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Abstract
Exposure to radon gas is the second most common cause of lung cancer after smoking. A large number of studies
have reported that exposure to indoor radon, even at low concentrations, is associated with lung cancer in the
general population. This paper reviewed studies from several countries to assess the attributable risk (AR) of lung
cancer death due to indoor radon exposure and the effect of radon mitigation thereon. Worldwide, 3–20 % of all
lung cancer deaths are likely caused by indoor radon exposure. These values tend to be higher in countries
reporting high radon concentrations, which can depend on the estimation method. The estimated number of lung
cancer deaths due to radon exposure in several countries varied from 150 to 40,477 annually. In general, the
percent ARs were higher among never-smokers than among ever-smokers, whereas much more lung cancer deaths
attributable to radon occurred among ever-smokers because of the higher rate of lung cancers among smokers.
Regardless of smoking status, the proportion of lung cancer deaths induced by radon was slightly higher among
females than males. However, after stratifying populations according to smoking status, the percent ARs were
similar between genders. If all homes with radon above 100 Bq/m3 were effectively remediated, studies in Germany
and Canada found that 302 and 1704 lung cancer deaths could be prevented each year, respectively. These
estimates, however, are subject to varying degrees of uncertainty related to the weakness of the models used and
a number of factors influencing indoor radon concentrations.
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Background
Radon is a chemically inert radioactive gas of natural origin that is produced from uranium and radium in rocks
and soils throughout the earth’s crust. Outdoors, radon is
of no concern to human health, because it is quickly diluted by atmospheric mixing [1]. However, radon can accumulate to harmful levels in confined spaces such as
homes and workplaces. Inhalation of high levels of radon,
a source of radioactivity, can induce DNA mutation and
increase the risk of cancer by depositing decay products in
the lung epithelium [2]. In 1988, the International Agency
for Cancer Research declared radon to be carcinogenic for
humans and classified as a proven human carcinogen [3].
Radon is the second most common cause of lung cancer
after smoking [4]. Long-term exposures to radon have
been linked to lung cancer in several epidemiological
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studies [5]. In the sixteenth century, mortality from respiratory disease increased among certain groups of
underground miners in Central Europe, and the primary
cause of deaths was first suspected as radon-related lung
cancer in the twentieth century [4]. Evidence on health effects of radon comes mainly from epidemiological studies
of underground miners exposed to high concentrations of
radon, which has consistently been shown to be related to
an increased risk of lung cancer for both smokers and
non-smokers [2]. Beginning in the 1980s, a large number
of studies set out to investigate associations between lung
cancer and exposure to indoor radon among the general
population. However, these studies failed to provide
definitive results, mainly because of the small number
of study participants; some showed a significant relationship between indoor radon exposure and lung cancer [6],
while others did not [7]. Therefore, pooled-analyses were
undertaken to ascertain associations in the general populations of Europe, North America, and China [5, 8–11].
These collaborative analyses presented similar results on a
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positive association between indoor radon exposure and
lung cancer risk.
Indoor radon may constitue a significant and potentially preventable risk factor for lung cancer. Measuring
health risks can be useful to public health policy making
and the allocation of available resources. The population
risk of radon-induced lung cancer is assessed by attributable risk (AR). AR is a measure of how much of the disease risk is attributable to a certain exposure, and thus,
indicates the potential for prevention if the exposure
could be eliminated [12]. Explicitly, the AR of lung
cancer deaths due to indoor radon exposure refers to
the proportion of lung cancer deaths that could be
prevented if indoor radon concentrations were remediated to outdoor levels [13]. In fact, since most
homes are deemed to have low levels of radon, the
majority of lung cancer deaths attributable to radon
would occur among persons exposed to indoor radon
concentrations below commonly used reference levels
[4]. Therefore, strategies to mitigate indoor radon
levels are necessary for public health, and quantitative
analyses would help in determining appropriate reference levels thereof. In this review, we summarized the
results of studies from several countries on ARs of
lung cancer deaths due to indoor radon exposure and
the effects of radon mitigation.

