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Radon in homes — A possible cause

of lung cancer

by Christer Edling, MD, Hans Kling, Olav Axelson MD'!

EDLING C, KLING H, AXELSON O. Radon in homes — A possible cause of lung cancer. Scand j work
environ heaith 10 (1984) 25—34. An earlier case-referent study [Scand j work environ & health 5 (1979)
10—15] has indicated a possible relationship between lung cancer and exposure to radon and radon
daughters in dwellings. Indoor radon concentrations seem to depend on both building material and
leakage of radon from the ground. This new study, in a rural area, is a further attempt to elucidate the
etiology of lung cancer, taking into consideration type of house and ground conditions, as well as
smoking habits. Although the choice of a rural study population helped to eliminate various confounding
exposures in the urban environment, it limited the size of the study because of the rareness of lung cancer
in rural populations. Long-term residents, 30 years or more in the same houses, were studied, and again
an association was found between lung cancer and estimated exposure to radon and radon daughters in
homes. The data also seem to indicate the possibility of a multiplicative effect between smoking and
exposure to radon and radon daughters in homes, but there was also some confounding between these
factors in the data.

Key terms: case-referent, dwellings, epidemiologic study, homes, interaction, lung cancer, radon,

smoking.

Lung cancer has become one of the predominating
forms of malignant disorders in men of the industri-
alized world, and it is rapidly approaching this posi-
tion also for women (37). The relations between lung
cancer, or more precisely bronchial carcinoma, and
smoking habits are generally recognized today (43),
and there are suggestions of an association with pas-
sive smoking as well (15, 27, 46). However, some of
the observations on the role of smoking in the causa-
tion of lung cancer are not quite consistent (and indi-
cate that also other important factors are involved),
and there have also been some more or less well-
known challanges of the smoking theory from time to
time (13, 22, 38).

A number of occupational factors has been associ-
ated with lung cancer (45), but they do not seem to
account fully for the increased incidence in urban
areas as compared to rural districts (47). Furthermore
the urban-rural gradient of lung cancer incidence
exists even after allowance has been made for smok-
ing habits (24), ie, it has been found among non-
smokers and within the various smoking categories
(16, 17, 18).

Quite recently interest has focused on another
potential and widespread risk factor for lung cancer,
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namely, exposure to indoor levels of radon and radon
daughters, as such exposure has presumably in-
creased over past decades as central heating by radia-
tors has replaced furnaces, etc, and a further increase
is likely to result from efforts to save energy through
the tightening of houses and decreasing ventilation
(12, 19, 33, 42, 44).

Radon is a noble gas, originating from the decay of
uranium through radium; it also decays itself by
emitting alpha radiation into isotopes of lead, bis-
muth, and polonium, which are the so-called short-
lived radon daughters, two of which emit alpha radi-
ation. The occurrence of indoor radon and radon
daughters is due to a leakage of radon from the
ground, but building materials also contribute,
especially if the foundation is on gravel or alum
shale. Furthermore radon is given off from tap water
if it originates from ground water. Since radon has
proved to be a pulmonary carcinogen in studies of
underground miners (3), it is of crucial interest to
determine whether or not an effect of low levels in
dwellings can be epidemiologically demonstrated.

In an earlier case-referent study on the possible
impact of exposure to radon and its daughters in
dwellings (5), we found an increased mortality from
lung cancer among people in stone houses, where
concentrations of radon and radon daughters tend to
be higher (than in wooden houses) (28). In an Ameri-
can study measurements of radon concentrations in
the homes of lung cancer cases were found to be
higher than the levels in the homes of the referents
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(controls), the result being an odds ratio of slightly
over 2 (Radford, personal communication). A corre-
lation study from the state of Maine in the United
States has shown a positive and significant correla-
tion between lung cancer and presumably high radon
levels in tap water, as related to high radon levels in
well water (26). Another correlation study from the
state of Iowa has also indicated a relationship
between the levels of radium-226 in drinking water
and incidence of cancer of the lung and bladder
among males and of cancer of the lung and breast
among females (11).

