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Overall results 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 measurements (table 13).

The estimated excess relative risk of lung cancer of
0.084 (95% CI 0.030–0.158) per 100 Bq/m3 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 Bq/m3, 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 European study are also consistent with those
of a recent study carried out in Gansu, China (57), which

found an excess relative risk of 0.19 (95% CI 0.05–0.47)
per 100 Bq/m3 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 Bq/m3 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 lung 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 Bq/m3.
However, there was no suggestion of such an effect in
the Collaborative Analysis of individual data.

Shape of the dose–response, evidence at <200 Bq/m3

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

Discussion

darby.pmd 9.2.2006, 16:2844



Darby et al

Scand J Work Environ Health 2006, vol 32, suppl 1 45

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 ef-
fect of exposure to radon at low concentrations, which
has sometimes been postulated (70), nor of a threshold,
and, indeed, postulated thresholds of >150 Bq/m3 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 association remained statisti-
cally significant even when only the persons with ra-
don concentrations of <200 Bq/m3 were considered. The
estimated excess relative risk of lung cancer per
100 Bq/m3 when only the persons with observed radon
concentrations of <200 Bq/m3 were considered was
0.140 (95% CI 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 concentrations 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 Bq/m3.
[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

amount of data available was sufficient to 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, 15–24, 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 data set, an estimate
of the excess relative risk per 100 Bq/m3 weighting these
three periods in proportions of 1.00 : 0.75 : 0.50 is iden-
tical to the estimate derived by giving equal weights to
every year in the 30-year period ending 5 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 varied 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 correlated (correlations be-
tween exposures in periods 5–14 & 15–24 years: 0.94;
5–14 & 25–34 years: 0.85; 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 5–19 and 20–34 years previously has recently
been carried out in the Czech Republic cohort study
from which the Czech Republic 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-
vals associated with both estimates were very wide [es-
timated excess relative risks per 1000 Bq/m3 a: 0.045
(90% CI 0.000–0.153) 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 Bq/m3, slightly lower than the corre-
sponding value for the controls, which was 105 Bq/m3,
and this finding is reflected in the slight negative trend
in the risk of lung 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 calcu-
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 Bq/m3; 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 Bq/m3 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 controls

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 Bq/m3

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

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 ≥75 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, ≥65 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 ≥65 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/m3 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
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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 relative risk per
100 Bq/m3 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/m3 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 concentration 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 residual 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.

 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 to 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 all of the data in the Collab-
orative Analysis were considered together after 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 lung 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 cancer 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 Já-
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 Bq/m3

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)

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
Italian 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 relative risk per 100 Bq/m3

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% (ta-
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
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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 relative
risk per 100 Bq/m3 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 concentrations 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 1950s 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 persons 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

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 Bq/m3 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 categories (never-smokers, current cigarette
smokers of <15, 15–24, and ≥25 cigarettes per day, ex-
smokers of <10 years and ≥10 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 was repeated separately for broad categories
of smokers, the estimated excess relative risk of lung
cancer per 100 Bq/m3 observed radon concentration was
slightly higher for the ex-smokers than for the current
smokers (excess RR 0.082, 95% CI 0.003–0.211, 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% CI 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
corrected values were 0.10 (95% CI –0.06–0.38) for
current smokers, 0.22 (95% CI 0.02–0.57) 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 value 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 ionizing 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 ≥26 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

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 Bq/m3

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/m3 for the lung can-
cer cases and 86 Bq/m3 for the controls (table 32) and
only 7.7% of them had TWA corrected radon concen-
trations of >200 Bq/m3. 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.
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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 Bq/m3,
while the worldwide average is 39 Bq/m3. Thus with
respect to the general population, both in Europe and
worldwide, most people have residential radon concen-
trations that are <200 Bq/m3. 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 observed 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),19 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 Bq/m3 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,20 less than one tenth the average cu-
mulative exposure of the miners.

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 Bq/m3 for 30 years. Within this group, the esti-
mated excess relative risk for those exposed at concen-
trations below 0.5 WL was 0.0251 per WLM, which is
equivalent to an increase in the relative risk of 0.30 per
100 Bq/m3 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 Bq/m3.
In a more recent follow-up of one of the miner cohorts
in which the average cumulative exposure was only
36.5 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 Bq/m3

after correction for uncertainties in the assessment of
the radon concentrations that was obtained in the present
Collaborative 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 α-particle energy. Exposure to 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 Bq/m3 at equilibrium is equivalent to 0.00027 WL, that the equilibrium factor (see
below) in dwellings is 0.40, that people spend 70% of the time at home, that there are 365.25 × 24 / 170 = 51.6
“working months” (see footnote 19) in 1 year, and that the ratio of the dose to lung cells 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 Bq/m3 for 30 years will result in 86 × 0.00027 × 0.40 × 0.70 × 51.6 × 1 × 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

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 Bq/m3; 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 Bq/m3 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 Bq/m3 was
0.16 (95% CI 0.05–0.31). These results 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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Table A1. Summary of the design of each study. [See also the list of references at the end of appendix A]

Study Summary of design

Austria [Oberaig- The study was carried out in the district of Imst in Tyrol, Austria. The cases were persons having died from lung cancer in 1970–
ner et al, 2002 1992, taken from the official mortality statistics file for Austria. The controls were a random sample of decedents (excluding
(1)] 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.

Czech Republic The study was based on a cohort study of the population of the Middle Bohemian Pluton. The cohort study population included
[Tomášek et al, 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
2001 (2)] 12 004 people. The follow-up was from 1960 to 1999. Information on vital status and causes of death was obtained from local

authorities and from the national population registry. Smoking status was available for 206 of the 210 who died from lung cancer
and 70% of the population as a whole. The case–control study comprised the 206 lung cancer cases, together with 4 controls per case
selected at random from people who were alive at the time of death of the case and for whom smoking information was available,
matched for sex and year of birth (±5 years). There was no review of pathological material. 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.

Finland nation- All persons residing in the same single-family house from 1 January 1967 or earlier, until the end of 1985 were identified from the
wide [Auvinen Finnish Population Register. In this group, all of the cases of lung cancer diagnosed from 1 January 1986 through 31 March 1992
et al, 1996 (3)] were identified 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.

Finland southern Nineteen rural municipalities in southern Finland with high radon levels were included in the study. All men with lung cancer diagnos-
[Ruosteenoja et ed in the resident population in these municipalities during 1980–1985 were identified through the Finnish Cancer Register (1980–
al, 1996 (4)] 1982) or through hospitals in the study area with diagnostic and treatment facilities for lung cancer (1983–1985). The cases were

excluded from the study if 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 sample of men resident in the study municipalities on 1 January 1980 and balanced according to
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 were random samples of
approximately 10% each of ex-smokers and lifelong nonsmokers.The index date was the year of diagnosis for the cases and the
mean year of diagnosis of the cases (1982) for the controls.

France [Baysson The study was undertaken in five radon-prone regions (Auvergne, Brittany, Languedoc, Limousin and Ardennes). In each participating
2004 et al, (5)] 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 date of diagnosis were identified by local interviewers and interviewed within 6 months
of diagnosis. Persons were eligible for the study if they had lived in the study areas for at least 25 out of the last 35 years. There
were no exclusion criteria based on occupation or nationality. There was no specific review of pathological material. For each case,
two controls were identified from the pool of hospital patients of the same region who satisfied the study residence requirements
and who had not been hospitalized for a disease strongly related to tobacco. Within each region the controls were individually
matched to the cases for sex and age (± 5 years). In each region, attempts were made to include patients with a wide variety of
diseases in the hospital control group. The index year was the year of diagnosis for both the cases and the controls.

Germany eastern The cases were recruited in five hospitals in Thuringia and Saxony from October 1990 to March 1997 and were eligible if they current-
[Wichmann et al, ly resided in the study area, had lived in Germany since 1965, were aged 75 years or less, had microscopically confirmed lung cancer
1999 (6); Kreuzer with no evidence of tuberculosis, could be interviewed within 3 months of the initial diagnosis, had never worked in the SDAG (Die
et al, 2003 (7); Sowjetisch-Deutsche Aktiengesellschaft) Wismut uranium mining industry, and were well enough to be interviewed personally.
Wichmann et al, Histological material was reviewed by one pathologist and cytological material by another. Histological and/or cytological material was
2005 (8)] available for all the cases; a review of the histological material by one reference pathologist and of the cytolgical material by another

was performed for 61% of the cases. Population controls were recruited during 1990–1997 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 matching to the cases for sex, age (six 5-year groups), and 10 matching
regions. The eligibility 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.

Germany The study was carried out in the rural areas of Eifel, Westerwald/Hunsrueck, and Upper Palatinate/Lower Bavaria and also in neigh-
western [Wich- boring urban areas (the industrialized Ruhr area, Rhineland and the Saar region). The cases were recruited in 9 hospitals from Octo-
mann et al, 2005 ber 1990 to October 1995 and were eligible if they currently resided in the study area, had lived in Germany since 1965, spoke
(8); Wichmann German, were aged 75 years or less, had microscopically confirmed lung cancer with no evidence of tuberculosis, could be inter-
et al, 1998 (9); viewed within 3 months of the initial diagnosis, and had never worked in the SDAG (Die Sowjetisch-Deutsche Aktiengesellschaft)
Kreienbrock Wismut uranium mining industry. Histological and/or cytological material was available for all of the cases; a review of the histolo-
et al,2001 (10)] gical material by one reference pathologist and of the cytological material by another was performed 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 eligibility 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)

Appendix A: additional methodological information

darby.pmd 9.2.2006, 16:2857



Residential radon and lung cancer

58 Scand J Work Environ Health 2006, vol 32, suppl 1

Table A1. Continued.

Study Summary of design

Italy [Bochicchio The study was based on patients admitted to one of the main hospitals of the metropolitan area of Rome during November 1993–
et al, 2005 June 1996. The participants were Caucasians, aged at least 35 years, resident in the Lazio region for at least 25 years of the
(11)] 35 years before 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.

Spain [Barros- The study was carried out in the Santiago de Compostela Public Health District in northwest Spain and was population-based. All of
Dios et al, 2002 the cases of lung cancer diagnosed in the period 1992–1994 were identified from the pathology departments of the local hospitals.
(12)] 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
previous cancer. The interviews took place during the period 1992–1995 and were carried out by two specially trained interviewers,
either 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.

Sweden nation- The study was carried out in 109 municipalities in Sweden, of which 56 had been selected as high-radon areas and the remainder as
wide [Pershagen 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-
et al, 1994 (13); ipalities at some time from 1 January 1980, through 31 December 1984, and who had been living in Sweden on 1 January 1947.
Lagarde et al, All of the cases of lung cancer diagnosed in the base population from 1 January 1980 through 31 December 1984 were selected
1997 (14)] 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 selected according to
the same criteria used to select the first group, except that, in addition, it was frequency-matched for vital status on 1 December
1986. The index year was the year of diagnosis for the cases and the frequency-matched year of selection for the controls.

Sweden never- Participants were recruited from five case–control studies carried out for other reasons. All never-smoker cases in these studies were
smokers [La- included provided their year of diagnosis was 1980 or later. Up to twice as many never-smoker controls were selected, matched
garde et al, 2001 for birth year (within 3 years), sex, and study. Additional relevant details for each substudy follow: Study 1 [Nyberg et al, 1998
(15)] (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 October 1989 and 30 September 1995 among patients referred to the three main hospitals
treating lung cancer. About twice as many controls were selected from the population registers, frequency-matched by age group
(30–49, 50–69, ≥70 years), sex, and hospital catchment area. Study 2 [Gustavsson et al, 2000 (17)]: never-smokers were select-
ed from a case–control study of air pollution and lung 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 selected 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 Skellefteå 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 among people aged less than 75 years and living at the time of the study in one of 26 municipalities in Göteborg and
Bohus county or Ålvsborg 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 date. All
49 never-smoker cases and twice as many never-smoker controls were selected for the present study. Study 5: A case–control
study investigated the association between occupational exposure and lung cancer in the county of Västernorrland, where many
paper and pulp mills are situated. The cases were men diagnosed with lung cancer between 1978 and 1991, as recorded in the
Umeå Regional Cancer Register, who died before 1 September 1992. There was no pathological 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 lung cancer) and matched to cases on year of birth, year of death and municipality of residence at the time of
diagnosis of the matched case. A second 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 studies 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
3 years before 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.