Review
Lung cancer deaths attributable to indoor radon
exposure per country

Tables 1 and 2 show the estimated percentages and
numbers of lung cancer deaths attributable to indoor
radon exposure in American, European, and Asian countries [1, 2, 14–21]. The percent AR of lung cancer deaths
due to radon exposure is estimated to be lie between
3 % (United Kingdom) and 20 % (Sweden). These calculations suggest that of all lung cancer deaths worldwide,
3–20 % may be caused by indoor radon exposure. The
number of lung cancer deaths attributed to radon exposure ranges from 150 (Netherlands) to 40,477 (South
Korea). The wide variation of the estimates among countries may be due to the exposure-response relation
model used and the overall number of lung cancer
deaths in each country. These findings support that indoor radon exposure poses a significant hazard to public
health. Indeed, radon-induced lung cancer deaths may
be greater than deaths from other cancers. As an example, the estimated number of lung cancer deaths due
to radon exposure in the United States is greater than
the annual number of deaths for several cancers including malignant neoplasms of the ovaries, liver, brain,
stomach, or melanoma [4].
Averaged indoor radon concentrations range from 21
to 110 Bq/m3 (arithmetic means), showing considerable
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variations among countries. Although directly comparing results from different epidemiological studies would
be difficult because of methodological differences, countries with high indoor radon concentrations tend to have
high estimates of percent AR for lung cancer deaths.
The highest estimate of percent AR (20 %) was reported
in a Swedish study using two-mutation carcinogenesis
model for a country-wide average radon concentration
of 110 Bq/m3 [18]. The lowest indoor radon concentration (21 Bq/m3) was measured in the UK, which also
showed the lowest percent AR (3.3 %) of lung cancer
deaths given in the model from the European pooling
study [20].
Estimates of AR are dependent on the risk model used.
Several studies have applied the models proposed by the
sixth Biological Effects of Ionizing Radiation (BEIR-VI)
Committee [2] for calculating lung cancer deaths attributable to indoor radon exposure in the general population.
The BEIR-VI models were developed by reanalyzing the
initial combined analysis of 11 cohorts of miners in 1994
[22]. The committee derived two linear excess risk models
representing the multiplicative increment in the excess
lung cancer risk beyond background levels of radon
[2, 23]. Both models take into account time since exposure, the attained age, and either the duration of the exposure (exposure-age-duration, EAD model) or the level of
concentration (exposure-age-concentration model, EAC
model). Regardless of the chosen model, the estimated
numbers are similar, however the EAC model tends to
produce higher values than the EAD model [21]. For the
US [2] and France [16], overall percent ARs were estimated higher in the EAC model than in the EAD model
(13.9 % vs. 9.8 % in the USA and 13 % vs. 9 % in France,
respectively). Accordingly, the numbers of lung cancer
deaths due to indoor radon were higher when applying
the EAC model than the EAD model: in the US, 21,800
lung cancer deaths were probably caused by indoor radon
annually in the EAC model and 15,400 in the EAD model,
with 3337 in the EAC model and 2361 in the EAD model
in France. Although estimates for overall percent AR were
not presented in research articles from Portugal [21] and
South Korea [19], a similar trend was observed in the
overall numbers of lung cancer deaths, which were calculated as a summation of deaths for both genders (Table 2).
A model developed by the European pooling study [8, 9]
has also been commonly used to estimate the lung cancer risk due to indoor radon. Unlike the BEIR-VI
models, which are subject to uncertainties because of
indirect methods extrapolating evidence from miners to
the general population [24], the European pooling study
utilized data on lung cancer and residential radon from
13 general European population case-control studies
(7,148 cases of lung cancers and 14,208 controls) [8],
consequently estimating directly lung cancer risk due to
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Table 1 Percentage of lung cancer deaths attributable to indoor radon according to smoking status and gender
Country
(reference)

Mean indoor
radon (Bq/m3)