An additional study (41) on lung cancer rates and
housing characteristics, ie, constructions and build-
ing materials, did not disclose significant findings of
any such relations, but the rates were highest in the
context of concrete houses and houses built on a
concrete slab. In Sweden lung cancer incidences on a
county level have been found to correlate with back-
ground gamma radiation, which in turn can be as-

Figure 1. Map of Oeland, with the alum shale zone
(in black) and the three parish areas (dotted lines).
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sumed to reflect the levels of radon daughters in
dwellings reasonably well (21).

These various observations have a more or less pre-
liminary character, which calls for additional re-
search in this field, and the present study was under-
taken on the island of Oeland in the Baltic Sea to elu-
cidate further a possible relation between indoor
radon daughter exposure and lung cancer. Some pre-
liminary results have already been presented (6), but,
thanks to additional economic support, it has now
been possible to obtain questionnaire information
about the houses and to undertake radon daughter
measurements. The smoking habits of the subjects
have also been procured and a further check was
made of medical records.

Material and methods

The island of Oeland, 140 km in length and up to 15
km in breadth, was chosen for the study because it is
a rural area with particular geologic features, pro-
viding a rather unique study situation. The ground is
limestone with uranjum-containing alum shale under-
neath. But the layers of limestone and shale are
slightly tilted towards the east, and the alum shale
appears in the ground in a narrow strip (only some
hundred metres in breadth) on the west side of the
southern two-thirds of the island from a few hundred
metres to about 2 km from the seashore (figure 1).
This alum shale zone gives rise to an elevated level of
gamma radiation exceeding 30 uR/h (77.4 x 10~'°
C/kg - h), from the ground, and a somewhat in-
creased leakage of radon into the air could be ex-
pected to occur. It is also very likely therefore that
the indoor radon daughter levels in the houses on this
particular ground are increased.

The population of the southern part of the island
is peculiarly distributed, namely, in two strips, ie,
part living along (within and outside) the alum shale
zone on the western side and part residing on the
castern side of the island, whereas the inland of the
island is sparsely populated (being a steppe-like area
and forest land — this specific pattern is not followed
in the northern third of the island, however). The
total population of the island was about 20,000 indi-
viduals during the study period, 1960—1978, and
there are three small towns with some 2,000—3,000
inhabitants each, all on the west coast.

As in other rural populations lung cancer was a
relatively rare disease among the inhabitants, who
made their living from farming, with associated ser-
vices and tourism, or were employed (only a few
hundred people) in small factories (cement and
lightweight concrete production, sugar-beet refining
and limestone quarrying). The plan was to undertake
a case-referent study, but for economic reasons the
study had to be built up step-by-step, evaluating the
reasons and possibilities to proceed further. Thus a



first analysis of the data was undertaken which
showed a higher mortality from lung cancer in the
western and northern parishes than in the eastern
area (table 1). Since this difference could be related
to the somewhat more urbanized structure of the west
coast, but also was in accordance with the hypothesis
of an increased lung cancer risk due to a higher
background level of radon, the original plan of
undertaking a case-referent study seemed necessary
to evaluate the situation more definitively. Thereby it
seemed reasonable to restrict the study to only that
sector of the population which had been stable and
had lived in the same houses for a very long time.

Selection of subjects

The official registers of deaths and burials in the 34
parishes of the island were merged and utilized as one
single source register of subjects for this case-referent
study. In all, 6,288 persons had died on the island
during the 19-year study period, and, of these deaths,
69 were registered as due to lung cancer, all of per-
sons 40 or more years of age. This registration was
checked through a comparison with the medical files,
and as cases those subjects were finally chosen who
had died from malignant tumors of the lung [Inter-
national Classification of Diseases (ICD) 162]. With
the preliminary aim of attaining a one-to-six case-
referent ratio, a random sample of 414 individuals
was initially drawn as referents from the source regis-
ter; thereby only those persons with noncancer diag-
noses on their death certificates were enrolled.
After the material was restricted to include only
those cases and referents (men as well as women) who
were above 39 years of age and who had lived in the
same house for 30 years or more prior to death, and
not including cases and referents who had lived in
apartments, 23 cases and 202 referents were included
in the analysis. Individuals living in apartments were
not included because of the difficulties involved in
assessing exposure categories in this context.

Assessment of exposure and smoking habits

The addresses of the cases and referents, as given in
the source register of deaths and burials, were located
on large-scale economic maps, which permitted the
geographic identification of isolated houses. ‘‘Geo-
Radiation maps,”’ originally produced for uranium
ore prospecting, were used to determine whether or
not a house was situated on radiation ground.

