birth year (within 3 years), sex, and study. Additional relevant details for each substudy follow; Study 7 [Nyberg et al, 1998
(16)]: a study of exposure to environmental tobacco smoke and lung cancer among never-smokers resident in Stockholm county.
The cases were recruited between 1 Octaber 1989 and 30 September 1995 among patients referred to the three main hospitals
treating flung cancer. About twice as many controls were selected from the population registers, frequency-matched by age group
(30~49, 5069, 270 years), sex, and hospital catchment area. Study 2 [Gustavsson et al, 2000 (17)]: never-smokers were selgct-

ed from a case—control study of air pollution and fung cancer. The cases were selected from those diagnosed between 1 January
1985 and 31 December 1990 in the Stockholm County regional cancer registry and were included if they were aged 40-75 years,
resident in Stockholm county at some time between 1 January 1985 and 31 December 1990, with no more than 5 years of residence
outside the county between 1950 and 1990. About twice as many controls were randomly selscted In 1992 from population registers
of Stockholm county for the corresponding years, frequency-matched for age at calendar-year of diagnosis. About half of the
controls were additionally frequency-matched to the cases for vital status in 1990, excluding those with a smoking-related cause of
death. Study 3 [Pershagen et al, 1995 (18)]: a study designed to assess lung cancer risk from environmental emissions from a large
smelting plant in northern Sweden recruited cases and controls from men and women who died In the Skellefted Municipality
between 1961 and 1990, excluding those who worked at the plant or as miners. Two controls per case were selected, matched for
birth year and sex. For the present study 40 never-smoking cases, 78 never-smoking controls who had died in the period 1980~
1990 were selected, Study 4 [Axelsson et al, 1996 (19)]: a case~control study of environmental factors and lung cancer was
conducted amon%people aged less than 75 years and living at the time of the study in one of 26 municipalities In Gétehorg and
Bohus county or Alvshorg county in southwest Sweden, The cases were recruited from the three local regional hospitals from
January 1989 to June 1994, The controls were selected from population registers matching for county, sex and birth data. All

49 never-smoker cases and twice as many never-smoker controls were selectad for the present study. Study 5. A case~control

-study investigated the association hetween occupational exposure and lung cancer in the county of Vésternorrland, whers many

paper and pulp mills are situated. The cases were men diagnosed with lung cancer between 1978 and 1991, as recorded in the
Umed Regional Cancer Register, who died before 1 September 1992, There was no pathologlcal review specifically for the present
study. With the controls for each study one control group was selected from the National Cause-of-death Register (excluding deaths
from suicide or jung cancer) and matched to cases an year of birth, year of death and municipality of residence at the time of
diagnosis of the matched case. A secand control group was selected from persons alive at the time of diagnosis of the case using
the national population register, matching for year of birth and municipality of residence. All 25 never-smoker cases diagnosed in
1980 or later and twice as many controls were included in the study. For all these five component studles the index year was the
year of diagnosis for the cases. For the controls it was the year of diagnosis of the case for living controls who died less than
3hyears bhefgre their matched case and the year of death for the controls who died more than 3 years before the year of diagnosis of
the matched case.

Females referred with suspected lung cancer were interviewed at all the clinical departments of pulmonary medicine and thoracic
surgery at hospitals in Stockholm county from September 1983 through December 1985. The final diagnosis was obtained from
hospital records. Those subsequently found not to have lung cancer constituted the hospital group. There was no specific review of
pathological material for this study. For each case of lung cancer a population control was randomly selscted from Stockholm
County population registers from women who were born on the same day as the case. The index year was the year of interview for
both the cases and controls.

The study was carried out in Devon and Cornwall, the two counties in Great Britain with the highest average residential radon
concentrations. People under 75 years of age who were referred with suspected (ung cancer during a 4-year period were identified
at five hospitals in Devon and Carnwall, where lung cancers are investigated and treated. They were eligible for the study if they
were current residents of Devon or Cornwall and had lived in either county for at least 20 years during the 30-year period ending

5 years previously. Only those who were ethnically white were included in the study. Pathological specimens were reviewed by one
pathologist, For each person with suspected lung cancer, a control was sought from hospital patients of the same sex, born

within & years of the case, who satisfied the study residence requirements, whose current hospital admission was for a disease not
known to be strongly associated with smoking, and who lived in the same area as the case, For each hospital two or three areas
were defined, one being the local area of the hospital and the otherés) more distant areas. A population-based group of controls was
selected and was frequency-matched to the persons with suspected |ung cancer by age, sex and county of current residence.