Model used in risk estimation

Ever-smokers

46

BEIR VI, EAC

12.5

13.7

12.9

25.8

26.9

26.4

14.1

15.3

13.9

BEIR VI, EAD

8.7

9.6

9.1

18.9

19.7

19.1

9.9

10.8

9.8

23

Two-mutation carcinogenesis model

-

-

-

-

-

-

2

6

4

110

Two-mutation carcinogenesis model

-

-

-

-

-

-

17

24

20

28

BEIR VI, EAC

-

-

7.3

-

-

13.5

-

-

7.8

Male

Female

Never-smokers
Total

Male

Female

Ever- and never-smokers
Total

Male

Female

Total

United States
([2], 1999)

Netherlands
([18], 2001)
Sweden
([18], 2001)
Canada
([15], 2005)
([1], 2012)

42

EPA model

15.3

14.3

14.8

29.5

27.8

28.4

16

16

16

([17], 2013)

43

BEIR VI, EAC

-

-

12.3

-

-

21.9

-

-

13.6

89

BEIR VI, EAC

-

-

11

-

-

50

-

-

13

BEIR VI, EAD

-

-

8

-

-

36

-

-

9

European pooling study

-

-

-

-

-

-

-

-

5

49

European pooling study

5.0

5.2

-

5.2

5.2

-

-

-

5.0

78

European pooling study

8.2

8.6

-

8.8

8.8

-

-

-

8.3

BEIR VI, EAC

-

-

-

-

-

-

-

-

6.0

European pooling study

-

-

-

-

-

-

-

-

3.3

BEIR VI, EAC

25

23

-

40

38

-

27

34

-

BEIR VI, EAD

18

17

-

31

29

-

20

27

-

BEIR VI, EAC

18.6

18.5

-

33.2

32.8

-

19.5

28.2

-

BEIR VI, EAD

-

-

-

-

-

-

13.5

20.4

-

European pooling study

-

-

-

-

-

-

8.3

8.3

-

France
([16], 2006)

Germany
([14], 2008)
Switzerland
([14], 2008)

United Kingdom
([20], 2009)

21

Portugal
([21], 2012)

81

South Korea
([19], 2015)

62

The values not presented in papers were left blank
EAC exposure-age-concentration model, EAD exposure-age-duration model, EPA Environmental Protection Agency

indoor radon exposure. The risk derived from the
European pooling study was adjusted for age, gender, region of residence, and smoking status. The model of the
European pooling study tends to produce lower ARs than
the BEIR-VI models. In France, a 5 % (1234 lung cancer
deaths) AR was calculated using the model of the
European pooling study, regardless of gender and smoking status, which is lower than estimates calculated by
the BEIR-VI models [16]. The Advisory Group on Ionising Radiation also reported similar trends in the UK,
with percent ARs of 3.0 % using the European pooling
study model and 6.0 % using the BEIR-VI model [20]. In
South Korea, both males and females showed lower

estimates of AR using the European pooling study
model than with using the BEIR-VI models [19]. These
discrepancies may be due to overestimation of the relevant exposure in older age groups and due to the lack of
correction for uncertainties in radon distribution in the
BEIR-VI models [14].
Leenhouts and Brugmans [18] applied a two-mutation
carcinogenesis model for calculating ARs in the
Netherlands and Sweden. This model has previously
been used in a number of animal experiments and in
a study by Leenhouts [25] to examine the induction
of lung cancer by smoking and radon exposure. The
model assumes that two mutations play a role in the
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Table 2 Number of radon-attributable lung cancer deaths per year according to smoking status and gender
Country
(reference)

Mean indoor
radon (Bq/m3)

Model used in risk estimation

46

Ever-smokers

Never-smokers

Ever- and never-smokers

Male

Female

Total

Male

Female

Total

Male

Female

Total

BEIR VI, EAC

11300

7600

18900

1200

1700

2900

12500

9300

21800

BEIR VI, EAD

7900

5400

13300

900

1200

2100

8800

6600

15400

23

Two-mutation carcinogenesis model

-

-

-

-

-

-

90

60

150

110

Two-mutation carcinogenesis model

-

-

-

-

-

-

242

178

420

([15], 2005)

28

BEIR VI, EAC

-

-

-

-

-

-

-

-

1400

([1], 2012)

42

EPA model

1639

1198

2837

166

258

424

1805

1456

3261

([17], 2013)