The final assessment of exposure was then ob-
tained in two ways, ie, ocular classification of the
houses and measurements of radon daughters by
alpha sensitive film. For the classification of the
houses with regard to exposure, every house was
visited and, from judgements of the outside, building
material, type of house, and ground conditions were
taken into account. This classification also involved
photographing the houses, and it was undertaken
without any consideration of whether or not the
house had belonged to a case or a referent. Three
categories were used: the reference (category 0) being
wooden houses without a basement on normal
ground; category 2 being wooden houses with a base-
ment on radiation ground (the alum shale zone) or
stone, brick and plaster houses with a basement on
any ground (alternatively without a basement on
radiation ground); and exposure category 1 compris-
ing all other types of houses, ie, also wooden houses
without a basement but on radiation ground.

Questionnaires were also administered blindly to
the next-of-kin of the subjects or present house
owners, and the collected data were used for supple-
mentary information. For a few houses the original
classification had to be slightly adjusted according to
information obtained about the existence of base-
ments. The questionnaires also referred to major
renovations, major changes in ventilation, and the
occupations and smoking habits of the subjects.

Measurements of radon daughter concentrations
were undertaken together with the local public-health
authorities, and were made in as many houses as pos-
sible, owners permitting (86 %). Kodak LR 115 type

Table. 1. Number of cases of lung cancer, average background population, and lung cancer rates per 105 person-years (based
on original 69 deaths) in the northern, western and eastern parishes (see figure 1) during 1960—1978, ie, during a 19-year time
span. The average background population is based on the 1970 census.

Parish areas

North West East
Age
(years) Lung Lung Lung
Average cancer Average cancer Average cancer
g'f“gg:; backgrognd rates per guggzg background rates per cr,\lfu;gls)z; background rates per
population 105 person- population 10° person- population 10° person-
years years years
25—64
Males 5 1,166 226 9 3,039 15.6 1 1,066 4.9
Females 3 956 16.5 0 3,023 - 0 934 —
=65
Males 4 402 52.4 30 1,008 157.0 3 462 34.2
Females 5 432 60.9 7 1,194 30.9 2 465 226
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IT cellulose nitrate film was placed about 1.5—2 m
above the livingroom floor. Three films per house
were exposed during one month in March—April and
during three months around the period April—June.
The films were analyzed by the Department of
Radiophysics at the University of Lund, according to
principles described elsewhere (40). These analyses
were performed without any knowledge of whether
the house had belonged to a case or a referent. Be-
cause the three months of measurements went into
the summer season, a period with much better venti-
lation, the one-month measurements were regarded
as reflecting the average exposure situation better and
were therefore used in the analysis. (This was a sug-
gestion made by the Department of Radiophysics be-
fore any evaluation had started.)

The categorization of the exposure levels was made
with the fact in view that the average radon daughter
concentration in Swedish houses seems to be about 50
Bq/m?, but also with regard to the generally held
belief that film measurements are uncertain at levels
below 100 Bq/m?. Furthermore there was a need to
obtain a reasonable number of individuals at the
highest exposure level to make the analysis meaning-
ful. Thus the scale was set up as < 50 Bq/m?,
50—149 Bq/m? and = 150 Bq/m?.

Information about smoking habits was obtained
for the cases and referents through the aforemen-
tioned questionnaires. For a few subjects there was a
supplementary telephone interview made by a local
dean. People who had stopped smoking 15 years or
more prior to death were considered nonsmokers.

Statistical methods

The calculation of chi-square values and the estima-
tion of the overall odds ratios, equaling the incidence
density ratios with the design applied (4), were based
on the Mantel-Haenszel procedures (32). The require-
ment of minimum expected cell size, ie, that there be
a potential variation of at least 5 on each side of the
expected total across the tables for a particular cell
entry, was determined with a method described by
Mantel & Fleiss (31). Trends were tested by the Man-
tel extension of the Mantel-Haenszel test, scoring the
exposure categories as 0, 1, and 2 (30). The principles
applied for determining the standardized rate ratios
have been outlined by Miettinen (34, 35), together
with the method used for calculating the approximate
(test-based) confidence interval of the rate ratios (36).
Utilizing the GLIM (general linear interactive model-
ing) package (9), a logistic regression analysis was
also applied, particularly for elucidating potential
confounding and effect modification.