Sweden Stock- Females referred with suspected lung cancer were interviewed at all the clinical departments of pulmonary medicine and thoracic
holm [Svensson surgery at hospitals in Stockholm county from September 1983 through December 1985. The final diagnosis was obtained from
et al, 1989 (20); hospital records. Those subsequently found not to have lung cancer constituted the hospital group. There was no specific review of
Pershagen et al, pathological material for this study. For each case of lung cancer a population control was randomly selected from Stockholm
1992 (21)] 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.
United Kingdom The study was carried out in Devon and Cornwall, the two counties in Great Britain with the highest average residential radon
[Darby et al, concentrations. People under 75 years of age who were referred with suspected lung cancer during a 4-year period were identified
1998 (22)] at five hospitals in Devon and Cornwall, 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 5 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 other(s) more distant areas. A population-based group of controls was
selected and was frequency-matched to the persons with suspected lung 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.

darby.pmd 9.2.2006, 16:2858



Darby et al

Scand J Work Environ Health 2006, vol 32, suppl 1 59

Table 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 = bedroom, TLD = thermoluminescent dosimeter, x = bedroom occupancy as a proportion of the total time spent at home]

Study Dwellings Detec- Type of Place Time period Measurement Comment
targeted in tors detector formula (if >1
30 years (N) detector

Austria Last available 2 Closed CR- 1 in L; 1 year (ie, 1 x 12 xL+(1–x)B b For measurements in previous homes,
home occupied 39 α-track 1 in B months) but short- changes due to alteration of the house or
for at least detector a er (minimum different ventilation practices of the study
2 years 1 month) with members and present inhabitants were taken

seasonal cor- into account by a multivariate model [Gerken
rection if concen- et al (23)]
tration high

Czech All dwellings in 2 Open LR- 2 most 1 year (ie, Average Original measurement on radon progeny;
Re- study area 115 α-track occupi- 1 × 12 months) conversion factor to radon gas established by
public detector c ed rooms 652 simultaneous measurements of radon

in progeny by passive track detectors and radon
house gas by electrets

Finland Index dwelling 1 Closed Macro- L or 1 year – –
nation only foil α-track B
wide detector d

Finland All dwellings 1 Closed Macro- L or Either 2 months – Winter concentrations only were adjusted for
southern occupied for at foil α-track B winter only or 2 seasonal correction [Arvela et al (24),

least 1 year during detector d months winter and Arvela (25), Castrén et al (26)]
1950–1975 2 months summer

France All dwellings occu- 2 Open LR-115  α- 1 in L; 6 months (L+B)/2 Seasonal adjustments shown to be less than
pied for ≥1 year track detector c 1 in B 20% [Baysson et al (27)]

Germany All dwellings 2 e Closed CR- 1 in L; 1 year (1–x)L+xB b Changes in building characteristics over time
western occupied for at 39 α-track 1 in B ±2 months e or differences in ventilation practice between

least 1 year in detector a the study participant and the current
previous inhabitant were taken into account using a
25 years multivariate model [Gerken et al (23)]

Germany Only current 2 e Closed CR- 1 in L; 1 year (1–x)L+xB b Changes in building characteristics over time
eastern dwelling 39 α-track 1 in B ±2 months e or differences in ventilation practice between

considered in detector a the study participant and the current
present exercise inhabitant were taken into account using a

multivariate model [Gerken et al (23)]
Italy All dwellings in 8 Closed LR- 2 x 2 1 year (L+B)/2 Some proxy measurements made for apartments

study area 115 α-track in L; (comprising above ground level; proxy dwelling was always
occupied for at detector f 2 x 2 2 consecutive in same building and generally on same floor
least 1 year in B 6-month periods) as target dwelling [Bochicchio et al (28)]

Spain Current 1 Closed α- B 5 months on aver- – –
dwelling open track detector g age (minimum

3 months)
Sweden All dwellings 2 Closed 1 in L; 3 months winter (L+B)/2 Seasonal correction of 10% [Pershagen et al
never- occupied for at CR-39 α-track 1 in B (13)]
smokers least 2 years detector h

Sweden All dwellings 2 Closed 1 in L; 3 months winter (L+B)/2 or L or B Seasonal correction of 10% [Pershagen et al
nation- occupied for at CR-39 α-track 1 in B (13)]
wide least 2 years detector h

Sweden All dwellings 2 Closed LR-115 1 in L; 1 year (ie, 1 × (L + B)/2or L or B Some proxy measurements made for apart-
Stock- occupied for at α-track detec- 1 in B 12 months ments; the proxy dwelling was always in
holm least 2 years tor i (62.7% of the same building and on the same floor as

years of interest) the target dwelling
1 or TLD j (14.3% 1 week 2 weeks 0.9×TLD+0.44 TLD measurements transformed to α-track

of years of L, then using the regression equation empirically
interest) 1 week derived by Svensson et al (30)

B
United All dwellings in 2 Closed CR-39 1 in L 6 months 0.4×L+0.55×B Seasonal adjustment as in Pinel et al 1995
Kingdom study area occu- α-track 1 in B (31); weights for L and B taken from

pied for at least detector k Wrixon et al (32).
1 year

a Manufactured by Bayer.
b Bedroom 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 measurement corrected for the systematic difference between the bedroom and living room radon levels.
c Manufactured by Kodak.
d Manufactured at Finnish Centre for Radiation and Nuclear Safety.
e For houses with radon concentrations over 400 Bq/m3, as identified by initial spot measurement, several detectors were placed consecutively over a 1-

year period. For other houses, the detectors were left in place for 12 months.
f Manufactured by Istituto Superiore di Sanita/Italian Institute of Health using LR-115 bought from Dosirad, France.
g Supplied by Radiation Safety Services Inc, Illinois (US Environmental Agency approved laboratory).
h Manufactured by Swedish Radiation Protection Authority [Mellander & Enflo (29)].
i Manufactured by Terradex Corporation type SF.
j Thermoluminescence detectors designed by Swedish Radiation Protection Authority and calibrated yearly.
k Manufactured by National Radiological Protection Board, United Kingdom.

darby.pmd 9.2.2006, 16:2859



Residential radon and lung cancer

60 Scand J Work Environ Health 2006, vol 32, suppl 1

Table A3. Common data format for the European Collaborative Analysis. Missing or inapplicable variables have 9 for all digits (eg, 9999
or 99.9, etc). (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 specific ID number unique
Include in analysis include 1=yes, 2=no: no 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 eligible (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 ICD9 3 digit code
Smoking category smoking 1=lifelong nonsmoker (ie, people who 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 cigarettes or equivalent in other tobacco); 2=current cigarette smoker (<15 per
day); 3=current cigarette smoker (15–24 per day); 4=current cigarette smoker (≥25 per day);
5=ex-smokers <10 years; 6=ex-smoker ≥10 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 cigarettes 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 nonsmoker)
period where available; other-
wise number of cigarettes last
smoked regularly
Years prior to index date when last_cig Integer value (00: current cigarette smokers, 88: lifelong nonsmokers)
last smoked cigarettes regularly
Social status soc_stat Up to 3 levels for each country, based either on occupation or on education
Occupational lung cancer risk (of duration at least 1 year)

Radon occ_rad 1=yes, 2= no
Asbestos occ_asb 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=no
open?
Married to a smoker (lifelong ets_home 1=yes, 2=no
nonsmokers only)
Exposed to environmental ets_work 1=yes, 2=no
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 ID number unique As in constant variables  above
(unique 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
Bq/m3, long-term measurement
Annual radon gas concentration radon_e integer value 99999=measurement available
Bq/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 Collaborative Analysis 183 . 188 . – . 371 ·
Coverage of target population – 54 – 45 – . – 49

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

Persons initially selected 210 . 12 004 . – . – ·
Found not to belong to target population – . – . – . – .
Persons belonging to target population 210 . 12 004 . – . – .
Included in Collaborative Analysis 171 . 713 a . – . 884 ·
Coverage of target population – 81 – 70 a – . – 72

Finland nationwide [Auvinen et al, 1996 (3)]

Persons initially selected 2563 . 3 354 . – . 5 917 .
Found not to belong to target population 6 . . . – . 6 .
Persons belonging to target population 2557 . 3 354 . – . 5 911 .
Included in Collaborative Analysis 881 . 1 435 . – . 2 316 .
Coverage of target population – 34 – 43 – . – 39

Finland southern [Ruosteenoja et al, 1996 (4)]
Persons initially selected 318 . 1 500 . – . 1 818 .
Found not to belong to target population 29 . 918 b . – . 947 .
Persons belonging to target population 289 . 582 . – . 871 .
Included in Collaborative Analysis 160 . 328 . – . 488 .
Coverage of target population – 55 – 56 – . – 56

France [Baysson et al, 2004 (5)]

Persons initially selected 688 . – . 1428 . 2 116 .
Found not to belong to target population 0 . – . 0 . 0 .
Persons belonging to target population 688 . – . 1428 . 2 116 .
Included in Collaborative Analysis 571 . – . 1209 . 1 780 .
Coverage of target population – 83 – . – 85 – 84

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

Persons initially selected 3 960 . 5 192 . – . 9 152 .
Found not to belong to target population 1 384 . 954 . – . 2 338 .
Persons belonging to target population 2 576 . 4 238 . – . 6 814 .
Included in Collaborative Analysis 1 788 c . 1 927 c . – . 3 715 c .
Coverage of target population – 69 – 45 – . – 55

Germany western [Wichmann et al, 2005 (8); Wichmann et al, 1998 (9); Kreienbrock et al, 2001 (10)]
Persons initially selected 4 307 . 12 825 . – . 17 132 .
Found not to belong to target population 1 322 . 4 684 . – . 6 006 .
Persons belonging to target population 2 985 . 8 141 . – . 11 126 .
Included in Collaborative Analysis 2 294 c . 2 488 c . – . 4 872 c .
Coverage of target population – 77 – 31 – . – 43

Italy [Bochicchio et al, 2005 (11)]

Persons initially selected 918 . – . 599 . 1 517 .
Found not to belong to target population 248 . – . – . 248 .
Persons belonging to target population 670 . – . 599 . 1 269 .
Included in Collaborative Analysis 384 . – . 405 . 789 .
Coverage 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 initially selected 1 500 . 1 500 d . 1500 d . 4 500 .
Found not to belong to target population 140 . 76 . 77 . 293 .
Persons belonging to target population 1 360 . 1 424 . 1423 . 4 207 .
Included in Collaborative Analysis 960 . 978 . 1067 . 3 005 .
Coverage of target population – 71 – 69 – 75 – 71

(continued)
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Table A4 Continued.

Study Lung cancer Population Hospital All
cases controls controls participants

N % N % N % N %

Sweden never-smokers [Lagarde et al, 2001 (15)]
Persons initially selected N/A e · N/A e . – . N/A e .
Found not to belong to target population N/A e · N/A e . – . N/A e .
Persons belonging to target population N/A e · N/A e . – . N/A e .
Included in Collaborative Analysis 258 · 487 . – · 745 ·
Coverage of target population – N/A e – N/A e – · – N/A e

Sweden Stockholm [Svensson et al, 1989 (20); Pershagen et al, 1992 (21)]
Persons initially selected N/A f · 242 · N/A f · N/A f ·
Found not to belong to target population 4 · 0 · 0 · 4 ·
Persons belonging to target population N/A f · 242 · N/A f · N/A f ·
Included in Collaborative Analysis 196 · 196 · 179 · 571 ·
Coverage of target population – N/A f – 81 – N/A f – N/A f

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

Persons initially selected 2 959 · 5 223 · 2401 · 10 583 ·
Found not to belong to target population 1 609 g · 2 939 · 919 · 5 150 ·
Persons belonging to target population 1 350 · 2 284 · 1799 g · 5 433 ·
Included in Collaborative Analysis 960 · 1 477 · 1649 · 4 086 ·
Coverage of target population – 71 – 65 – 92 – 75

a In 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.
c 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 3469, respectively.
d In the Sweden nationwide study both control groups were population based. The first was matched for vital status and the second was not.
e 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%, controls
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.

f It 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.

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

Table 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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Appendix B: characteristics of the cases and controls

Table B2. Numbers of persons by case-control status, study, and
interview method.