43

BEIR VI, EAC

-

-

708

-

-

139

-

-

847

89

BEIR VI, EAC

-

-

2578

-

-

759

-

-

3337

BEIR VI, EAD

-

-

1819

-

-

541

-

-

2361

European pooling study

-

-

-

-

-

-

-

-

1234

49

European pooling study

1390

347

1737

32

127

159

1422

474

1896

78

European pooling study

164

54

218

5

8

13

169

62

231

BEIR VI, EAC

-

-

-

-

-

-

1156

888

2044

European pooling study

-

-

-

-

-

-

637

473

1100

BEIR VI, EAC

1627

308

1935

143

60

203

1769

369

2138

BEIR VI, EAD

1183

226

1409

111

46

157

1294

271

1565

BEIR VI, EAC

-

-

-

-

-

-

26782

13695

40477

BEIR VI, EAD

-

-

-

-

-

-

18614

9947

28561

European pooling study

-

-

-

-

-

-

11906

4271

16177

United States
([2], 1999)

Netherlands
([18], 2001)
Sweden
([18], 2001)
Canada

France
([16], 2006)

Germany
([14], 2008)
Switzerland
([14], 2008)

United Kingdom
([20], 2009)

21

Portugal
([21], 2012)

81

South Korea
([19], 2015)

62

The values not presented in papers were left blank
EAC exposure-age-concentration model, EAD exposure-age-duration model, EPA Environmental Protection Agency

transformation of a normal somatic stem cell to a malignant cell and the effects of radon exposure and smoking
are caused by changes in mutation rates [26]. Chen et al.
[1] used a model proposed by the US Environmental
Protection Agency (EPA model). This model was devised
as a single model from two BEIR-VI models (EAC and
EAD models) by assigning risk values midway between
the two models [23], since both are equally preferred
and it is difficult to choose only one in practice [2]. The
two-mutation carcinogenesis model and the EPA model
have not been used as commonly as the BEIR-VI models
and that from the European pooling study. Furthermore,
the two-mutation carcinogenesis model and EPA model
were used respectively in each study, and thus, it is

impossible to directly compare their AR estimates with
those from the other models.

Attributable risk according to smoking status and gender

Active smoking became the most common cause of lung
cancer during the 20th century [27], and several studies
have been established that approximately 90 % of all
lung cancers occur among smokers [27–31]. Thus, considering the possible interaction with smoking is important when investigating the effect of radon exposure on
lung cancer risk.
In general, never-smokers are affected more by radon
exposure than smokers, but the absolute risk is higher
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for smokers than for never-smokers, because of the
higher lung cancer rate among smokers [2, 23, 32, 33].
As for the AR of lung cancer deaths due to indoor
radon, attributable percentages were higher for neversmokers than ever-smokers; however, greater number of
lung cancer deaths due to radon exposure occurred in
ever-smokers than in never-smokers (Tables 1 and 2).
For example, in the US, the percent ARs of lung cancer
deaths due to indoor radon exposure for both genders
ranged from 19.1 to 26.4 % among never-smokers and
9.1–12.9 % among ever-smokers, whereas the number of
lung cancer deaths reached 2100–2900 for neversmokers and 13,300–18,900 for ever-smokers [2]. Studies in Canada [1, 17] and France showed similar results.
Even after analyzing separately by gender, this trend
remained consistent in several studies from various
countries [1, 2, 14, 21].
In several epidemiological studies, percent ARs have
been estimated to be slightly higher for females than for
males regardless of smoking status (Table 1). However,
the differences in the attributable percentages between
genders were similar after stratifying populations according to smoking status. These results may be due to the
lower proportion of female smokers compared to male
smokers in most countries. The estimated numbers of
lung cancer deaths attributable to radon exposure among
both ever- and never-smokers were higher for males than
for females (Table 2). This is likely due to the high smoking rates in males, and thus, the overall number of lung
cancer deaths was higher in males than in females. Only
for never-smokers, namely under the condition of excluding influence by smoking, more radon-induced lung cancer deaths occurred among females than among males in
most studies.
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Effects of indoor radon mitigation