Results

As a result of the classification procedure (table 2),
10 of the 23 cases, or 43 %, and 125 of the 202 refer-
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ents, or 62 %, were found to belong to exposure
category 0 (reference category). Since seven of all the
cases (30 %) had lived in houses in exposure category
2 versus 22 of the referents (11 %), the crude rate
ratio was 4.0 and the Mantel-Haensze] point estimate
4.3, with a 90 % confidence interval of 1.7—10.6.
Exposure category 1 comprised 6 of the cases (26 %)
and 55 of the referents (27 %), ie, the crude odds
ratio was 1.4 and the Mantel-Haenszel point estimate
1.2, The Mantel extension for trend resulted in a chi-
square value of 5.34 (p < 0.01, one-tailed). A com-
parison of exposure categories I + 2 versus 0 re-
sulted in a point estimate of 2.0 and a 90 % confi-
dence interval of 0.95—4.2.

When smoking habits were allowed for, the mate-
rial was reduced by one case (4 %) and 24 referents
(12 %) due to missing information. Stratification on
age, gender, and smoking (table 3) reduced the Man-
tel-Haenszel point estimates somewhat, ie, for ex-
posure category 1 + 2 the rate ratio amounted to 1.8
with a 90 % confidence interval of 0.9—3.9 and for
exposure category 2 it was 3.5 with a 90 % confi-
dence interval of 1.3—9.2. The multivariate logistic
analysis resulted in almost identical figures, ie, a rate
ratio of 3.9 and a 90 % confidence interval of
1.5—10.0.

There was a slight positive confounding effect
from smoking, 15 % of the referents who smoked be-
longing to exposure category 0 as compared to 27 %
in exposure category 1 and 26 % in exposure cate-
gory 2. When smoking was considered as the deter-
minant of lung cancer and stratification was made on
the basis of the various house categories, the risk
ratio for smokers versus nonsmokers was 2.8 with a
90 % confidence interval of 0.9—5.5. From table 3 it
was also possible to obtain some information about
potential interaction between smoking and radon
daughter exposure. A comparison of smokers in ex-
posure categories 1 and 2 to nonsmokers in exposure
category O revealed a rate ratio of 3.6 and 9.3, respec-
tively, a result indicating a more than additive effect
from these two factors. The same conclusion could
be drawn from the multivariate logistic analysis
showing a multiplicative effect between radon daugh-
ter exposure and smoking.

Measurements of radon daughter levels were made
in all but 3 case (9 %) and 29 referent (14 %) houses.
As shown in table 4, the measurements were in rea-
sonably good agreement with the applied exposure
classification. In the different exposure categories,
86 % of the houses in category 0 were measured,
84 % in category 1, and 90 % in category 2.

The results obtained from the alpha sensitive films
have been used in assessing the exposure levels for
those cases and referents with known smoking habits
(table 5). Eight cases (42 %) and 102 referents (64 %)
belonged to the lowest exposure level (reference level)
and three cases (16 %) had lived in houses with the
highest exposure level (= 150 Bg/m?) versus seven



referents (4 %). Consequently, the crude rate ratio
was 4.9 and the Mantel-Haenszel point estimate 5.1
with a 90 % confidence interval of 1.4—18.5. The
corresponding figure for all the exposure levels above
50 Bq/m® was 2.8 for the crude rate ratio, and the
Mantel-Haenszel point estimate was 2.7 with a 90 %
confidence interval of 1.1—6.4. The multivariate
logistic analysis ended up in a rate ratio of 4.7 and a
90 % confidence interval of 1.2—18.5. The Mantel
extension for trend resulted in a chi-square value of
4.73 (p < 0.02; one-tailed).

Discussion

The results of this investigation are fairly well in
accordance with those of an earlier study (5), and

they strengthen the idea of a possible relationship
between lung cancer and exposure to radon and
radon daughters in dwellings. With regard to the
number of cases that were obtainable, the size of the
study is small, and the Mantel-Haenszel chi-square
test was found to be somewhat suboptimal according
to the evaluation suggested by Mantel & Fleiss (31),
ie, when the single exposure categories were consid-
ered, but was acceptable for dichotomized data (ie,
exposure categories 1 and 2 taken together). The
results are also somewhat suggestive that a lung can-
cer hazard could exist already at exposure levels
around or below 150 Bq/m?, although the study is
by no means conclusive in this respect.