Study Interview method

Cases Controls

 In person/ By Both In person/ By Both
by phone mail by phone mail

Austria 183 · · 188 · ·
Czech Republic 171 · · 713 · ·
Finland nation- · 881 · · 1435 ·
wide
Finland southern 159 1 · 325 3 ·
France 571 · · 1 209 · ·
Germany eastern 945 · · 1516 · ·
Germany western 1323 · · 2146 · ·
Italy 384 · · 405 · ·
Spain 156 · · 235 · ·
Sweden · 960 · · 2045 ·
nationwide
Sweden never- 184 60 14 352 112 23
smokers
Sweden 196 · · 375 · ·
Stockholm
United Kingdom 960 · · 3126 · ·

Total 5232 1902 14 10 590 3595 23

Table B3. Numbers of persons by case-control status and age at
index date.

Age at index date Cases Controls Total

20–24 years 1 2 3
25–29 years 3 4 7
30–34 years 13 47 60
35–39 years 69 178 247
40–44 years 136 357 493
45–49 years 306 717 1 023
50–54 years 572 1 277 1 849
55–59 years 1013 2 054 3 067
60–64 years 1493 2 764 4 257
65–69 years 1652 3 203 4 855
70–74 years 1399 2 686 4 085
75–79 years 319 634 953
80–84 years 130 205 335
85–89 years 40 70 110
90–94 years 2 7 9
95–99 years  · 3 3

Total 7148 14 208 21 356

Table B1. Numbers of persons by case-control status, study, and
interview type.

Study Interview type

Cases Controls

Subject Surro- Not Subject Surro- Not
gate known gate known

Austria · 183 · · 188 ·

Czech Republic 43 128 · 376 337 ·

Finland nation- 157 724 · 1286 149 ·
wide

Finland southern 24 136 · 274 54 ·

France 571 · · 1 209 · ·

Germany eastern 945 · · 1516 · ·

Germany western 1323 · · 2146 · ·

Italy 384 · · 405 · ·

Spain a · · 156 · · 235

Sweden 85 875 · 981 1064 ·
nationwide

Sweden never- 169 89 · 371 116 ·
smokers
Sweden 196 · · 375 · ·
Stockholm

United Kingdom 960 · · 3126 · ·

Total 4857 2135 156 12 065 1908 235

a Spain study included both participant and surrogate interviews.
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Table B4. Numbers of persons by case-control status, study, and social status. In the analysis, social status was assumed to be
unknown in the Austrian study, as nearly all persons were in the same category.

Study Social status

Cases Controls

Lower Intermediate Higher Not known Lower Intermediate Higher Not known

Austria 178 1 1 3 185 1 · 2
Czech Republic · · · 171 · · · 713
Finland nationwide · · · 881 · · · 1435
Finland southern 136 24 · · 276 52 · ·
France 370 132 52 17 816 232 124 37
Germany eastern 767 130 48 · 1086 258 167 5
Germany western 1111 136 72 4 1347 451 346 2
Italy 251 82 50 1 228 99 75 3
Spain 6 137 13 · 22 189 24 ·
Sweden nationwide 72 517 365 6 164 1142 717 22
Sweden never-smokers 83 63 106 6 147 104 229 7
Sweden Stockholm 86 64 40 6 169 124 71 11
United Kingdom 265 498 197 · 713 1479 934 ·

Total 3325 1784 944 1095 5153 4131 2687 2237

Table B5. Numbers of persons by case-control status, region of current residence, and study. (CR = region of current residence, CA =
cases, CO = controls)

CR Study

Austria a Czech Finland, Finland, France d Germany, Germany, Italy f Spain g Sweden, Sweden, Sweden, United
Republic b nation- southern c eastern western e nation- never- Stock- Kingdom k

wide wide h smokers i holm j

CA CO CA CO CA CO CA CO CA CO CA CO CA CO CA CO CA CO CA CO CA CO CA CO CA CO

1 25 4 86 315 881 1435 46 101 100 195 945 1516 655 1033 250 329 34 54 88 157 48 110 103 148 273 728
2 158 184 46 240 · · 87 161 202 417 · · 361 621 10 16 6 28 · · 53 73 93 227 687 2398
3 · · 32 112 · · 27 66 99 190 · · 307 492 56 40 15 30 27 48 22 47 · · · ·
4 · · 7 46 · · · · 89 186 · · · · 47 11 35 43 53 82 32 62 · · · ·
5 · · · · · · · · 81 221 · · · · 21 9 66 80 12 45 34 65 · · · ·
6 · · · · · · · · · · · · · · · · · · 1 3 33 71 · · · ·
7 · · · · · · · · · · · · · · · · · · 33 90 13 17 · · · ·
8 · · · · · · · · · · · · · · · · · · 38 87 1 1 · · · ·
9 · · · · · · · · · · · · · · · · · · 15 45 2 3 · · · ·
10 · · · · · · · · · · · · · · · · · · 39 68 6 18 · · · ·
11 · · · · · · · · · · · · · · · · · · 29 63 8 6 · · · ·
12 · · · · · · · · · · · · · · · · · · 162 272 6 14 · · · ·
14 · · · · · · · · · · · · · · · · · · 54 108 · · · · · ·
15 · · · · · · · · · · · · · · · · · · 41 120 · · · · · ·
16 · · · · · · · · · · · · · · · · · 58 141 · · · · · ·
17 · · · · · · · · · · · · · · · · · 71 175 · · · · · ·
18 · · · · · · · · · · · · · · · · · 63 124 · · · · · ·
19 · · · · · · · · · · · · · · · · · 29 51 · · · · · ·
20 · · · · · · · · · · · · · · · · · 28 64 · · · · · ·
21 · · · · · · · · · · · · · · · · · 80 183 · · · · · ·
22 · · · · · · · · · · · · · · · · · 5 24 · · · · · ·
23 · · · · · · · · · · · · · · · · · 29 82 · · · · · ·
24 · · · · · · · · · · · · · · · · · 5 11 · · · · · ·
25 · · · · · · · · · · · · · · · · · · 2 · · · · · ·

Total 183 188 171 713 881 1435 160 328 571 1209 945 1516 1323 2146 384 405 156 235 960 2045 258 487 196 375 960 3126

a 1 residing in Umhausen, 2 residing elsewhere in the Imst region.
b 1 residing in high radon area, 2 residing in medium radon area, 3 residing in low radon area, 4 currently residing outside study area.
c 1 residing in high radon area, 2 residing in medium radon area, 3 residing in low radon area.
d 1 residing in Auvergne, 2 residing in Bretagne, 3 residing in Languedoc, 4 residing in Limousin, 5 residing in Ardennes.
e 1 residing in high radon area, 2 residing in medium radon area, 3 residing in low radon area.
f 1 residing in Rome city, 2 residing in Rieti and Viterbo provinces, 3 residing in Rome province, 4 residing in Frosinone province, 5 residing in Latina

province.
g 1 residing in Santiago, 2–5 residing in a municipality to the southeast, northeast, northwest or southwest of Santiago.
h Regions are the 25 counties of Sweden.
i 1–3 geographic areas of the original study 1, 4 in the original study 2, 5 in the original study 3, 6–7 geographic areas of the original study 4, 8–12

geographic areas of the original study 5.
j 1 residing in the municipality of Stockholm, 2 residing outside the municipality of Stockholm.
k 1 residing in county of Cornwall, 2 residing in county of Devon.
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Table B7. Numbers of male and female cases and controls by study and smoking status.

Sex Smoking status

Cases Controls

Never- <15 15–24 ≥25 Ex Ex Other Never- <15 15–24 ≥25 Ex Ex Other
smokers cigar- ciga- ciga- <10 ≥10 smokers cigar- ciga- ciga- <10 ≥10

ettes/ rettes/ rettes/ years years ettes/ rettes/ rettes/ years years
day day day day day day

Men

Austria 3 9 36 49 37 25 2 21 16 27 28 21 31 20
Czech Republic 16 13 59 46 16 9 · 239 84 150 78 38 67 1
Finland nationwide 36 59 207 89 189 198 20 515 54 95 30 88 472 23
Finland southern a 3 24 33 36 40 22 2 33 82 68 60 50 31 4
France 11 51 152 83 116 88 8 235 113 124 52 131 350 75
Germany eastern 19 170 253 36 188 152 15 349 174 130 8 140 495 26
Germany western 23 113 305 178 301 188 9 409 150 200 68 196 658 60
Italy 6 22 66 90 70 71 · 41 24 64 37 30 90 10
Spain 2 3 19 46 75 · · 74 27 33 18 53 · 8
Sweden nationwide 32 101 109 61 104 40 99 372 132 88 33 94 181 117
Sweden never-smokers 114 · · · · · · 220 · · · · · ·
United Kingdom 3 125 122 67 143 137 57 380 219 165 61 335 758 155

Total 268 690 1361 781 1279 930 212 2888 1075 1144 473 1176 3133 499

Women

Austria 19 1 1 1 · · · 20 · 2 1 1 · ·
Czech Republic 12 · · · · · · 56 · · · · · ·
Finland nationwide 52 6 11 3 5 5 1 145 2 3 · 3 5 ·
France 28 2 14 7 4 4 3 89 7 6 1 6 7 13
Germany eastern 61 17 13 1 12 8 · 147 17 1 · 11 18 ·
Germany western 66 33 46 19 27 15 · 244 40 21 5 29 66 ·
Italy 22 9 14 5 5 3 1 61 8 15 7 5 11 2
Spain 10 · 1 · · · · 20 1 · 1 · · ·
Sweden nationwide 143 118 84 18 41 6 4 784 113 35 6 47 32 11
Sweden never-smokers 144 · · · · · · 267 · · · · · ·
Sweden Stockholm b 36 57 56 19 15 13 · 181 70 48 9 26 41 ·
United Kingdom 23 68 83 36 67 26 3 516 102 89 20 91 222 13

Total 616 311 323 109 176 80 12 2530 360 220 50 219 402 39

a Finland southern study had no women.
b Sweden Stockholm study had no men.

Table B6. Lung cancer cases by histological type.

Study Histological type of lung cancer

Squam- Small Adeno- Other No
ous cell carci- micros-
cell noma copy

Austria · · · · 183
Czech Republic · · · · 171
Finland nationwide 316 111 140 73 241
Finland southern 66 45 17 25 7
France 237 135 139 18 42
Germany eastern 370 250 280 45 ·
Germany western 486 279 471 87 ·
Italy 187 43 64 40 50
Spain 77 41 27 11 ·
Sweden nationwide 323 222 274 141 ·
Sweden never-smokers 36 15 144 61 2
Sweden Stockholm 54 50 68 21 3
United Kingdom 327 188 74 232 139

Total 2479 1379 1698 754 838
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Table B9. Numbers of persons by case-control status, study, and age when smoking started (current cigarette smokers only).

Study Age when smoking started

Cases  Controls

<15 15–17 18–20 ≥21 Not <15 15–17 18–20 ≥21 Not
years years years years known years years years years known
of age of age of age of age of age of age of age

Current smokers of <15 cigarettes/day only

Austria 2 2 4 2 · 3 1 9 3 ·
Czech Republic · · 6 7 · · 8 39 37 ·
Finland nationwide 2 12 24 23 4 3 5 20 26 2
Finland southern 4 2 5 12 1 8 12 26 36 ·
France 6 15 20 12 · 13 36 38 33 ·
Germany eastern 6 43 79 59 · 12 42 87 50 ·
Germany western 9 42 56 39 · 6 40 72 72 ·
Italy 8 8 10 5 · 8 8 5 11 ·
Spain · 1 · 2 · 6 3 6 11 2
Sweden nationwide 22 47 77 73 · 7 72 65 101 ·
Sweden Stockholm 1 7 12 37 · 2 16 18 34 ·
United Kingdom 70 51 42 30 · 83 98 80 60 ·

Total 130 230 335 301 5 151 341 465 474 4

Current smokers of 15–24 cigarettes/day only

Austria 5 12 18 2 · · 9 13 7 ·
Czech Republic 1 10 30 18 · · 15 96 39 ·
Finland nationwide 26 69 67 49 7 6 22 35 34 1
Finland southern 4 13 8 8 · 7 14 17 30 ·
France 27 34 77 28 · 25 37 53 15 ·
Germany eastern 13 99 105 49 · 10 50 50 21 ·
Germany western 21 118 142 70 · 17 71 87 46 ·
Italy 26 26 15 13 · 27 22 15 14 1
Spain 7 7 5 1 · 5 5 13 10 ·
Sweden nationwide 29 52 59 53 · 5 50 34 34 ·
Sweden Stockholm 1 19 19 17 · 2 15 15 16 ·
United Kingdom 60 82 39 24 · 65 102 55 32 ·

Total 220 541 584 332 7 169 412 483 298 2

(continued)

Table B8. Numbers of persons by case-control status, and number of cigarettes per day (current cigarette smokers only). (cig =
cigarettes)

Study Number of cigarettes/day

Cases Controls

<8 8–12 13–17 18–22 23–27 28–32 ≥33 Not <8 8–12 13–17 18–22 23–27 28–32 ≥33 Not
cig cig cig cig cig cig cig known a cig cig cig cig cig cig cig known a

Austria 3 5 12 21 15 13 28 · 7 6 9 19 9 8 16 ·
Czech Republic · 13 · 59 · 46 · · · 84 · 150 · 78 · ·
Finland nation- · · · · · · · 375 · · · · · · · 184
wide
Finland southern · · · · · · · 93 · · · · · · · 210
France 13 22 54 121 19 28 51 1 47 50 52 95 17 18 24 ·
Germany eastern 40 95 141 166 27 13 8 · 65 94 81 77 8 4 1 ·
Germany western 26 64 169 196 105 75 59 · 63 83 114 127 46 23 28 ·
Italy 4 22 31 55 25 19 50 · 12 27 29 42 12 16 17 ·
Spain · · · · · · · 69 · · · · · · · 80
Sweden nation- 65 172 31 163 14 46 · · 107 150 23 94 8 25 · ·
wide
Sweden 13 42 39 24 10 3 1 · 26 50 32 15 3 1 · ·
Stockholm
United Kingdom · · · · · · · 501 · · · · · · · 656

Total 164 435 477 805 215 243 197 1039 327 544 340 619 103 173 86 1130

a For persons classified as not known in this table, smoking status is available for the groupings shown in table B7.
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Table B9. Continued.