The measured indoor radon levels follow a lognormal
distribution in general. In other words, most individuals
are exposed to low concentrations of radon in their
homes. Evidence from studies on general populations
suggests that chronic exposure to radon at low doses
can cause lung cancer [8, 34]. Therefore, it is needed to
reduce the indoor radon concentrations to lower level to
prevent more lung cancers due to radon exposure.
Table 3 shows the estimated percentages and numbers
of lung cancer deaths attributable to radon that could be
prevented if all homes above given radon concentrations
were effectively remediated. The effects of radon mitigation on lung cancer were assessed in studies conducted
in the US [2], Germany [14], and Canada [1, 17]. In the
US, under the EAC model, mitigating radon levels in
homes at or above 148 Bq/m3, the EPA action level [13],
would result in an estimated reduction in lung cancer
mortality of 4.2 % if indoor radon were completely eliminated, 3.7 % if homes were mitigated to 0–148 Bq/m3,
or 1.7 % if homes were remediated to exactly 148 Bq/m3
[2]. In Germany, reducing radon levels below 100 Bq/m3
(WHO guideline [4]) in homes would prevent 302 lung
cancer deaths (15.9 % of all lung cancer deaths attributable to radon) every year [14]. At mitigation levels of
200 and 400 Bq/m3 (European action level for new and
old houses), 143 (7.5 %) and 68 (3.6 %) deaths could be
potentially avoided, respectively. In Canada, out of total
3261 radon-induced lung cancer deaths nationwide,
1704 (52.3 %) can be prevented per year if all homes
with radon above 100 Bq/m3 were remediated to outdoor levels, and 927 (28.4 %) at the Canadian action
level of 200 Bq/m3 [1]. Additionally, it was predicted
that reducing indoor radon levels to outdoor level for all

Table 3 Preventable lung cancer deaths if all homes above mitigation level of radon concentration were remediated
Country
(reference)

Estimation model

Background
levels (Bq/m3)

BEIR-VI, EAC

BEIR-VI, EAD

74 Bq/m3

148 Bq/m3

0

11.0 %

7.8 %

4.2 %

< Mitigation level

9.2 %

6.5 %

3.7 %

Mitigation level

6.8 %

4.0 %

1.7 %

0

7.7 %

5.5 %

3.1 %

< Mitigation level

6.5 %

4.7 %

2.7 %

Mitigation level

4.9 %

2.8 %
3

Germany
([14], 2008)

European pooling study

9 (outdoor level)

EPA model

outdoor level

Ontario, Canada
([17], 2013)

BEIR-VI, EAC

10–30

1.2 %

100 Bq/m

150 Bq/m

200 Bq/m3

250 Bq/m3

400 Bq/m3

302, 15.9 %

197, 10.4 %

143, 7.5 %

115, 6.1 %

68, 3.6 %

3

Canada
([1], 2012)

Radon-attributable lung cancer deaths (n, %) that can be prevented
37 Bq/m3

United States
([2], 1999)

Mitigation level of indoor radon concentration

3

3

100 Bq/m

200 Bq/m

400 Bq/m

600 Bq/m

800 Bq/m3

1704, 52.3 %

927, 28.4 %

345, 10.6 %

165, 5.1 %

90, 2.8 %

3

3

3

50 Bq/m

100 Bq/m

150 Bq/m

200 Bq/m

389, 46 %

233, 28 %

149, 18 %

91, 11 %

EAC exposure-age-concentration model, EAD exposure-age-duration model, EPA Environmental Protection Agency

3

3

3
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homes above 100 and 200 Bq/m3 would prevent 233
(28 %) and 91 (11 %) radon-attributable lung cancer
deaths, respectively, in Ontario, Canada [17].
The results from several studies suggest that setting
mitigation levels of indoor radon lower can prevent more
lung cancer deaths. Therefore, strategies for radon remediation are needed to reduce the risk of radon-related
lung cancer. Such strategies should consider technological
difficulties, success rates, and costs, because radon sources
and radon transport mechanisms may have a considerable
influence on the cost-effectiveness [4].
Uncertainty