The acquisition of cases and referents from the
parish registers could perhaps be suspected of not

Table 2. Distribution of the cases of lung cancer (International Classification of Diseases 162) and referents, having lived
30 years or more at the same address, into exposure categories based on a housing classification. The estimated background
population, correspondingly restricted, was taken from the 1970 census. (The study period is 1960—1978.)

Exposure category? Estimated
Gender average
0 1 2 1+2 population

40- to 69-year age group
Males

Cases 1 2 2 4

Referents 18 5 2 7 1,763
Females

Cases 0 0 1 1

Referents 9 4 3 7 2,289
70- to 79-year age group
Males

Cases 2 2 2 4

Referents 18 12 5 17 440
Females

Cases 4 1 1 2

Referents 2 10 3 13 570
=80-year age group
Males

Cases 2 1 1 2 179

Referents 20 14 3 17
Females

Cases 1 0 0 0 225

Referents 36 10 6 16
Total
Males

Cases 5 5 5 10

Referents 56 31 10 41 2312
Females

Cases 5 1 2 3

Referents 69 24 12 36 3,084
Crude rate ratio (odds ratio) 1.0 1.4 4.0 21
Standardized mortality ratio 1.0 1.2 43 2.0
Mantel-Haenszel rate ratio
(odds ratio)

Point estimate 1.0 1.2 43 2.0

90 % confidence interval 0.5—3.1 1.7—10.6 0.95—4.2

Mantel-extension x;,2 = 5.34

2 0 = wood houses withput a basement on normal ground; 1 = all types of houses not included in category 0 or category 2;
2 = wooden houses with a basement on radiation ground or stone, brick and plaster houses with a basement on any type
of ground (alternatively without a basement on radiation ground).
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being entirely satisfactory owing to the incomplete-
ness of such registers. However, the registers of
deaths and burials in Sweden usually contain full
information about the deaths as based on fairly
complete diagnoses from the death -certificates.
However, when the diagnoses of the death certifi-

cates were compared with those in the medical files,
there were five cases which could not finally be ac-
cepted as primary lung cancer and therefore the num-
ber of cases is fewer in this presentation than in the
preliminary report of the same material (6). Nineteen
additional referents have also been included that were

Table 3. Cases of lung cancer (International Classification of Diseases 162) and referents (various noncancer diagnoses) with
known smoking habits and having lived = 30 years at the same address.

Exposure category?

Gender

1+2

40- to 69-year age group
Males

Smokers
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Referents

Nonsmokers
Cases
Referents
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Referents 1
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(odds ratio)
Point estimate 1.0
90 % confidence interval
Mantel-extension x,2 = 3.88
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1.2 3.5

1.
1.3—9.2 0.9—-3.9

@ 0 = wood houses without a basement on normal ground, 1 = all types of houses not included in category 0 or category 2,
2 = wooden houses with a basement on radiation ground or stone, brick and plaster houses with a basement on any type
of ground (alternatively without a basement on radiation ground).
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not in the earlier presentation due to the new entries
for identification that were obtained through the
questionnaire information.

In the selection of referents, only those who had
died of nonmalignant diseases were considered, since
background radiation not only might cause the dis-
ease under study (lung cancer) but also other cancers
(1), and the inclusion of cancer diagnoses among the
referents could have given a false impression of the
exposure frequency in the various categories of the
study base. This might perhaps be the case particular-
ly for persons of younger ages, judging from experi-
ences indicating a relation between acute myeloid
leukemia and background radiation (23), especially
since a correlation of radon daughter exposure and
exposure to gamma radiation can be expected. It
needs be pointed out perhaps that the applied exclu-
sion of cancer diagnoses largely explains the change
of the case-referent ratio from the original one-to-six
to one of almost one-to-nine, since people with can-
cer tend to die at relatively younger ages, the possi-
bility to fulfill the inclusion criteria of having lived in
the same house for 30 years or more prior to death
thereby having been reduced.