The index year was year of the Interview. For the cases this was always shortly after the diagnosis of lung cancer.
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Tahle A2. Summary of the radon measurement procedure for each study. [See the list of references at the end of appendix A)[L = living
room, B = hedroom, TLD = thermoluminescent dosimeter, X = bedroom occupancy as a proportion of the total time spent at home]

Study  Dwellings Detec- Type of Place  Time pericd Measurement Gomment
targeted in tors  detector formula (if >1
30 years (N) datector
Austria  Last available 2 Closed CR- 1inLl; 1year(ie,1x12 xL+(1-x)B® For measurements in previous homes,
home occupied 39 o-track 1in B months) but short- changes due to alteration of the house or
for at least detector® er (minimum different ventilation practices of the study
2 years 1 month) with members and present inhabitants were taken
seasonal ¢or- into account by a multivariate modal [Gerken
rection if concen- et at (23)]
tration high
Czech  All dwellingsin 2 Open LR- 2 most 1 year (le, Average Original measurement on radon progeny;
Re- study area 115 o-track oceupl- 1 x 12 months) conversion factor to radon gas established by
public detector® ed rooms 662 simultaneous measurements of radon
in progeny by passive track detectors and radon
houss gas by electrets
Finland  Index dwelling 1 Closed Macro-  Lor  1year - -
nation  only foll o-track B
wide detectord
Finland Al dwellings 1 Closed Macro-  Lor  Either 2 months - Winter concentrations only were adjusted for
southern occupied for at foll a-track B winter only or 2 seasonal correction [Arvela et al (24),
least 1 year during detector o months winter and Arvela (25), Castrén et al (26)]
1950-1975 2 months summer
France  All dwellings occu- 2 Open LR-115 o~ 11inL; 6 months (L+B)/2 Seasonal adjustments shown to be less than
pied for 21 year track detectore  1inB 20% [Baysson et al (27)]
Germany All dwellings 20 Closed CR- 1inl; 1year (1-x)L+xB® Ghanges In building characteristics over time
western  occupied for at 39 o-track 1inB 2 months® or differances In ventilation practice between
least 1 year in detector? the study participant and the current
previous inhabftant were taken Into account using a
25 years multivariate modse! [Gerken et al (23]
Germany Only current 20 Closed CR- 1inl; 1year (1-x)L+xB*® Changes in building characteristics over time
eastern  dwelling 39 o-track 1inB 2 monthse® or differences in ventilation practice between
considered in detector? the study participant and the current
present exercise inhabitant were taken Into account using a
multivariate model {Gerken et al (23)]
italy All dwellingsin -~ 8 Closed LR- 2x2 1year (L+B)/2 Some proxy measurements mada for apariments
study area 115 o-track InL  (comprising above ground level; proxy dwalling was always
occupied for at detector ! 2x2 2 consecutive in same building and genarally on same floor
least 1 year inB  G-month periods) as target dwelling [Bochicchio et al {28)}
Spain  Current 1 Closed o~ B 5 months on aver- -~ -
dwelling open track detectore age (minimum
3 months)
Sweden Al dwellings 2 Closed 1inL: 3 months winter  (L+B)/2 Seasonai correction of 10% [Pershagen et al
never-  occupied for at CR-39 a-track  1inB
smokers least 2 years detectorh
Sweden  All dwellings 2 Closed 1inL; 3 months winter (L+B)2 or L or B Seasonal correction of 10% [Pershagen et al
nation-  occupled for at CR-39 o-track 1inB (
wide least 2 years detectorn
Sweden Al dwellings 2 Closed LR-115  1inL; 1year(is, 1x (L+B)20rLorB Soma proxy measuraments made for apart-
Stock-  occupled for at a-track detec- 1inB 12 months ments; the proxy dwelling was always in
holm least 2 years tor! (62.7% of tha same building and on the same floor as
years of interest) the target dwalling
1 or TLD1(14.3% 1 week 2 wasks 0.9xTLD+0.44 TLD measurements transformed to o-track
of years of L, then using the regresston equation empirically
interast) 1 week derived by Svensson ot al (30)
United Al dwellingsin 2 Closed CR-39 finL 6 months 0.4x1+0.55%B Seasonal ad|ustment as In Pinel et al 1995
Kingdom study area occu- a-track 1in B (81); weights for L and B taken from
pied for at least dletactorx Wrixon et al (32).