There are many sources of uncertainty in estimating AR.
These uncertainties stem mainly from the weakness of
the model used and the various factors influencing indoor radon concentrations.
The BERI-VI models have several sources of uncertainty [2]. Among these sources, extrapolation of results
from the studies of miners to assess the risk of lung cancer for general populations is a critical issue of uncertainty. Using exposure-response relations determined
among underground miners to assess the risk in the
general population underlines some of the differences
between these two populations [16]. Miners are generally exposed to higher levels of radon than the general
population. Sex and age distributions are also different
between both populations: miners are almost all men of
working age, whereas the general population comprises
men and women of all ages. Exposure and risk can also
be modified by various physical and biological factors
such as ventilator flow, breathing frequency, tracheobronchial configuration, and an individual’s physical size
[21]. Moreover, smoking-related risks in miners have
been reported to be different from those in the general
population, and many miners are exposed to various carcinogens other than radon, such as arsenic [4]. Despite
these uncertainties, most studies have had to assume
that the lung cancer risk due to exposure to indoor
radon is close to that observed among miners, because
of a lack of appropriate data.
The two-mutation carcinogenesis model also has some
weaknesses [18]. This model is a simplification of the development of lung cancer caused by smoking and radon
exposure, but the real process is more complex. Furthermore, there are a large number of parameters that have
to be determined when fitting the model to data, and parameters are assumed to be dependent on exposure to
external agents, but not on age. These imply statistical
uncertainties in the parameters, which are difficult to
quantify, because of the interplay between the parameters and model assumptions.
The estimation of indoor radon concentrations is also
associated with numerous uncertainties. Indoor radon
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concentrations depend on various factors, such as the
soil, building materials, house type, and ventilation.
Therefore, concentrations can vary between houses and
even from room to room in the same house due to some
conditions such as ventilation practices [8, 35]. Indoor
radon concentrations also vary substantially between and
within regions [36]. Seasons are related to variations in
radon concentrations within homes, with the highest
levels in winter and the lowest in summer. As well, annual
average radon concentrations are subject to substantial
random year-to-year variations related to numerous factors such as weather patterns and occupant behaviors [4].
The uncertainties introduced by these factors need to be
addressed adequately using statistical corrections.
Additionally, methodological issues for measurements
are sources of uncertainty in estimating indoor radon concentrations. Potential radon exposure misclassification can
arise from detector’s measurement errors and localization
choices within a home, inaccessible data on previously occupied homes, failure to link radon concentrations with
subject mobility, and measuring radon gas concentration
as a surrogate for radon progeny exposure [37]. Unfortunately, the impact of these uncertainties on AR estimations
is very difficult to quantify. However, if the misclassification
were to be non-differential between cases and controls, the
observed results tend to be underestimated.

Conclusions
Radon is the great public health threat conveyed by indoor air. Epidemiological studies have confirmed that
radon in homes increases the risk of lung cancer in the
general population. Among the carcinogens of lung cancer, radon is the second leading cause after smoking. Of
all lung cancer deaths, from 3 to 20 % are attributable to
indoor radon exposure worldwide, depending on the
average radon concentration in the country and on the
method of calculation. Radon is much more likely to
cause lung cancer in ever-smokers than in neversmokers, but it is the primary cause of lung cancer
among never-smokers. A large portion of radon-induced
lung cancer deaths are caused by radon concentrations
below commonly used reference levels, because the majority of general population are exposed to low and
moderate level of indoor radon. These observations
imply that effective measures to prevent and reduce indoor radon concentrations should be developed and included in national radon control programs.
Competing interests
The authors declare that they have no competing interests.
Authors’ contributions
SHK, the first author, drafted the initial manuscript, and corrected this manuscript.
WJH performed writing and reviewed the articles. JSC supported and advised
the epidemiological view. DRK is a corresponding author and corrected this
manuscript. All of the authors read and approved the final manuscript.