The validity of the information about smoking
habits, as obtained through interviews with next-of-
kin, may be criticized with regard to a ‘‘memory
bias.”” According to recent experiences, however, the
assessment of exposure through interviews seems to
be acceptable when interviews are compared to other
sources as far as occupational exposures and smoking
histories are concerned (25, 39). It is also known (14)
that the number of smokers is generally low in rural
areas, and in this study only 20 % of the referents
were smokers. The exclusion of all cancers, some of
them being related to smoking, would tend to give a
lower frequency of smokers among the referents;
such a procedure would have no impact on the main
results of the study as long as this underfrequency is
symmetrically related to the exposure categories
however. This phenomenon might also be balanced
by an overrepresentation of smokers with other speci-
fic diagnoses such as cardiovascular disease. Among
the male cases, 60 % were smokers, but none of the
female cases smoked. In the assessment of smoking
habits, there was a dropout of 11 % of the total study

population. Regarding only the referents, the relative
dropouts were 12 % in exposure category 0, 11 % in
category 1 and 14 % in category 2. In a reanalysis of
the data under the assumption that all the referents
with missing smoking information were nonsmokers
whereas the missing case was a smoker, the crude rate
ratio, as well as the Mantel-Haenszel point estimate,
was certainly somewhat reduced, but there was still a
numerically increased rate ratio for exposure cate-
gory 2.

The alpha sensitive Kodak film (as well as other
similar methods of measurement) has been criticized
for insensitiveness and dispersion, but nevertheless it
seems reasonable to believe that the method should
be able to differentiate well enough between houses
with low levels, formally taken as < 50 Bq/m? in
this study, and houses with higher levels, or formally
> 150 Bq/m>.

Lung cancer has been associated with exposure to
pesticides (10) and, since farming is mainly of grain
and vegetables in the southwest of the island, ie,
along the alum shale strip, and the raising of livestock
is more predominant in other areas, the possibility of
confounding in this respect was also considered. To
allow for this potential source of confounding but
also for possible differences in smoking habits related
to the more urbanized structure of the west coast or
other ‘‘unknown’’ confounding factors as an ex-
planation for the difference in lung cancer mortality
between the eastern and western part of the island, an
analysis was made also after restriction to the
southwest only. The same relationship between lung
cancer and the exposure categories was found, al-
though for a limited number of individuals. Regard-
ing occupations, the information from the question-
naires gave no indication of any association with Iung
cancer. By stratification according to wooden and
nonwooden houses, the lung cancer risk was found to
be higher on radiation ground (the crude rate ratio
being 3.7); this finding is not surprising in view of the
anticipated contribution of radon from the ground.

Finally the interaction between smoking and radon
daughter exposure should be somewhat further dis-
cussed. Thus the findings in this study are in accord-
ance with some of the studies of mining populations,
particularly from uranium mines (2), where also a

Table 4. Radon daughter concentrations with regard to radiation ground and exposure categorization; three films per house

were exposed during one month.

Houses on radiation ground (N = 35)
Houses on normal ground (N = 158)

Houses in category 0 (N = 116)
Houses in category 1 (N = 51)
Houses in category 2 (N = 26)

Radon daughter concentrations Bg/m® EER?2

Arithmetical mean Geometrical mean

142 86
46 39
42 36
57 44

170 109

@ EER = equilibrium equivalent radon according to the International Commission on Radiological Protection (29); for conver-

sion to WL (working level) divide by 3,700.
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Table 5. Distribution of the cases of lung cancer (International Classification of Diseases 162) and the referents (having lived
= 30 years at the same address) into exposure levels as based on measurements of radon daughters by alpha sensitive film.
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23 .
1.1—6.4

5.1
14—18.5

more or less multiplicative effect has appeared.
However, there is some inconsistancy with a couple
of mining studies (7, 20), in which a merely additive
effect of radon daughter exposure and smoking was
found. The reason could be that ordinary people are
not exposed to the same amount of dust and other
irritants as miners, particularly in older mines, and
that these irritants together with smoking tend to in-
crease the thickness of the mucous sheath and there-
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by somewhat protect against the very short-ranging
alpha radiation. [For a further discussion see the
article by Axelson & Sundell (8).] Thus there is not
necessarily any direct contradiction present between
our results and the mining studies, especially as the
induction-latency periods seem to be shorter for the
smoking miners than for their nonsmoking col-
leagues (2, 7), a phenomenon which seems consistent
with a promotive effect for smoking.