Study Age when smoking started

Cases  Controls

<15 15–17 18–20 ≥21 Not <15 15–17 18–20 ≥21 Not
years years years years known years years years years known
of age of age of age of age of age of age of age

Current smokers of ≥25 cigarettes/day only

Austria 7 18 17 8 · 5 7 12 5 ·
Czech Republic · 5 31 10 · 2 11 49 16 ·
Finland nationwide 13 29 24 21 5 1 8 10 11 ·
Finland southern 9 8 9 10 · 4 14 26 16 ·
France 18 24 31 17 · 16 18 11 8 ·
Germany eastern 7 13 12 5 · · 3 3 2 ·
Germany western 19 75 63 40 · 6 21 21 25 ·
Italy 43 28 17 6 1 19 15 6 4 ·
Spain 25 11 5 5 · 5 5 4 4 1
Sweden nationwide 20 16 20 23 · 5 19 6 9 ·
Sweden Stockholm 2 8 4 5 · · 3 3 3 ·
United Kingdom 38 36 23 6 · 24 30 11 16 ·

Total 201 271 256 156 6 87 154 162 119 1

Table B10. Numbers of cases and controls by study and years since last smoked (ex-smokers only).

Study Years since last smoked

Cases Controls

<5 5–9 10–14 15–19 20–24 ≥25 Not <5 5–9 10–14 15–19 20–24 ≥25 Not
years years years years years years known a years years years years years years known a

Austria 27 10 12 2 3 8 · 11 11 9 7 9 6 ·
Czech Republic 11 5 4 · 3 2 · 8 30 20 18 14 15 ·
Finland nationwide 120 72 64 56 38 42 5 38 51 70 120 74 212 3
Finland southern 23 16 7 5 7 4 · 45 4 7 4 2 19 ·
France 63 57 40 29 14 9 · 51 86 93 70 73 121 ·
Germany eastern 124 76 55 43 35 27 · 71 80 87 106 111 209 ·
Germany western 229 99 82 53 37 31 · 116 109 153 153 135 283 ·
Italy 39 36 27 18 14 15 · 11 24 22 24 11 44 ·
Spain · · · · · · 75 · · · · · · 53
Sweden nationwide 45 20 19 6 7 12 82 42 46 39 28 24 48 127
Sweden Stockholm 5 10 7 2 2 2 · 13 13 13 6 4 18 ·
United Kingdom 115 72 65 46 30 42 3 154 183 206 160 190 471 42

Total 801 473 382 260 190 194 165 560 637 719 696 647 1446 225

a For persons classified as not known in this table, smoking status was available for the groupings shown in table B7.

Table B11. Numbers of ex-smokers by case-control status, study, and number of cigarettes per day when last smoked regularly.

Study Number of cigarettes per day

Cases Controls

<15 15–24 ≥25 Not <15 15–24 ≥25 Not
cigarettes cigarettes cigarettes known cigarettes cigarettes cigarettes known

Ex-smokers of <10 years duration only
Austria 7 14 16 · 10 6 6 ·
Czech Republic 1 5 10 · 14 17 7 ·
Finland nationwide 42 96 28 28 31 42 9 9
Finland southern 8 19 12 1 20 17 13 ·
France 23 55 42 · 41 54 42 ·
Germany eastern 75 91 34 · 70 61 20 ·
German western 78 108 142 · 75 87 63 ·
Italy 11 24 40 · 12 9 14 ·

(continued)
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Table B11. Continued.

Study Number of cigarettes per day

Cases Controls

<15 15–24 ≥25 Not <15 15–24 ≥25 Not
cigarettes cigarettes cigarettes known cigarettes cigarettes cigarettes known

Spain 7 29 38 1 13 26 13 1
Sweden nationwide 42 26 39 38 64 22 24 31
Sweden Stockholm 9 5 1 · 16 8 2 ·
United Kingdom 64 78 65 3 162 144 104 16

Total 367 550 467 71 528 493 317 57

Ex-smokers of ≥10 years’ duration only
Austria 9 8 8 · 14 10 7 ·
Czech Republic 2 4 3 · 21 32 14 ·
Finland nationwide 49 100 24 30 168 197 59 53
Finland southern 2 13 6 1 15 9 5 2
France 26 36 30 · 125 118 114 ·
Germany eastern 65 78 17 · 314 145 54 ·
Germany western 74 67 62 · 344 184 196 ·
Italy 16 24 34 · 52 29 19 1
Sweden nationwide 14 10 10 12 98 21 30 64
Sweden Stockholm 12 1 · · 30 8 3 ·
United Kingdom 31 61 70 1 469 284 195 32

Total 300 402 264 44 1650 1037 696 152

Table B12. Numbers of ex-smokers by case-control status, study, and age when smoking started.

Study Age started smoking

Cases Controls

<15 15–17 18–20 ≥21 Not <15 15–17 18–20 ≥21 Not
years years years years known years years years years known

Ex-smokers of <10 years’ duration only
Austria 5 14 14 4 · 2 6 9 5 ·
Czech Republic 1 2 8 5 · · 8 22 8 ·
Finland nationwide 24 37 54 56 23 4 12 27 43 5
Finland southern 4 12 15 9 · 7 7 18 18 ·
France 20 38 41 21 · 18 47 49 23 ·
Germany eastern 11 55 84 50 · 3 48 62 38 ·
Germany western 14 101 134 79 · 14 61 90 60 ·
Italy 31 20 13 11 · 7 9 12 6 1
Spain · · · · 75 · · · · 53
Sweden nationwide 21 34 43 41 6 10 43 34 52 2
Sweden Stockholm 1 4 3 7 · · 5 11 10 ·
United Kingdom 54 78 47 28 3 82 159 103 67 15

Total 186 395 456 311 107 147 405 437 330 76

Ex-smokers of ≥10 years’ duration only
Austria 2 7 11 5 · 5 9 8 9 ·
Czech Republic · 1 7 1 · · 8 40 19 ·
Finland nationwide 19 36 54 69 25 19 73 154 227 4
Finland southern 3 5 7 7 · 4 5 10 12 ·
France 11 28 39 14 · 53 88 157 59 ·
Germany eastern 5 54 71 30 · 19 152 237 105 ·
Germany western 6 56 90 51 · 23 214 295 192 ·
Italy 19 24 21 10 · 28 32 22 19 ·
Sweden nationwide 6 10 13 15 2 8 62 79 57 7
Sweden Stockholm · 2 2 9 · · 4 13 24 ·
United Kingdom 41 61 45 16 · 155 387 280 131 27

Total 112 284 360 227 27 314 1034 1295 854 38
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Table B13. Numbers of  life-long nonsmokers by case-control status, study, and exposure to tobacco smoke from spouse or at work.

Study Exposure to tobacco smoke from spouse Exposure to tobacco smoke at work

Cases Controls Cases Controls

Yes No Not Yes No Not Yes No Not Yes No Not
known known known known

Austria · · 22 · · 41 · · 22 · · 41
Czech Republic 22 6 · 164 131 · · · 28 · · 295
Finland nationwide 36 40 12 243 393 24 · · 88 · · 660
Finland southern · · 3 · · 33 · · 3 · · 33
France 15 24 · 69 255 · 5 34 · 59 265 ·
Germany eastern 34 46 · 105 360 31 33 47 · 238 226 32
Germany westerm 46 43 · 206 447 · 49 40 · 375 278 ·
Italy 18 9 1 50 50 2 4 23 1 22 78 2
Spain · · 12 · · 94 · · 12 · · 94
Sweden nationwide 79 96 · 435 687 34 · · 175 · · 1156
Sweden never-smokers 100 155 3 175 306 6 · · 258 · · 487
Sweden Stockholm 21 15 · 108 73 · · · 36 · · 181
United Kingdom 18 8 · 373 523 · 9 1 16 249 73 574

Total 389 442 53 1928 3225 265 100 145 639 943 920 3555

Table B14. Numbers of persons by case-control status, study,
and occupational exposure.

Study Cases Controls

Yes No Not Yes No Not
known known

Occupational exposure (all types)
Austria 4 179 · 6 182 ·
Czech Republic · · 171 · · 713
Finland, nationwide 190 691 · 242 1193 ·
Finland, southern 23 137 · 48 280 ·
France 280 291 · 544 665 ·
Germany eastern 332 613 · 457 1059 ·
Germany western 453 870 · 460 1686 ·
Italy 69 315 · 65 340 ·
Spain 48 108 · 66 169 ·
Sweden nationwide 71 889 · 93 1952 ·
Sweden never-smokers 11 247 · 17 470 ·
Sweden Stockholm · · 196 · · 375
United Kingdom 194 766 · 611 2515 ·

Total 1675 5106 367 2609 10511 1088

Occupational exposure to radon
Austria · 183 · · 188 ·
Czech Republic · · 171 · · 713
Finland nationwide · 881 · · 1435 ·
Finland southern · 160 · · 328 ·
France 11 560 · 20 1 189 ·
Germany eastern · 945 · · 1516 ·
Germany western · 1323 · · 2146 ·
Italy · 384 · · 405 ·
Spain · · 156 · · 235
Sweden nationwide · · 960 · · 2045
Sweden never-smokers · 258 · · 487 ·
Sweden Stockholm · · 196 · · 375
United Kingdom 17 943 · 33 3093 ·

Total 28 5637 1483 53 10 787 3368

(continued)

Table B14. Continued.

Study Cases Controls

Yes No Not Yes No Not
known known

Occupational exposure to asbestos
Austria · · 183 · · 188
Czech Republic · · 171 · · 713
Finland nationwide 155 483 243 195 1014 226
Finland southern 23 127 10 48 277 3
France 57 514 · 96 1113 ·
Germany eastern 249 696 · 366 1150 ·
Germany western 347 976 · 345 1801 ·
Italy 1 383 · · 405 ·
Spain · · 156 · · 235
Sweden nationwide · · 960 · · 2045
Sweden never-smokers · · 258 · · 487
Sweden Stockholm · · 196 · · 375
United Kingdom 183 777 · 591 2535 ·

Total 1015 3956 2177 1641 8295 4272

Other occupational exposure
Austria 4 179 · 6 182 ·
Czech Republic · · 171 · · 713
Finland nationwide 61 820 · 70 1365 ·
Finland southern · · 160 · · 328
France 271 300 · 526 683 ·
Germany eastern 83 862 · 91 1425 ·
Germany western 106 1217 · 115 2031 ·
Italy 69 315 · 65 340 ·
Spain 48 106 2 66 169 ·
Sweden nationwide 71 887 2 93 1938 14
Sweden never-smokers 11 241 6 17 463 7
Sweden Stockholm · · 196 · · 375
United Kingdom · 960 · · 3126 ·

Total 724 5887 537 1049 11 722 1437
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Table B15. Numbers of persons by case-control status, study, and percentage of time usually spent indoors at home.