Kim et al. Annals of Occupational and Environmental Medicine (2016) 28:8

Acknowledgements
This subject is supported by Korea Ministry of Environment (MOE) as “the
Environmental Health Action Program.” (Grant Number 2015001350002).
Author details
1
Department of Preventive Medicine and Public Health, Ajou University
School of Medicine, Suwon, Korea. 2College of Nursing Science, East-west
Nursing Research Institute, Kyung Hee University, Seoul, Korea.
3
Pharmaceutical Benefits Department, Health Insurance Review & Assessment
Service, Seoul, Korea. 4Department of Humanities and Social Medicine, Ajou
University School of Medicine, Suwon, Korea.
Received: 22 January 2016 Accepted: 18 February 2016

References
1. Chen J, Moir D, Whyte J. Canadian population risk of radon induced lung
cancer: a re-assessment based on the recent cross-Canada radon survey.
Radiat Prot Dosimetry. 2012;152:9–13.
2. National Research Council. Health Effects of Exposure to Radon: BEIR VI.
Washington: National Academy Press; 1999.
3. International Agency for Research on Cancer. Man-made mineral fibres and
radon. IARC Monogr Eval Carcinog Risks Hum. 1988;43:1–300.
4. World Health Organization. WHO handbook on indoor radon: a public
health perspective. Geneva: World Health Organization; 2009.
5. Krewski D, Lubin JH, Zielinski JM, Alavanja M, Catalan VS, Field RW, et al.
Residential radon and risk of lung cancer: a combined analysis of 7 North
American case-control studies. Epidemiology. 2005;16:137–45.
6. Schoenberg JB, Klotz JB, Wilcox HB, Nicholls GP, Gil-del-Real MT, Stemhagen
A, et al. Case-control study of residential radon and lung cancer among
New Jersey women. Cancer Res. 1990;50:6520–4.
7. Letourneau EG, Krewski D, Choi NW, Goddard MJ, McGregor RG, Zielinski
JM, et al. Case-control study of residential radon and lung cancer in
Winnipeg, Manitoba, Canada. Am J Epidemiol. 1994;140:310–22.
8. Darby S, Hill D, Auvinen A, Barros-Dios JM, Baysson H, Bochicchio F, et al.
Radon in homes and risk of lung cancer: collaborative analysis of individual
data from 13 European case-control studies. BMJ. 2005;330:223.
9. Darby S, Hill D, Deo H, Auvinen A, Barros-Dios JM, Baysson H, et al.
Residential radon and lung cancer–detailed results of a collaborative
analysis of individual data on 7148 persons with lung cancer and 14,208
persons without lung cancer from 13 epidemiologic studies in Europe.
Scand J Work Environ Health. 2006;32 Suppl 1:1–83.
10. Krewski D, Lubin JH, Zielinski JM, Alavanja M, Catalan VS, Field RW, et al.
A combined analysis of North American case-control studies of residential
radon and lung cancer. J Toxicol Environ Health A. 2006;69:533–97.
11. Lubin JH, Wang ZY, Boice Jr JD, Xu ZY, Blot WJ, De Wang L, et al. Risk of
lung cancer and residential radon in China: pooled results of two studies.
Int J Cancer. 2004;109:132–7.
12. Gordis L. Epidemiology. 4th ed. Philadelphia: Saunders; 2009.
13. Lubin JH, Boice Jr JD. Estimating Rn-induced lung cancer in the United
States. Health Phys. 1989;57:417–27.
14. Menzler S, Piller G, Gruson M, Rosario AS, Wichmann HE, Kreienbrock L.
Population attributable fraction for lung cancer due to residential radon in
Switzerland and Germany. Health Phys. 2008;95:179–89.
15. Brand KP, Zielinski JM, Krewski D. Residential radon in Canada: an
uncertainty analysis of population and individual lung cancer risk. Risk Anal.
2005;25:253–69.
16. Catelinois O, Rogel A, Laurier D, Billon S, Hemon D, Verger P, et al. Lung
cancer attributable to indoor radon exposure in france: impact of the risk
models and uncertainty analysis. Environ Health Perspect. 2006;114:1361–6.
17. Peterson E, Aker A, Kim J, Li Y, Brand K, Copes R. Lung cancer risk from
radon in Ontario, Canada: how many lung cancers can we prevent? Cancer
Causes Control. 2013;24:2013–20.
18. Leenhouts HP, Brugmans MJ. Calculation of the 1995 lung cancer incidence
in The Netherlands and Sweden caused by smoking and radon: risk
implications for radon. Radiat Environ Biophys. 2001;40:11–21.
19. Lee HA, Lee WK, Lim D, Park SH, Baik SJ, Kong KA, et al. Risks of lung cancer
due to radon exposure among the regions of Korea. J Korean Med Sci.
2015;30:542–8.
20. Advisory Group on Ionising Radiation. Radon and public health. Oxford:
Health Protection Agency; 2009.