In conclusion, the findings presented in our present
study, along with the results of the earlier study (5)
and the general knowledge about the relationship
between radon daughter exposure and lung cancer,
seem to suggest that exposure to radon and radon
daughters in dwellings may play an important etio-
logic role for lung cancer in the general population.
Therefore, the risk estimates obtained for smoking
might be influenced or modified, or even somewhat
confounded by indoor radon daughter exposure, and
this possibility might help explain some of the irregu-
larities reported for the relationship between smoking
and lung cancer

Acknowledgments

We thank Mr L Andersson and Dr A Ringnér for
their assistance and Ms A-L Bjorklinger for her secre-
tarial help.

This study was supported by the Swedish Radon
Commission and the County Council of Ostergot-
land.

References

1. Archer VE. Effects of low-level radiation: A critical
review. Nucl saf 21 (1980) 68—82.

2. Archer VE, Wagoner JK, Lundin FE Jr. Uranium
mining and cigarette smoking effects on man. J occup
med 15 (1973) 204—211.

3. Axelson O. Epidemiology of occupational cancer:
Mining and ore processing. In: International Labour
Office. Occupational safety & health series, no 46,
Geneva 1982, pp 135—149.

4. Axelson O. Elucidation of some epidemiologic prin-
ciples. Scand j work environ health 9 (1983) 231—240.

5. Axelson O, Edling C, Kling H. Lung cancer and resi-
dency: A case-referent study on the possible impact of
exposure to radon and its daughters in dwellings.
Scand j work environ health 5 (1979) 10—15.

6. Axelson O, Edling C, Kling H, Andersson L, Ringnér
A. Lung cancer and radon in dwellings. Lancet 2
(1981) 995—996.

7. Axelson O, Sundell L. Mining, lung cancer and smok-
ing. Scand j work environ health 4 (1978) 46—52.

8. Axelson O, Sundell L. Mining, lung cancer and smok-
ing. Scand j work environ health 6 (1980) 227—231.
(Letter to the editor).

9. Baker RJ, Nelder JA. The GLIM system. Third ed.
Numerical Algorithms Group, Oxford 1978.

10. Barthel E. Increased risk of lung cancer in pesticide-
exposed male agricultural workers. J toxicol environ
health 8 (1981) 1027—1040.

11. Bean JA, Isacson P, Hahne RM, Kohler J. Drinking
water and cancer incidence in Iowa: II Radioactivity in
drinking water. Am j epidemiol 116 (1982) 924—932.

12. Breslin AJ, George AC. Radon sources, distributions,
and exposures in residential buildings. Trans am nucl
soc 33 (1979) 150—152.

13. Burch PRJ. Smoking and lung cancer: The problem of
inferring cause. J r stat soc 141 (1978): 4, 437—477.

14. Cederl6f R, Friberg L, Hrubec Z, Lorich U. The rela-
tionship of smoking and some social covariables to
mortality and cancer morbidity: A ten-year follow-up
in a probability sample of 55 000 Swedish subjects age

15.

16.

17.
18.

19.
20.
21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32

33.

34.
35.
36.

37.

18 to 69. Department of Environmental Hygiene, The
Karolinska Institute, Stockholm 1975.

Correa P, Pickle LW, Fontham E, Lin Y, Haenszel W.
Passive smoking and lung cancer. Lancet 2 (1983)
595—597.

Dean G. Lung cancer among white South Africans. Br
med j 2 (1961) 1599—1605.

Dean G. Lung cancer and bronchitis in Northern
Ireland 1960—1962. Br med j 1 (1966) 1506—1514.
Dean G. The effects of air pollution and smoking on
health in England, South Africa and Ireland. J ir med
assoc 72 (1979) 284—289.

Dickson D. Home insulation may increase radiation
hazard. Nature 276 (1978) 431.

Edling C. Lung cancer and smoking in a group of iron
ore miners. Am j ind med 3 (1982) 191—199.

Edling C, Comba P, Axelson O, Flodin U. Effects of
low-dose radiation — A correlation study. Scand j
work environ health 8 (1982): suppl 1, 59—64.
Fisher RA. Smoking. The cancer controversy: Some
attempts to assess the evidence. Oliver and Boyd, Edin-
burgh 1959.