1 year

® Manufactured by Bayer.

b Badroom occupancy was estimated individually for each dwelling from questionnaire information. If either the bedroom or the living room measurement
was missing, It was imputed from the other measuremant corrected for the systematic difference between the badroom and fiving room radon levels,

¢ Manufactured by Kodak.

d Manufactured at Finnish Centre for Radiation and Nuclear Safety.

s For houses with radon concentrations over 400 Bg/m®, as identifled by inillal spot measurement, several detectors were placed consecutively over a 1-
year period. For other houses, the detectors were left In place for 12 months,

I Manufactured by Istituto Superlore di Sanita/Itatlan Institute of Health using LR-115 bought from Dosirad, France.

v Supplied by Radiatlon Safety Services Inc, Hiinois (US Environmental Agency approved laboratory).

h Manufactured by Swedish Radiation Protection Authority [Mellander & Enflo (28)].

I Manufactured by Terradex Corporation type SF.

I Thermoluminescence detectors designed by Swedish Radiation Protection Autherity and calibrated yearly.

k Manufactured by National Radiological Protection Board, United Kingdom.
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Residential radon and lung cancer

Tahle A3. Common data format for the European Collaborative Analysis. Missing or inapplicable variables have 9 for all digits (eg, 9999
or 99.9, eic). {ID = identification number)

Variable description Variable name Codes
Constant variables
Study study 01, 02, 03, ...etc.
Status status 1=case, 2=hospital control, 3 & 4=population control
Study spegcific iD number unique
Include in analysis include 1=yes, Z=n0; na radon measurement in period 5-35 years before index date, 3=no: incomplete smok-
ing data, 4=no: neither radon nor smoking data, 5=no: diagnosis not efigible (eg, carcinoid, etc)
Interview type int_type 1=subject, 2=surrogate, 3=combination of 1 and 2
Interview method int_mtd 1=in person or by phone, 2=postal questionnaire, 3=combination of 1 and 2
Sex Sex 1=male, 2=female
Index year ind_year Last 2 digits of index year
Age in index year ind_age Integer value
Region of residence in index year  region Integer value
Histological type his_typ 1=squamous, 2=small cell, 3=adeno, 4=other (including undifferentiated and microscopically con-
firmed but histological type unspecified), 5=no microscopic confirmation, 8=control
Diagnosis of hospital controls icd 1GD9 3 digit code
Smoking category smoking 1=lifelang nonsmoker (ie, peeple whe have never smoked as much as 1 cigarette per day for as long
as a year, who have never smoked a pipe or cigars regularly, and who have smoked a lifetime total
of less than 400 cigarsttes or equivalent in other tobacco); 2=current ciarette smoker (<15 per
day); 3=current cigarette smoker (15-24 per day); 4=current cigarstte smoker (225 per day);
5=gx-smokers <10 years; 6=ex-smoker 210 years; 7=others (ie, occasional cigarette smokers and
current smokers of pipe, cigars, cigarillos but not of cigarettes)
Age started smoking cigarettes age_cig Integer value (88: lifelong nonsmoker)
Number of cigareties smoked/ aver_cig Integer value (30 grams of pipe tobacco per week assumed to have the same effect as 2 cigarettes
day during the active smoking per day) (88: lifelong nonsmaoker)
period where available; other-
wise number of cigarettes last
smoked regularly
Years prior to index date when last_cig Integer vaiue (00: current cigarette smokers, 88: lifelong nonsmokers)
fast smoked cigarettes regularly
Social status soc¢_stat Up 1o 3 levels for gach country, based either on occupation or on education
Occupational lung cancer risk (of duration at least 1 year)
Raden occ_rad 1=yes, 2= no
Asbestos occ_ash 1=yes, 2=no
Other established occupational  occ_oth 1=yes, 2=no
lung cancer risk
Average occupancy (ie, estimated aver_occ Proportion in range 0.0 to 1.0
average proportion of 24-hour
day spent at home during 30-year
period of interest)
Urban—rural Indicator u_r_ind Proportion in range 0,0 to 1.0 (0.0=rural all 30 years, 1.0=urban all 30 years)
Usually slept with the window win_open 1=yes, 2=n0
open?
Married to a smoker (lifelong ets_home 1=yes, 2=n0
nonsmokers only)
Exposed to environmental ets_work 1=yes, 2=n0
tobacco smoke at work (lifelong
nonsmokers only)
Year-by-year variables
Study study As in constant variables above
Status status As in constant variables above
Study specific 1D number unique As in constant variables above
{unigue when taken in
combination with status)
Year year 1,2,...,30 (earliest year=1)
Address add 1,2....(earliest year=1)
Annual radon gas concentration  radon_m Integer value 99999=no measurement
Bg/m3, long-term measurement
Annual raden gas concentration  radon_e integer value 99999=measurement available