Study Time indoors at home

Cases Controls

<50% 50–74% ≥75% Not known <50% 50–74% ≥75% Not known

Austria 15 138 26 4 15 154 18 1
Czech Republic · · · 171 · · · 713
Finland nationwide 302 479 49 51 554 752 60 69
Finland southern · · · 160 · · · 328
France 79 348 139 5 135 800 265 9
Germany eastern 221 698 26 · 368 1103 45 ·
Germany western 265 1014 44 · 423 1617 106 ·
Italy 92 184 34 74 93 181 39 92
Spain · · · 156 · · · 235
Sweden nationwide 113 542 127 178 216 1005 395 429
Sweden never-smokers · · · 258 · · · 487
Sweden Stockholm · 106 89 1 · 172 200 3
United Kingdom · 543 417 · · 1783 1343 ·

Total 1087 4052 951 1058 1804 7567 2471 2366

Table B16. Numbers of persons by case-control status, study,
and residence in rural or urban areas during period of interest

Study Rural or urban area

Cases Controls

All Some Not All Some Not
rural urban known rural urban known

Austria 183 · · 188 · ·
Czech Republic 158 13 · 661 52 ·
Finland · · 881 · · 1435
nationwide
Finland southern 160 · · 328 · ·
France 418 153 · 888 321 ·
Germany eastern 718 227 · 1108 408 ·
Germany western 705 618 · 1118 1028 ·
Italy 107 277 · 58 347 ·
Spain 111 45 · 177 58 ·
Sweden 808 152 · 1835 210 ·
nationwide
Sweden never- 118 140 · 215 272 ·
smokers
Sweden 93 103 · 227 148 ·
Stockholm
United Kingdom 574 386 · 1908 1218 ·

Total 4153 2114 881 8711 4062 1435

Table B17. Numbers of persons by case-control status, study,
and usual position of bedroom window at night

Study Bedroom window open at night

Cases Controls

Yes No Not Yes No Not
known known

Austria 33 150 · 26 162 ·
Czech Republic · · 171 · · 713
Finland · · 881 · · 1435
nationwide
Finland southern · · 160 · · 328
France 129 341 101 319 655 235
Germany eastern 753 192 · 1062 454 ·
Germany  western 939 384 · 1379 767 ·
Italy 134 178 72 136 183 86
Spain · · 156 · · 235
Sweden 259 580 121 597 1206 242
nationwide
Sweden never- · · 258 · · 487
smokers
Sweden · · 196 · · 375
Stockholm
United Kingdom · · 960 · · 3126

Total 2247 1825 3076 3519 3427 7262
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Appendix C: residential radon concentrations

Table C1. Effect of using geographic areas to estimate radon concentrations that could not be measured.

Study MSEu/MSEa
a Description of areas used

Austria 1.68 Umhausen and remainder of Imst region

Czech Republic 1.22 10 administrative districts

Finland nationwide – b – b

Finland southern 1.02 High, medium and low radon areas

France 1.05 Auvergne, Bretagne, Languedoc, Limousin, Ardennes

Germany eastern 1.01 High and low radon areas

Germany western 1.05 High, medium and low radon areas

Italy 1.14 Districts of Rome, grouped into 5 categories according to geometric mean radon concentration, plus 5 provinces

Spain 1.02 Santiago, and southeast, northeast, northwest, and southwest Galicia

Sweden nationwide 1.02 High, medium and low radon areas

Sweden never-smokers 1.01 5 categories, based on original study

Sweden Stockholm 1.04 Single family houses, multifamily houses without ground contact, and multifamily houses with ground contact

United Kingdom 1.21 6 area groupings, derived according to average geometric mean radon concentration

a MSEu is the mean squared error of prediction without subdivision by area, and MSEa is the mean squared error of prediction after subdivision by area. A
value of 1.05 means that subdivision by area improved the mean squared error of prediction by 5%. In each case the MSE was calculated as [Σ(xm

 – xp)2] /
 N, where xm is the measured value, and xp is the predicted value based either on the overall control mean or on the area-specific control means and
omitting the value xm from the calculation of the means.

b No information regarding area was available for this study.

Figure C1. Distribution of the time-weighted average observed radon concentrations by study, based on the measured values and estimates when
no measurements could be obtained.

eastern
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Table C2. Numbers of addresses reported and measured per person and number of years for which measurements were available in each study.

Study Cases Controls

Addresses Addresses Years for which Addresses Addresses Years for which
reported measured measurements reported measured measurements

(N) (N) available (N) (N) (N) available (N)

Mean Range Mean Range Mean Range Mean Range Mean Range Mean Range

Austria 1.6 1–3 1.0 1–1 21 1–30 1.5 1–3 1.0 1–1 24 2–30
Czech Republic 1.4 1–4 1.2 1–2 28 6–30 1.4 1–5 1.2 1–3 27 1–30
Finland nationwide 1.5 1–3 1.0 1–1 26 1–30 1.4 1–3 1.0 1–1 27 1–30
Finland southern 3.0 1–8 1.4 1–4 22 2–30 2.9 1–10 1.3 1–4 22 1–30
France 2.4 1–10 1.5 1–5 24 1–30 2.4 1–8 1.5 1–5 24 1–30
Germany eastern 2.2 1–8 1.0 1–1 20 1–30 2.3 1–10 1.0 1–1 20 1–30
Germany western 2.5 1–10 1.0 1–4 19 1–30 2.8 1–12 1.1 1–4 18 1–30
Italy 2.8 1–8 2.1 1–7 27 1–30 2.9 1–9 2.2 1–6 27 1–30
Spain 2.0 2–2 1.0 1–1 21 7–25 2.0 2–2 1.0 1–1 20 7–25
Sweden nationwide 3.8 1–12 2.3 1–7 23 1–30 3.6 1–11 2.2 1–8 23 1–30
Sweden never-smokers 2.8 1–9 2.1 1–6 25 2–30 2.8 1–8 2.2 1–7 25 1–30
Sweden Stockholm 3.4 1–10 2.4 1–6 24 1–30 4.0 1–10 2.4 1–6 23 1–30
United Kingdom 3.2 1–14 2.3 1–10 26 1–30 3.2 1–15 2.3 1–12 26 1–30

All studies 2.6 1–14 1.5 1–10 23 1–30 2.7 1–15 1.6 1–12 24 1–30

Table C3. Completeness of residential radon measurements by case–control status, study, and time period.

Study Percentage of years with measurement

Cases Controls

5–14 years a 15–24 years a 25–34 years a All years 5–14 years a 15–24 years a 25–34 years a All years

Austria 92 71 52 72 93 81 63 79
Czech Republic 95 93 91 93 91 89 88 89
Finland nationwide 99 96 70 88 99 97 73 90
Finland southern 88 76 52 72 90 80 52 74
France 94 86 58 79 92 86 64 81
Germany eastern 89 66 45 67 91 67 42 67
Germany western 89 64 37 63 89 61 32 61
Italy 96 93 80 89 96 95 81 91
Spain 98 81 35 71 96 72 30 66
Sweden nationwide 90 80 63 78 89 80 65 78
Sweden never-smokers 90 84 74 83 89 86 79 85
Sweden Stockholm 85 80 73 79 87 77 68 77
United Kingdom 94 90 73 86 94 90 75 87

a Numbers of years prior to the index date.

Table C4. Mean time-weighted average observed residential radon concentration (Bq/m3) by case-control status and study, based on
measured values and estimates when no measurement could be made.

Study Mean radon concentration (Bq/m3)

Cases Controls

5–14 years a 15–24 years a 25–34 years a All years 5–14 years a 15–24 years a 25–34 years a All years

Austria 270 271 261 267 126 130 133 130
Czech Republic 535 528 522 528 491 493 496 493
Finland nationwide 105 105 101 104 103 103 103 103
Finland southern 215 223 226 221 223 202 209 212
France 129 137 148 138 120 128 145 131
Germany eastern 76 78 80 78 73 74 76 74
Germany western 48 49 50 49 50 51 51 51
Italy 107 112 121 113 95 99 113 102
Spain 116 121 132 123 141 135 134 137
Sweden nationwide 104 102 92 99 92 95 95 94
Sweden never-smokers 78 81 78 79 72 73 71 72
Sweden Stockholm 132 130 130 131 142 139 128 136
United Kingdom 58 59 54 57 57 55 51 54

a 5–14, 15–24, and 25–34 are numbers of years prior to the index date.
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Table C5. Distribution of the time-weighted average observed residential radon concentration for the cases and controls by study,
based on measured values and estimates when no measurement could be obtained.

Study Time-weighted average residential radon (Bq/m3)

Cases Controls

Mean SD Minimum Quartiles Maximum Mean SD Minimum Quartiles Maximum

1st 2nd 3rd 1st 2nd 3rd

Austria 267 460 25 90 111 164 2649 130 176 18 70 98 132 2173
Czech Republic 528 280 158 310 446 660 1647 493 271 81 309 435 602 2209
Finland nationwide 104 124 19 50 73 107 2225 103 125 19 53 74 112 3244
Finland southern 221 162 24 140 188 228 1189 212 214 33 121 171 232 2823
France 138 239 6 60 94 147 4606 131 155 6 60 89 136 1541
Germany eastern 78 110 14 50 65 77 2867 74 60 16 51 64 76 980
Germany  western 49 33 10 36 45 52 674 51 36 9 37 45 52 818
Italy 113 73 28 69 94 131 529 102 65 28 63 83 115 456
Spain 123 100 33 63 96 147 955 137 149 30 60 88 129 939
Sweden nationwide 99 107 1 50 76 113 1792 94 114 4 47 73 102 2253
Sweden never- 79 69 2 38 59 97 497 72 63 6 37 57 88 596
smokers
Sweden Stockholm 131 67 22 94 117 158 622 136 82 30 92 118 149 636
United Kingdom 57 94 1 20 32 59 1700 54 73 3 21 33 60 1266

All studies 104 161 1 42 64 107 4606 105 149 3 40 62 105 3244

Table C6. Distribution of the loge(time-weighted average observed radon concentration) for the cases, controls, and cases and controls
combined by study, based on measured values and estimates when no measurement could be obtained. (Min = minimum, Max =
maximum)

Study loge (time-weighted average of the residential radon concentration)

Cases Controls Cases and controls combined

Mean SD Min Quartiles Max Mean SD Min Quartiles Max Mean SD Min Quartiles Max

1st 2nd 3rd 1st 2nd 3rd 1st 2nd 3rd

Austria 4.96 0.93 3.22 4.50 4.71 5.10 7.88 4.62 0.61 2.89 4.25 4.58 4.88 7.68 4.78 0.80 2.89 4.36 4.65 4.98 7.88
Czech 6.14 0.50 5.06 5.74 6.10 6.49 7.41 6.08 0.49 4.39 5.73 6.08 6.40 7.70 6.09 0.50 4.39 5.73 6.08 6.42 7.70
Republic
Finland 4.37 0.64 2.94 3.91 4.29 4.67 7.71 4.39 0.62 2.94 3.97 4.30 4.72 8.08 4.38 0.63 2.94 3.95 4.30 4.70 8.08
nationwide
Finland 5.22 0.57 3.18 4.94 5.24 5.43 7.08 5.14 0.60 3.50 4.80 5.14 5.45 7.95 5.17 0.60 3.18 4.82 5.17 5.45 7.95
southern
France 4.56 0.77 1.79 4.09 4.54 4.99 8.44 4.53 0.78 1.79 4.09 4.49 4.91 7.34 4.54 0.78 1.79 4.09 4.51 4.93 8.44
Germany 4.17 0.51 2.64 3.91 4.17 4.34 7.96 4.17 0.47 2.77 3.93 4.16 4.33 6.89 4.17 0.49 2.64 3.93 4.16 4.33 7.96
eastern
Germany 3.79 0.42 2.30 3.58 3.81 3.95 6.51 3.82 0.42 2.20 3.61 3.81 3.95 6.71 3.81 0.42 2.20 3.61 3.81 3.95 6.71
western
Italy 4.59 0.51 3.33 4.23 4.54 4.88 6.27 4.48 0.51 3.33 4.14 4.42 4.74 6.12 4.53 0.51 3.33 4.17 4.48 4.83 6.27
Spain 4.62 0.58 3.50 4.14 4.56 4.99 6.86 4.60 0.72 3.40 4.09 4.48 4.86 6.84 4.61 0.67 3.40 4.14 4.50 4.89 6.86
Sweden 4.32 0.73 0.00 3.91 4.33 4.73 7.49 4.26 0.72 1.39 3.85 4.29 4.62 7.72 4.28 0.73 0.00 3.87 4.32 4.65 7.72
nationwide
Sweden nev- 4.09 0.75 0.69 3.64 4.08 4.57 6.21 4.04 0.68 1.79 3.61 4.04 4.48 6.39 4.06 0.70 0.69 3.61 4.06 4.50 6.39
er-smokers
Sweden 4.76 0.47 3.09 4.54 4.76 5.06 6.43 4.79 0.47 3.40 4.52 4.77 5.00 6.46 4.78 0.47 3.09 4.52 4.77 5.02 6.46
Stockholm
United 3.57 0.89 0.00 3.00 3.47 4.08 7.44 3.60 0.83 1.10 3.04 3.50 4.09 7.14 3.59 0.84 0.00 3.04 3.50 4.09 7.44
Kingdom