Page 7 of 7

21. Veloso B, Nogueira JR, Cardoso MF. Lung cancer and indoor radon exposure in
the north of Portugal–an ecological study. Cancer Epidemiol. 2012;36:e26–32.
22. Lubin JH, Boice JD, Edling C, Hornung RW, Howe G, Kunz E, et al. Radon
and lung cancer risk: a joint analysis of 11 underground miners studies.
Washington: National Institutes of Health; 1994.
23. United States Environmental Protection Agency. Assessment of risks from radon
in homes. Washington: United States Environmental Protection Agency; 2003.
24. Draper D. Assessment and propagation of model uncertainty (with
discussion). J R Stat Soc Series B. 1997;57:45–97.
25. Leenhouts HP. Radon-induced lung cancer in smokers and non-smokers:
risk implications using a two-mutation carcinogenesis model. Radiat Environ
Biophys. 1999;38:57–71.
26. Leenhouts HP, Chadwick KH. A two-mutation model of radiation
carcinogenesis: application to lung tumours in rodents and implications for
risk evaluation. J Radiol Prot. 1994;14:115–30.
27. Peto R, Lopez AD, Boreham J, Thun M, Heath Jr C. Mortality from tobacco in
developed countries: indirect estimation from national vital statistics. Lancet.
1992;339:1268–78.
28. Beckett WS. Epidemiology and etiology of lung cancer. Clin Chest Med.
1993;14:1–15.
29. Hill C. Trends in tobacco smoking and consequences on health in France.
Prev Med. 1998;27:514–9.
30. Peto R, Darby S, Deo H, Silcocks P, Whitley E, Doll R. Smoking, smoking
cessation, and lung cancer in the UK since 1950: combination of national
statistics with two case-control studies. BMJ. 2000;321:323–9.
31. Pierce JP, Thurmond L, Rosbrook B. Projecting international lung cancer
mortality rates: first approximations with tobacco-consumption data. J Natl
Cancer Inst Monogr. 1992;12:45–9.
32. Al-Zoughool M, Krewski D. Health effects of radon: a review of the literature.
Int J Radiat Biol. 2009;85:57–69.
33. Enflo A. Lung cancer risks from residential radon among smokers and
non-smokers. J Radiol Prot. 2002;22:A95–99.
34. Turner MC, Krewski D, Chen Y, Pope 3rd CA, Gapstur S, Thun MJ. Radon
and lung cancer in the American Cancer Society cohort. Cancer Epidemiol
Biomarkers Prev. 2011;20:438–48.
35. Darby S, Hill D, Doll R. Radon: a likely carcinogen at all exposures. Ann
Oncol. 2001;12:1341–51.
36. Billon S, Morin A, Caer S, Baysson H, Gambard JP, Backe JC, et al. French
population exposure to radon, terrestrial gamma and cosmic rays. Radiat
Prot Dosimetry. 2005;113:314–20.
37. Field RW, Smith BJ, Steck DJ, Lynch CF. Residential radon exposure and
lung cancer: variation in risk estimates using alternative exposure scenarios.
J Expo Anal Environ Epidemiol. 2002;12:197–203.

Submit your next manuscript to BioMed Central
and we will help you at every step:
• We accept pre-submission inquiries
• Our selector tool helps you to find the most relevant journal
• We provide round the clock customer support
• Convenient online submission
• Thorough peer review
• Inclusion in PubMed and all major indexing services
• Maximum visibility for your research
Submit your manuscript at
www.biomedcentral.com/submit