Bg/m3, estimate
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Table A4. Coverage of the target population in each study. (N/A = not available) [See the list of references at the end of appendix A]

Study Lung cancer Population Hospital All
cases controls controls participants
N % N % N % N %
Austria [Oberaigner et al, 2002 (1)]
Persons initially selected 355 432 - 787
Found not to belong to target population 14 17 - 31
Persons belonging to target population 341 415 - 756
Included in Collaboratlve Analysis 183 . 188 . - 371 .
Coverage of target population - 54 - 45 - - 49
Czech Republic [Toméa3ek et al, 2001 (2)]
Persons Initially selected 210 12 004 - -
Found not to belong to target population - - - -
Persons belonging to target pepulation 210 12 004 - -
Included in Collaborative Analysis 1 . 7138 . - 884 :
Coverage of target population - 81 - 704 - - 72
Fintand nationwide [Auvinen et al, 1996 (3)]
Persons initially selected 2563 3354 - 5917
Found not to belong to target population 8 . - 8
Persons belonging to target population 2557 3354 - 5911
Inciuded in Collaborative Analysis 881 . 1435 . 2316 .
Coverage of target population - 34 - 43 - 39
Finland southern [Ruosteenoja et al, 1996 (4)]
Persons initially selected 318 1500 - 1818
Found not to belong to target population 29 9180 - 947
Persons belonging to target population 289 582 - 871
Included in Collaborative Analysis 160 328 . - 488 .
Coverage of targst population - 55 - 56 - - 56
France [Baysson et al, 2004 (5)]
Persons initially selected 688 - 1428 2116
Found not to belong to target population 0 - 0 0
Persons belonging to target population 688 - 1428 2116
Included in Collaborative Analysis 571 . - 1208 . 1780 .
Coverage of target population - 83 - . - 85 - 84
Germany eastern [Wichmann et al, 1999 (8); Kreuzer et al, 2003 (7); Wichmann et al, 2005 (8]
Parsons initlally selected 3 960 5192 - 9152
Found not to belong to target population 1384 954 2338
Parsons belonging to target population 2576 4 238 - 6814
Included in Gollaborative Analysis 1788¢ 1927¢ 3 716¢ .
Coverage of target population - 69 - 45 - - 55
Germany western [Wichmann et al, 2005 (8); Wichmann et al, 1998 (9); Krelenbrock et al, 2001 {(10}]
Persons initially selected 4 307 12 825 . 17132
Found not to helong to targst population 1322 4 684 6 006
Parsons belonging to target population 2985 8141 - 11126
Included in Collaborative Analysls 2 294¢ 2488¢ . - 4872¢ .
Goverage of target population - 77 - 31 - - 43
Italy [Bochicchio et al, 2005 (11)]
Persons initially selected 918 589 1517
Found not to belong to target population 248 - 248
Persons belonging to target population 670 - 599 1269
Included in Collaborative Analysis 384 ) - 405 789 .
Caverage of target population - 57 - - 68 - 62
Spain [Barros-Dios et al, 2002 (12)]
Persons initially selected 257 500 - 757
Found not to belong to target population 25 109 - 134
Persons belonging to target population 232 391 - 623
Included in Collaborative Analysis 156 . 235 . - 391 .
Coverage of target population - 67 - 60 - - 63
Sweden nationwide [Pershagen et al, 1994 (13); Lagarde et al, 1997 (14)]
Persons initally selected 1 500 1600¢ 1500 ¢ 4 500
Found not to belong to target population 140 76 77 293
Persons balonging to target population 1 360 1424 1423 4207
Included in Collaborative Analysis 960 978 1067 3005 ,
Coverage of target population - 71 - 69 - 75 - 71
(continued)
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Tahle A4 Continued.
Study Lung cancer Population Hospital All
£ases controls controls participants
N % N % N % N %
Sweden never-smokers [Lagarde et al, 2001 (15)]
Persons initially selected N/Ae . N/Ae . - . N/A®
Found not to belong to target population N/A® . N/A® . - . N/A®
Persons belonging to target population N/Ae . N/Ae . - . N/Ae
Included in Collaborative Analysis 258 . 487 . - . 745 .
Coverage of target population -~ N/Ae - N/Ae - . - N/A®
Sweden Stockholm [Svensson et al, 1989 (20); Pershagen et al, 1992 (21)]
Persons initially selected N/A! . 242 . N/At . N/AT
Found not to belong to target population 4 . 0 . 0 . 4
Persons belonging to target population N/A! . 242 . N/A! . N/AY
Included in Gollaborative Analysis 196 . 196 . 179 . 571 .
Coverage of target population -~ N/A - 81 - N/At - N/A!
United Kingdom [Darby et al, 1998 (22)]
Persons initially selected 2 959 . 5223 . 2401 . 10 583
Found not to belong to target population 16099 . 2939 . 919 . 5150
Persons belonging to target population 1350 . 2 284 . 17999 . 5433
Included in Collaborative Analysis 960 - 1477 . 1649 . 4086 .
Goverage of target population - 71 - 65 - 92 - 75