All studies 4.23 0.82 0.00 3.74 4.16 4.67 8.44 4.21 0.87 1.10 3.69 4.13 4.65 8.08 4.22 0.85 0.00 3.71 4.14 4.66 8.44
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Table C8. Distribution of the time-weighted average corrected residential radon concentration for the cases and controls by study,
based on measured values and estimates when no measurement could be obtained and corrected for uncertainties in both the measure-
ments and estimates. (Min = minimum, Max = maximum)

Study Time-weighted average residential radon (Bq/m3)

Cases Controls

Mean SD Min Quartiles Max Mean SD Min Quartiles Max

1st 2nd 3rd 1st 2nd 3rd

Austria 170 189 38 93 108 141 1083 113 80 30 76 100 125 939
Czech Republic 467 134 166 372 458 562 841 448 136 125 355 442 538 928
Finland nationwide 81 16 46 71 78 87 201 82 16 54 71 79 89 229
Finland southern 176 63 52 141 166 190 485 170 69 64 130 157 191 777
France 123 157 9 61 90 139 2797 118 114 9 63 87 128 1084
Germany eastern 66 36 20 52 61 69 754 66 27 26 53 60 70 376
Germany western 45 14 17 38 43 47 231 45 15 17 39 43 48 260
Italy 111 65 30 70 94 129 463 101 59 31 63 83 112 407
Spain 112 82 31 63 88 137 746 120 118 28 60 83 116 735
Sweden nationwide 90 75 2 51 73 104 1038 86 78 5 49 70 96 1300
Sweden never- 71 50 3 40 59 88 357 67 46 8 40 56 81 416
smokers
Sweden Stockholm 122 44 33 97 114 145 408 125 52 43 96 115 138 418
United Kingdom 51 67 3 22 31 55 1117 49 53 6 22 31 54 778

All studies 90 100 2 44 65 95 2797 94 109 5 41 63 94 1300

Table C7. Numbers of persons by the time-weighted average observed radon concentration (Bq/m3) and study for the cases and
controls.

Study Residential radon concentration

Cases Contols

<25 25– 50– 100– 200– 400– 800– ≥1600 Total <25 25– 50– 100– 200– 400– 800– ≥1600 Total

Austria . 10 52 86 11 7 12 5 183 1 13 89 64 16 4 . 1 188
Czech Republic . . . 5 60 79 25 2 171 . . 3 32 267 337 69 5 713
Finland nationwide 5 208 412 180 54 18 3 1 881 5 299 690 321 94 22 3 1 1435
Finland southern 1 1 18 72 54 11 3 . 160 . 7 51 156 87 24 1 2 328
France 21 77 216 173 63 15 4 2 571 50 161 487 335 127 34 15 . 1209
Germany eastern 20 215 587 98 16 7 1 1 945 23 332 974 147 32 6 2 . 1516
Germany western 92 854 328 39 9 1 . . 1323 117 1372 570 66 18 2 1 . 2146
Italy . 25 190 130 34 5 . . 384 . 41 227 105 30 2 . . 405
Spain . 14 70 55 14 2 1 . 156 . 40 99 59 20 14 3 . 235
Sweden nationwide 53 196 423 212 59 14 2 1 960 150 396 954 403 110 24 6 2 2045
Sweden never-smokers 26 77 92 52 8 3 . . 258 50 148 205 65 16 3 . . 487
Sweden Stockholm 1 9 52 111 22 1 . . 196 . 11 109 210 38 7 . . 375
United Kingdom 347 313 178 83 30 6 2 1 960 1078 1085 575 284 81 19 4 . 3126

Total 566 1999 2618 1296 434 169 53 13 7148 1474 3905 5033 2247 936 498 104 11 14 208
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Table C10. Numbers of cases and controls by the time-weighted average corrected radon concentration and study.

Study Residential radon concentration (Bq/m3)

Cases Controls

<25 25– 50– 100– 200– 400– 800– ≥1600Total <25 25– 50– 100– 200– 400– 800– Total

Austria . 3 55 96 13 12 4 . 183 . 5 89 84 8 1 1 188
Czech Republic . . . 1 52 117 1 . 171 . . . 32 229 447 5 713
Finland nationwide . 1 778 101 1 . . . 881 . . 1262 172 1 . . 1 435
Finland southern . . 9 116 33 2 . . 160 . . 26 229 70 3 . 328
France 13 70 242 183 47 12 3 1 571 31 153 554 324 111 31 5 1 209
Germany eastern 2 189 686 58 9 1 . . 945 . 280 1129 95 12 . . 1 516
Germany western 22 1048 240 12 1 . . . 1323 27 1659 434 25 1 . . 2 146
Italy . 17 196 138 29 4 . . 384 . 31 238 108 27 1 . 405
Spain . 14 75 51 15 1 . . 156 . 40 111 51 23 10 . 235
Sweden nationwide 31 190 476 212 44 5 2 . 960 101 416 1057 375 79 14 3 2 045
Sweden never-smokers 15 85 108 42 8 . . . 258 31 161 227 60 6 2 . 487
Sweden Stockholm . 4 51 130 10 1 . . 196 . 3 107 236 28 1 . 375
United Kingdom 320 364 180 67 24 4 1 . 960 978 1285 554 245 55 9 . 3 126

Total 403 1985 3096 1207 286 159 11 1 7148 1168 4033 5788 2036 650 519 14 14 208

Table C9. Distribution of the loge(time-weighted average corrected radon concentration) for the cases, controls, and cases and controls
combined by study, based on measured values and estimates when no measurement could be obtained and corrected for uncertainties
in both the measurements and estimates. (Min = minimum, Max = maximum)

Study loge (time-weighted average residential radon)

Cases Controls Cases and controls combined

Mean SD Min Quartiles Max Mean SD Min Quartiles Max Mean SD Min Quartiles Max

1st 2nd 3rd 1st 2nd 3rd 1st 2nd 3rd

Austria 4.84 0.65 3.64 4.53 4.68 4.95 6.99 4.62 0.43 3.40 4.33 4.60 4.82 6.84 4.73 0.56 3.40 4.41 4.64 4.88 6.99
Czech 6.10 0.30 5.11 5.92 6.13 6.33 6.73 6.05 0.34 4.83 5.87 6.09 6.29 6.83 6.06 0.33 4.83 5.88 6.09 6.30 6.83
Republic
Finland 4.38 0.18 3.83 4.26 4.36 4.47 5.30 4.39 0.17 3.99 4.26 4.37 4.49 5.43 4.39 0.18 3.83 4.26 4.36 4.48 5.43
nationwide
Finland 5.12 0.33 3.95 4.95 5.11 5.24 6.18 5.07 0.34 4.16 4.87 5.06 5.25 6.66 5.09 0.34 3.95 4.89 5.08 5.25 6.66
southern
France 4.54 0.68 2.20 4.11 4.50 4.93 7.94 4.51 0.68 2.20 4.14 4.47 4.85 6.99 4.52 0.68 2.20 4.13 4.48 4.88 7.94
Germany 4.13 0.34 3.00 3.95 4.11 4.23 6.63 4.13 0.31 3.26 3.97 4.09 4.24 5.93 4.13 0.32 3.00 3.97 4.09 4.23 6.63
eastern
Germany 3.76 0.26 2.83 3.64 3.76 3.85 5.44 3.78 0.25 2.83 3.66 3.76 3.87 5.56 3.77 0.26 2.83 3.64 3.76 3.87 5.56
western
Italy 4.58 0.48 3.40 4.25 4.54 4.86 6.14 4.49 0.48 3.43 4.14 4.42 4.72 6.01 4.53 0.48 3.40 4.20 4.48 4.80 6.14
Spain 4.56 0.55 3.43 4.14 4.48 4.92 6.61 4.52 0.66 3.33 4.09 4.42 4.75 6.60 4.54 0.62 3.33 4.14 4.45 4.80 6.61
Sweden 4.29 0.63 0.69 3.93 4.29 4.64 6.95 4.24 0.63 1.61 3.89 4.25 4.56 7.17 4.25 0.63 0.69 3.91 4.26 4.58 7.17
nationwide
Sweden ne- 4.07 0.63 1.10 3.69 4.08 4.48 5.88 4.03 0.57 2.08 3.69 4.03 4.39 6.03 4.05 0.59 1.10 3.69 4.04 4.42 6.03
ver-smokers
Sweden 4.74 0.35 3.50 4.57 4.74 4.97 6.01 4.76 0.35 3.76 4.56 4.74 4.93 6.04 4.76 0.35 3.50 4.56 4.74 4.93 6.04
Stockholm
United 3.58 0.75 1.10 3.09 3.43 4.01 7.02 3.59 0.70 1.79 3.09 3.43 3.99 6.66 3.59 0.72 1.10 3.09 3.43 3.99 7.02
Kingdom

All studies 4.21 0.70 0.69 3.78 4.17 4.55 7.94 4.19 0.77 1.61 3.71 4.14 4.54 7.17 4.19 0.75 0.69 3.74 4.16 4.55 7.94
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Appendix D: additional results

Table D1. Results of previous analyses of studies included in the Collaborative Analysis with comments.  Where previous analyses have
been carried out based on a continuous measure of radon exposure, the relative risks at 100 Bq/m3 have been quoted. Most of such
analyses were based on a log-linear rather than a linear model. In such a log-linear model the fitted relative risk at 100 Bq/m3 tends to be
somewhat lower than for the corresponding linear model (see figure 1 in main text).

Study Results of previous analyses and comment

Austria Results of previous analysis: relative risk of lung cancer increased by 0.25 (95% CI 0.08–0.43) per 100 Bq/m3 in a log-linear risk model and
by 0.43 (95% CI 0.11–1.53) per 100 Bq/m3, conditional on study, age, sex, and year of death with adjustment for smoking and
occupational exposure to established lung carcinogens [Oberaigner et al (1) and Oberaigner et al, personal communication]
Comment: results were similar in the two analyses.

Czech Results of previous analysis: relative risk of lung cancer increased by 0.09 (95% CI 0.02–0.21) per 100 Bq/m3 based on a Poisson regression mo-
Republic del with a linear term in radon and adjustment for age, sex, and calendar period based on national lung cancer rates [Tomášek et al (2)].

Comment: results differed somewhat between the two analyses, with a higher risk estimate and wider confidence interval in the Collabora-
tive Analysis. These differences were chiefly due to the finer level of stratification, especially for smoking, in the Collaborative Analysis.

Finland Results of previous analysis: relative risk of lung cancer increased by 0.11 (95% CI -0.06–0.31) per 100 Bq/m3 based on a log-linear
nationwide model and conditional on matched pairs with adjustment for smoking; matching was by age and sex [Auvinen et al (3)].

Comment: results differed somewhat in the two analyses. This was to be expected, given that only complete matched pairs were included
in the previous analysis. The numbers of cases and controls included in the collaborative analysis were substantially greater.

Finland Results of previous analysis: relative risks of lung cancer of 1.0, 1.8 (95% CI 0.9–3.5) and 1.5 (95% CI 0.8–2.9), for persons with average observed
southern radon concentrations of <95, 95–185, and ≥186 Bq/m3, respectively, with adjustment for smoking intensity and quitting [Ruosteenoja et al (4)].