Flodin U, Andersson L, Anjou C-G, Palm U-B, Vikrot
0O, Axelson O. A case-referent study on acute myeloic
leukemia, back-ground radiation and exposures to
solvents and other agents. Scand j work environ health
7 (1981) 169—178.

Friberg L, Cederléf R. Late effects of air pollution
with special reference to lung cancer. Environ health
perspect 22 (1978) 45—66.

Hardell L. Relation of soft-tissue sarcoma, malignant
lymphoma and colon cancer to phenoxy acids, chloro-
phenols and other agents. Scand j work environ health
7 (1981) 119—130.

Hess CT, Norton SA, Brutsaert WF, Casparius RE,
Coombs EG, Hess AL. Radon-222, in potable water
supplies of New England. New engl water works assoc
94 (1980) 113—128.

Hirayama T. Non-smoking wives of heavy smokers
have a higher risk of lung cancer: A study from Japan.
Br med j 1 (1981) 183—185.

Hultgvist B. Studies on naturally occurring ionizing
radiations, with special reference to radiation doses in
Swedish houses of various types. Almqvist & Wiksell
Boktryckeri AB, Stockholm 1956. (Kungl Svenska
vetenskapsakademiens handlingar, 4:e serien, band 6,
nr 3).

International Commission on Radiological Protection.
Radiation protection in uranium and other mines. Per-
gamon Press, Oxford 1976. (ICRP publication no 24).
Mantel N. Chi-square tests with one degree of free-
dom: Extensions of the Mantel-Haenszel procedure.
Am stat assoc j 58 (1963) 690—700.

Mantel N, Fleiss JL. Minimum expected cell size re-
quirements for the Mantel-Haenszel one-degree-of-
freedom chi-square test and a related rapid procedure.
Am j epidemiol 112 (1980) 129—134.

Mantel N, Haenszel W. Statistical aspects of the
analysis of the data from retrospective studies of dis-
ease. J natl cancer inst 32 (1959) 719—748.
McGregor RG, Vasudev P, Letourneau EG, McCul-
lough RS, Prantl FA, Taniguchi H. Background con-
centrations of radon and radon daughters in Canadian
homes. Health phys 39 (1980) 285—289.

Miettinen OS. Components of the crude risk ratio. Am
j epidemiol 96 (1972) 168—172.

Miettinen OS. Standardization of risk ratio. Am j epi-
demiol 96 (1972) 383—388.

Miettinen OS. Estimability and estimation in case-
referent studies. Am j epidemiol 103 (1976) 226—235.
Miller AB. Epidemiology and etiology of lung cancer.
Excerpta Medica, Amsterdam 1980, pp 9—26. (Inter-
national congress series 525).

33



38.
39.

40.

41.

42.

43.

34

Passey RD. Some problems of lung cancer. Lancet 2
(1962) 107—112.

Pershagen G, Axelson O. A validation of question-
naire information on occupational exposure and smok-
ing. Scand j work environ health 8 (1982) 24—28.
Samuelsson C, Persson RBR, Holm E. Measurement
of radon and radon daughters in various Scandinavian
environments. Presented at the Second Special Sympo-
sium on Natural Radiation Environment, Bombay,
India, January 19—23, 1981.

Simpson SG, Comstock GW. Lung cancer and housing
characteristics. Arch environ health 38 (1983)
248—251.

Stranden E, Berteig L, Ugletveit F. A study on radon
in dwellings. Health phys 36 (1979) 413—421.
Surgeon General. Smoking and health: A report of the
surgeon general. US Department of Health, Education
and Welfare, Public Health Service, Washington, DC
1979.

44.

45.

46.

47.

Swedjemark GA. Indoor measurements of natural
radioactivity in Sweden. National Institute for Radia-
tion Protection, Stockholm 1979. (SSI 1979-026).
Tola S. Occupational exposures and lung cancer —
Epidemiological approaches. Eur j respir dis 63 (1982):
suppl 123, 128—138.

Trichopoulos D, Kalandidi A, Sparros L, MacMahon
B. Lung cancer and passive smoking. Int j cancer 27
(1981) 1—4.

Vena JE. Air pollution as a risk tactor in lung cancer.
Am j epidemiol 116 (1982) 42—56.

Received for publication: 19 February 1983