2 |n the Czech Republic study, the original study was a cohort study. The controls were selected from the 70% of the population for whom smoking
information was available.

b Includes 825 people who responded to the initial smoking questionnaire but who were not selected.

s The number of persons after exclusions during the analysis in the Germany eastern study was 945 for the lung cancer cases, 1516 for the population
controls, and 2461 for all the participants; and in the Germany western study the corresponding numbers were 1323, 2146 and 3468, respectively.

d | the Sweden nationwide study both control groups were population based, The first was matched for vital status and the second was not.

¢ Participation rates among the never-smokers in the five component studies were: study 1: 85.5% of cases of lung cancer, 82.9% of controls of those
screened for never-smoking status (6.1% of the controls were potentially eligible as never-smokers could not be contacted, even for screening for never-
smoking status). Study 2: cases 87%, controls matched for vital status 82%, controls not matched for vital status 88%. Study 3: cases 94%, cantrols
about 93%. Study 4 cases 86%, controls 75%. Study 5: cases 88%, controls 84% [Lagarde et al (15)]. A further 13 persons with lung cancer and 40
controls were excluded from the analysis as no radon measurement was available during the period of interest.

tt was not possible to interview 2.9% of the cases of suspected lung cancer referred to the relevant clinical departments. Cases of suspected lung cancer
whose final diagnosis was not lung cancer formed the hospital control group.

o In the United Kingdom Southwest England study 317 persons were initially referred with suspected lung cancer but had a final diagnosls that was a
disease that was not strongly related to smoking. These were transferred to the hospital control group.

Tahle A5. Smoothed lung cancer death rates per 105 person-
years for lifelong nonsmokers during years 3-6 (1984-1988) of
the second cancer prevention study of the American Cancer So-
ciety. Data based on study by Peto et al (33).

Age Rate per 105 years
Males Females

35-39 years 2 2
40-44 years 3 3
45-49 years 5 4
50-54 years 7 7
55-59 years 10 10
60~64 years 14 14
65~69 years 20 19
70~74 years 27 26
75~79 years 35 34
>80 years 46 44
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