Comment: results were similar in the two analyses.
France Results of previous analysis: relative risk of lung cancer increased by 0.04 (95% CI -0.01–0.11) per 100 Bq/m3 based on a log-linear model

and adjustment for age, sex, region, cigarette smoking, and occupational exposure. Cigarette smoking was taken into account both
continuously by log(pack-years +1) and by smoking status in four categories (lifelong nonsmoker, current smoker, ex-smoker <10 years,
ex-smoker >10 years). Occupational exposure was taken into account with two binary variables: ever–never exposed to asbestos, ever–
never exposed in an occupation of the A list [Baysson et al (5)].
Comment: results were similar in the two analyses.

Germany Results of previous analysis: relative risk of lung cancer increased by 0.04 (95% CI -0.04–0.12) per 100 Bq/m3 in a log-linear model
eastern conditional on age, sex, and region and adjusted for pack-years of smoking, years since stopping smoking, and occupational exposure

to asbestos, and based on the data used in the Collaborative Analysis (ie, restricted to radon measurements in the last dwelling) [Wichmann
et al, 1999 (6)]. The relative risk of lung cancer increased by 0.08 (95% CI -0.03–0.20) per 100 Bq/m3 in a log-linear model and based on a
data set that included additional radon measurements and focused on the last 5–35 years before the interview [Kreuzer et al (7)].
Comment: results of the Collaborative Analysis and of Wichmann et al (6) differed as those of Wichmann et al were based on a log-linear model rather
than a linear model for radon, and they were adjusted for smoking rather than stratification being used. An additional analysis including the studies in
both eastern and western Germany, with some extra persons and more complete measurement data has also been carried out [Wichmann et al (8)].

Germany Results of previous analysis: relative risk of lung cancer changed by -0.12 (95% CI -0.26–0.04) per 100 Bq/m3 based on a log-linear
western model conditional for age, sex, region, and exposure to asbestos and adjusted for pack-years of smoking [Kreienbrock et al (9)].

Comment: results were similar in the two analyses, bearing in mind the differences between the fitted models. An additional analysis
including the studies in both eastern and western Germany, with some extra persons and more complete measurement data has also been
carried out [Wichmann et al (8)].

Italy Results of previous analysis: relative risk of lung cancer increased by 0.14 (95% CI -0.11–0.46) per 100 Bq/m3 based on a log-linear
model and adjusted for age, sex, sex × age, smoking, area of residence at index date, and diet. A higher excess relative risk of 0.32 (95% CI
-0.19–1.16) was estimated for low-medium consumption of dietary antioxidants [Bochicchio et al (10)].
Comment: results were similar in the two analyses, bearing in mind the differences in the fitted models, in the approach to confounders,
and in the confounders themselves.

Spain Results of previous analysis: relative risks of lung cancer 1.00, 2.73 (95% CI 1.21–6.18), 2.48 (95% CI 1.12–5.48), and 2.96
(95% CI 1.29–6.79) for persons with average observed radon concentrations of <36.9, 37.0–55.1, 55.2–147.9, and ≥148.0 Bq/m3,
respectively, with adjustment for age, sex, pack-years of cigarettes, family history, and area of residence [Barros-Dios et al (11)].
Comment: the estimated linear relationship between the relative risk of lung cancer and the observed residential radon concentration in the
Collaborative Analysis appeared to differ substantially from the recently published results, which were based on quartiles of the radon distri-
bution. In that analysis the relative risks of lung cancer were reported as 1.00, 2.73 (95% CI 1.21–6.18), 2.48 (95% CI 1.12–5.48), and
2.96 (95% CI 1.29–6.79) for persons with measured radon concentrations of <36.9, 37.0–55.1, 55.2–147.9, and ≥148.0 Bq/m3, respec-
tively. The reason for the discrepancy is that the distribution of radon concentrations was highly skewed with a long upper tail (see
figure C1). Therefore, when the total number of observations was relatively small, the values at the upper extreme of the distribution were
highly influential in determining the estimated value of the linear relationship. Consequently, the linear relationship could be estimated only
with great uncertainty, as indicated by its wide confidence interval. It was for this reason that Barros-Dios [Barros-Dios et al (11)] did
not present a linear model in their original publication. For the Spanish study, 20 out of a total of 391 persons included in the present
analysis had time-weighted average observed radon concentrations that were >400 Bq/m3 and, of these 20 persons, all but three
were controls, although controls accounted for only 60% of the persons in the study as a whole (see Tables C7a and b). These 19 persons
were responsible for the negative estimate of the linear relationship in the present analysis and, if they are excluded, the estimated linear relat-
ionship using the methodology of the Collaborative Analysis becomes positive. In the categorical analysis reported by Barros-Dios et al (11) the
upper category of ≥148 Bq/m3 included 88 persons, of whom 42 were cases, and the very high proportion of controls among those with the
highest radon concentrations was more than counter-balanced by the much higher proportion of cases in the remainder of the category.

Sweden Results of previous analysis: relative risk of lung cancer increased by 0.10 (95% CI 0.01–0.22) per 100 Bq/m3 based on a linear model con-
nation- ditional on age, sex, smoking, urbanization, and occupational exposure to established lung carcinogens. After correction for uncertanties
wide in the assessment of radon exposure, the the increase in the relative risk per 100 Bq/m3 increased to about 0.15 to 0.20 [Pershagen et al

(12); Lagarde et al (13)].
Comment: results were similar in the two analyses. (continued)
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Table D1. Continued.

Study Results of previous analyses and comment

Sweden Results of previous analysis: relative risk of lung cancer increased by 0.28 (95% CI -0.05–1.05) per 100 Bq/m3 based on a log-linear
never- model and conditional on study age, sex, and area of current residence with adjustment for exposure to environmental tobacco smoke,
smokers urbanization, and occupational exposure to established lung carcinogens [Lagarde et al (14)].

Comment: results were similar in the two analyses.
Sweden Results of previous analysis: relative risks of lung cancer of 1.00, 1.2 (95% CI 0.7–2.1), 1.3 (95% CI 0.7–2.3), and 1.7 (95% CI 1.0–2.9)
Stockholm for persons with average observed radon concentrations of <75, 76–110, 111–150, and ≥151 Bq/m3, respectively, with adjustment for age,

smoking, and municipality of residence [Pershagen et al (15)].
Comment: results were similar in the two analyses.

United Results of previous analysis: relative risk of lung cancer increased by 0.08 (95% CI -0.03–0.20) per 100 Bq/m3 based on a log-linear
Kingdom model and adjustment for age, sex, smoking status, county of residence, and social class. After correction for uncertainties in the

assessment of radon exposure, the relative risk increased to 0.12 (95% CI -0.05–0.33) [Darby et al (16)].
Comment: results were similar in the two analyses.

Table D2. Continued.

Study  Cases Controls

Total PI Total PI
number about β number about β

 N % N %

Italy

Current cigarette smokers 206 90 44 155 74 48
Ex-smokers 149 92 62 136 89 65
Lifelong nonsmokers 28 18 64 102 49 48
Others 1 0 0 12 0 0

 Total 384 200 52 405 212 52

Spain

Current cigarette smokers 69 5 7 80 3 4
Ex-smokers 75 27 36 53 27 51
Lifelong nonsmokers 12 5 42 94 10 11
Others 0 . . 8 0 0

 Total 156 37 24 235 40 17

Sweden nationwide

Current cigarette smokers 491 130 26 407 145 36
Ex-smokers 191 51 27 354 49 14
Lifelong nonsmokers 175 171 98 1 156 676 58
Others 103 81 79 128 65 51

 Total 960 433 45 2 045 935 46

Sweden never-smokers

Current cigarette smokers 0 . . 0 . .
Ex-smokers 0 . . 0 . .
Lifelong nonsmokers 258 242 94 487 417 86
Others 0 . . 0 . .

 Total 258 242 94 487 417 86

Sweden Stockholm

Current cigarette smokers 132 90 68 127 76 60
Ex-smokers 28 25 89 67 32 48
Lifelong nonsmokers 36 36 100 181 158 87
Others 0 . . 0 . .

 Total 196 151 77 375 266 71

United Kingdom

Current cigarette smokers 501 427 85 656 543 83
Ex-smokers 373 362 97 1 406 1 197 85
Lifelong nonsmokers 26 26 100 896 580 65
Others 60 58 97 168 149 89

 Total 960 873 91 3 126 2 469 79

All studies

Current cigarette smokers 3 575 2 337 65 3 322 2 134 64
Ex-smokers 2 465 2 001 81 4 930 3 749 76
Lifelong nonsmokers 884 831 94 5 418 3 818 70
Others 224 192 86 538 305 57

 Total 7 148 5 361 75 14 208 10 006 70

Table D2. Numbers of persons providing some information (PI)
about β in the analysis by study and smoking status.

Study  Cases Controls

Total PI Total PI
number about β number about β

 N % N %

Austria
Current cigarette smokers 97 47 48 74 34 46
Ex-smokers 62 29 47 53 34 64
Lifelong nonsmokers 22 14 64 41 22 54
Others 2 2 100 20 5 25

 Total 183 92 50 188 95 51
Czech Republic

Current cigarette smokers 118 87 74 312 153 49
Ex-smokers 25 18 72 105 29 28
Lifelong nonsmokers 28 27 96 295 145 49
Others 0 . . 1 0 0

 Total 171 132 77 713 327 46
Finland nationwide

Current cigarette smokers 375 304 81 184 175 95
Ex-smokers 397 370 93 568 550 97
Lifelong nonsmokers 88 87 99 660 646 98
Others 21 20 95 23 20 87

 Total 881 781 89 1435 1 391 97
Finland southern

Current cigarette smokers 93 59 63 210 91 43
Ex-smokers 62 37 60 81 36 44
Lifelong nonsmokers 3 3 100 33 5 15
Others 2 0 0 4 0 0

 Total 160 99 62 328 132 40
France

Current cigarette smokers 309 158 51 303 147 49
Ex-smokers 212 162 76 494 281 57
Lifelong nonsmokers 39 36 92 324 101 31
Others 11 8 73 88 19 22

 Total 571 364 64 1209 548 45
Germany eastern

Current cigarette smokers 490 431 88 330 308 93
Ex-smokers 360 348 97 664 626 94
Lifelong nonsmokers 80 80 100 496 491 99
Others 15 15 100 26 22 85

 Total 945 874 92 1516 1 447 95
Germany western

Current cigarette smokers 694 509 73 484 385 80
Ex-smokers 531 480 90 949 799 84
Lifelong nonsmokers 89 86 97 653 518 79
Others 9 8 89 60 25 42

 Total 1 323 1083 82 2 146 1 727 80

(continued)
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Table D3. Estimated log-linear relationship between the relative
risk of lung cancer and the observed residential radon concentra-
tion for each study and for all studies combined. [exp(β) = risk of
lung cancer at 100 Bq/m3 time-weighted average observed radon
concentration relative to 0 Bq/m3, estimated after stratification by
study, sex, region of residence, and smoking habits; 95% CI =
95% confidence interval; df = degrees of freedom]

Study Estimate of exp(β) 95% CI for exp(β)

Austria 1.049 0.759–1.450
Czech Republic 1.088 0.998–1.186
Finland nationwide 1.029 0.949–1.115
Finland southern 1.044 0.846–1.288
France 1.067 0.989–1.152
Germany eastern 1.135 0.990–1.302
Germany western 0.981 0.774–1.244
Italy 1.084 0.743–1.581
Spain 0.822 0.511–1.320
Sweden nationwide 1.072 0.948–1.211
Sweden never-smokers 1.169 0.914–1.497
Sweden Stockholm 1.085 0.814–1.448
United Kingdom 1.050 0.940–1.173

All studies a 1.064 1.027–1.102

a Chi-squared for test of β = 0: 12.30, 1 df; P=0.0005. Chi-squared for
heterogeneity between studies: 4.48, 12 df; P=0.97

Table D4. Influence analysis showing estimated log-linear rela-
tionship between relative risk of lung cancer and observed resi-
dential radon concentration omitting each study in turn. [exp(β) =
risk of lung cancer at 100 Bq/m3 time-weighted average observed
radon concentration relative to 0 Bq/m3, estimated after stratifi-
cation by study, sex, region of residence, and smoking habits;
95% CI = 95% confidence interval]

Study omitted Estimate of exp(β) 95% CI for exp(β)

Austria 1.064 1.028–1.103
Czech Republic 1.059 1.020–1.102
Finland nationwide 1.074 1.032–1.119
Finland southern 1.065 1.028–1.104
France 1.063 1.021–1.107
Germany eastern 1.058 1.020–1.098
Germany western 1.066 1.029–1.106
Italy 1.064 1.027–1.103
Spain 1.066 1.029–1.105
Sweden nationwide 1.063 1.026–1.104
Sweden never-smokers 1.062 1.025–1.101
Sweden Stockholm 1.064 1.027–1.103
United Kingdom 1.066 1.027–1.107

All studies included 1.064 1.028–1.103

Table D5. Continued.

Study Area a Control mea- µ Vt+Vm V m
b

surements (N)

Czeck Republic 6 88 6.43 0.17 0.12
7 65 5.75 0.17 0.12
8 194 6.28 0.17 0.12
9 66 5.95 0.17 0.12

10 36 5.82 0.17 0.12
11, 12 d National survey e 4.70 0.24 0.12

Finland nationwide 1 1435 4.34 0.46 0.33
Finland southern 1 427 4.93 0.74 0.33
France 1 1847 4.26 1.04 0.14
Germany eastern 1 1516 4.03 0.40 0.14
Germany western 1 2262 3.69 0.36 0.14
Italy 1 48 4.97 0.36 f 0.03

2 49 4.73 0.36 0.03
3 299 4.42 0.36 0.03
4 245 4.12 0.36 0.03
5 100 4.30 0.36 0.03
6 g 741h 4.36 0.38 0.03
7 76 4.69 0.36 0.03
8 20 5.31 0.36 0.03
9 17 3.89 0.36 0.03

10 22 4.55 0.36 0.03
11 15 4.62 0.36 0.03
12 i National survey j 4.04 0.48 0.03
13 k World estimate l 3.40 0.44 0.14
99 m National survey j 4.04 0.48 0.03

Spain 1 235 4.18 1.28 0.14
Sweden nationwide 1 4453 3.99 1.02 0.14
Sweden never-smokers 1 1050 3.80 0.87 0.14
Sweden Stockholm 1 918 4.59 0.56 0.14
United Kingdom 1 1058 2.79 0.52 0.20

2 2213 3.15 0.61 0.20
3 1778 3.32 0.66 0.20
4 1232 3.83 0.93 0.20
5 670 4.32 0.92 0.20
6 293 4.91 1.01 0.20
7 n 7244h 3.43 0.98 0.20
8 o – – p – –
9 q – – p – –

10 r National survey s 2.71 0.60 0.20
 11t World estimate l 3.40 0.44 0.14

a For studies with more than one area, these are as defined in table C1
unless otherwise indicated.

b Observed values, as in table 30 used for Czech Republic, Finland, Italy,
Sweden and United Kingdom. Median of the observed values used for
other countries.

c For Austria, areas have been pooled as there were too few measure-
ments even for estimating the mean for area 1.

d That is, outside study area.
e Values based on Tomášek et al (2) with estimate of Vm from study data

for Czech Republic.
f Where number of measurements was less than 100 for some strata,

values of Vt+Vm have been averaged within a study.
g That is, in Rome, but district unknown.
h That is, all measurements in the city of Rome for the Italian study; all

measurements in the study area for the United Kingdom study.
i That is, Italy, but outside the study area.
j Bochicchio et al (17).
k That is, outside Italy.
l United Nations Scientific Committee on the Effects of Atomic Radiation,

2000 (18) with variance taken from areas in this study with a similar
geometric mean level.

m That is, unknown area.
n That is, in study area but unknown location.
o That is, caravan.
p True values of radon concentrations taken to be 4 Bq/m3 in caravans

and 0 Bq/m3 in ships.
q That is, ship.
r That is, in United Kingdom but outside the study area.
s Wrixon et al (19).
t That is, outside the United Kingdom.

Table D5. Values of the parameters used for the analyses correct-
ing for uncertainties in the assessment of radon concentrations in
the study dwellings in each area. (µ = mean of the logarithm of the
true long-term average radon concentration, Vt = variance of the
logarithm of the true long-term average radon concentration, Vm =
variance of the logarithm of the measurement error in each study)

Study Area a Control mea- µ Vt+Vm V m
b

surements (N)

Austria 1 4 4.52 c 0.50 c 0.14
2 184 4.52 c 0.50 c 0.14

Czech Republic 1 163 6.07 0.17 0.12
2 46 5.75 0.17 0.12
3 41 6.33 0.17 0.12
4 53 6.06 0.17 0.12
5 73 6.19 0.17 0.12

(continued)
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Table D7. Estimated linear relationship between the relative risk
of lung cancer and the residential radon concentration for each
study and for all of the studies combined, correcting for uncer-
tainties in the assessment of radon concentrations using the
method of regression calibration. (β = excess relative risk of lung
cancer per 100 Bq/m3 increase in the time-weighted average cor-
rected radon concentration, estimated after stratification by study,
sex, region of residence, and smoking habits; 95% CI = 95% confi-
dence interval; df = degrees of freedom)

Study Estimate of β 95% CI for β

Austria 1.62 <-0.11 a–>5.00 b

Czech Republic –c 0.06–>5.00 b

Finland nationwide –0.02 –0.38–1.24
Finland southern 0.35 <-0.21 a–>5.00 b

France 0.17 –0.01–0.62
Germany eastern 0.38 –0.02–1.39
Germany western 0.15 –0.36–1.61
Italy 0.10 –0.20–1.68
Spain –0.14 <-0.14 a–0.87
Sweden nationwide 0.17 –0.05–0.67
Sweden never-smokers 0.28 –0.12–1.26
Sweden Stockholm 0.17 –0.21–3.87
United Kingdom 0.05 –0.07–0.28

All studies d 0.16 0.05–0.30

a Values below these limits, but cannot be ascertained as lower values of β
lead to negative fitted values for the probability of lung cancer.

b The upper 95% confidence limit is greater than 5.00.
c Likelihood for Czech Republic study had no maximum.
e Chi-squared for test of β = 0: 11.25, 1 df; P=0.0008; chi-squared for

heterogeneity between studies: 7.47, 12 df; P=0.76.

Table D9. Influence analysis showing the estimated linear rela-
tionship between the relative risk of lung cancer and the corrected
residential radon concentration omitting each study in turn. (β =
increase in the relative risk of lung cancer per 100 Bq/m3 increase
in the time-weighted average observed radon concentration, es-
timated after stratification by study, age, sex, region of residence,
and smoking history; 95% CI = 95% confidence interval)

Study omitted Estimate of β 95% CI for β

Austria 0.153 0.050–0.297
Czech Republic 0.140 0.036–0.283
Finland nationwide 0.164 0.056–0.313
Finland southern 0.156 0.051–0.301
France 0.156 0.039–0.320
Germany eastern 0.141 0.038–0.287
Germany western 0.158 0.053–0.306
Italy 0.160 0.054–0.309
Spain 0.167 0.060–0.316
Sweden nationwide 0.156 0.045–0.315
Sweden never-smokers 0.151 0.046–0.298
Sweden Stockholm 0.158 0.052–0.305
United Kingdom 0.212 0.074–0.415

All studies included 0.158 0.054–0.303

Table D8. Continued.

 Study Estimate of exp(β) 95% CI for exp(β)

Czech Republic 1.30 1.03–1.65
Finland nationwide 0.97 0.51–1.85
Finland southern 1.15 0.70–1.89
France 1.11 0.99–1.23
Germany eastern 1.36 1.00–1.86
Germany western 1.12 0.62–2.02
Italy 1.09 0.71–1.67
Spain 0.81 0.46–1.41
Sweden nationwide 1.11 0.94–1.31
Sweden never-smokers 1.22 0.87–1.72
Sweden Stockholm 1.12 0.72–1.76
United Kigdom 1.06 0.90–1.24

All studies a 1.12 1.05–1.2

a Chi-squared for test of β = 0: 12.02, 1 df; P=0.0005, chi-squared for
heterogeneity between studies: 5.69, 12 df; P=0.93

Table D6. Distribution of time-weighted average corrected residential radon concentrations during the 30-year period of interest by study.

Study Time-weighted average residential radon (Bq/m3)

Mean SD Minimum Quartiles Maximum

1st 2nd 3rd

Austria 141 147 113 1.37 30 82 104 131 1083
Czech Republic 452 136 429 1.12 125 357 444 542 928
Finland nationwide 82 16 80 1.03 46 71 78 88 229
Finland southern 172 67 162 1.12 52 133 160 191 777
France 120 129 92 1.59 9 62 88 131 2797
Germany eastern 66 31 62 1.11 20 53 60 69 754
Germany western 45 14 43 1.07 17 38 43 48 260
Italy 106 62 93 1.26 30 67 88 121 463
Spain 117 105 93 1.47 28 63 86 122 746
Sweden nationwide 87 77 70 1.48 2 50 71 98 1300
Sweden never-smokers 68 47 57 1.42 3 40 57 83 416
Sweden Stockholm 124 50 116 1.13 33 96 114 139 418
United Kingdom 50 57 36 1.67 3 22 31 54 1117

All Studies 92 106 66 2.11 2 42 64 95 2797

Geometric Geometric
mean SD

Table D8. Estimated log-linear relationship between the relative
risk of lung cancer and the residential radon concentration for
each study and for all the studies combined, correcting for un-
certainties in the assessment of radon concentrations, using the
method of regression calibration. [exp(β) = risk of lung cancer at
100 Bq/m3 time-weighted average corrected radon concentration
relative to 0 Bq/m3, estimated after stratification by study, sex,
region of residence and smoking habits; 95% CI = 95% confi-
dence interval; df = degrees of freedom]

 Study Estimate of exp(β) 95% CI for exp(β)

Austria 1.17 0.68–2.01
(continued)
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Table D10. Relative risk of lung cancer according to time-
weighted average observed residential radon for the categories
<50, 50–79, 80–139, 140–399 and ≥400 Bq/m3. An analysis with
these categories was requested by the investigators of the Ger-
man studies at the outset of the Collaborative Analysis. The base-
line is 0 Bq/m3. (95% CI = 95% confidence interval)

Observed Persons Controls Average Relative 95% CI
radon  with (N) observed risk c

concentration a lung radon
cancer concentra-

(N) tion b

(Bq/m3)

<50 Bq/m3 2518 5 312 33 1.04 0.97–1.12
50–79 Bq/m3 1929 3 665 63 1.03 0.96–1.10
80–139 Bq/m3 1519 2 833 103 1.10 1.01–1.20
140–399 Bq/m3 946 1 785 220 1.22 1.08–1.38
≥400 Bq/m3 236 613 683 1.53 1.18–2.00

Total 7148 14 208 105 – ·

a 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 Average corrected radon concentrations, after uncertainties in the as-
sessment of radon concentrations were taken into account, were 36, 63,
94, 189, and 485 Bq/m3.

c Relative risks estimated using the method of floating absolute risks after
stratification by study, age, sex, region of residence, and, for current
and ex-smokers, detailed smoking history.

Figure D1. Relative risks, 95% confidence intervals (95% CI), and estimated linear relationships for lung cancer risk and the observed radon
concentration by study. Radon concentrations and stratification as in figure 2 in the main text. Categories with fewer than 30 persons and categories 400–
799 Bq/m3  and ≥800 Bq/m3 combined. The baseline is 0 Bq/m3.
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Figure D3. Relative risk of lung cancer according to the time-weighted average observed residential radon concentration (on the left) and the  time-
weighted average corrected residential radon concentration (on the right). Relative risks and 95% confidence intervals are shown for the categorical
analyses and also the estimated linear relationships (solid lines) with the 95% confidence intervals (dashed lines). The risks were calculated after
stratification by study, age, sex, region of residence, and smoking habits. See figure 7 in the text for further methodological details. An analysis
with these categories was requested by the investigators of the German studies at the outset of the Collaborative Analysis.

 

Figure D2. Relative risk of lung cancer according to the time-weighted
average (Bq/m3) observed residential radon concentration after strat-
ification by study, age, sex, region of residence, and smoking habits.
Relative risks and 95% confidence intervals are shown for categories
<50, 50–79, 80–139, 140–399 and ≥400 Bq/m3, and also the estimat-
ed linear relationship RR=1+0.00085 X (solid line), with 95% confi-
dence intervals (dashed lines). Baseline is 0 Bq/m3. An analysis with
these categories was requested by the investigators of the German
studies at the outset of the Collaborative Analysis.
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