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Introduction 
 
The radioactive gas radon is the most important natural source of human exposure to ionising 
radiation. Studies of occupationally exposed underground miners, usually at very high 
concentrations, have consistently demonstrated an increased risk of lung cancer for both 
smokers and non-smokers. In contrast to studies of miners, epidemiological studies of 
residential radon and lung cancer, where concentrations are usually much lower, allow direct 
evaluation of the effects of exposure in dwellings, but the evidence of health effects from 
these studies has been less certain.  
 
Measurements of current radon concentrations using air-based monitors have generally been 
used to assess cumulative radon exposures in the European studies. However, it is difficult to 
accurately determine past radon exposures in residential settings using current measurements. 
A recently developed surface-based methodology measures cumulative radon exposures 
directly. This new technique involves placing radon surface monitors on a glass surface. 
However, environmental tobacco smoke (ETS) in dwellings might influence the surface-based 
measurements and as yet there have been few validations of the surface-based detectors in 
epidemiological field conditions.   
 
 
Objectives 
 
The main objective of this project was to provide definitive pooled data to improve the 
quantification of lung cancer risk in relation to residential radon exposure, using both air-
based (alpha-track detectors) and recently developed surface-based dosimetric techniques to 
measure radon. The project involved nine European countries and a representative from North 
America, and comprises four work packages.  The specific objectives were: 
 
– to examine the risk of lung cancer in relation to residential radon exposure assessed 

using in air-based measurements, by combining data from 13 European studies in 
Austria, the Czech Republic, Finland (2 studies), France, Germany (2 studies), Italy, 
Spain, Sweden (3 studies), and the United Kingdom and to investigate whether these 
risks are modified by factors such as age, sex, and smoking (Work Package 1) 

 
– to evaluate the validity of surface-based measurements to assess long-term residential 

radon exposure histories under epidemiological conditions and to provide necessary 
background information about the comparability of concurrent measurements of air 
radon concentrations and retrospective estimates using surface monitoring techniques 
(Work Package 2) 

 
– to assess lung cancer risk and residential radon exposure using surface-based 

measurements based on a sample of individuals already included in the existing 
European studies and to compare the results for these samples of subjects with both air-
based and surface-based radon measurements for lung cancer (Work Package 3)   

 
– to develop a strategy to combine worldwide evidence on the association between lung 

cancer risk and residential radon exposure using data using air-based measurements 
(Work Package 4). 
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Results 
 

WP1, European pooling exercise using air-based measurements: Data were available for a 
total of 7148 subjects with lung cancer and 14 208 subjects without lung cancer (controls). 
Residential radon exposure was assessed using long-term air monitors that measured the 
current radon concentration in homes where study subjects had lived during the period 5 to 34 
years prior to diagnosis of the relevant lung cancer case. Lung cancer risk was examined in 
relation to radon in homes and personal characteristics such as smoking history (including 
passive smoking), age, sex, and area of residence. Uncertainties in indoor radon 
measurements were also taken into account.  
 
There was clear evidence (p = 0.0007) of an association between residential radon concen-
tration during the previous 35 years and the risk of lung cancer. The dose-response 
relationship was linear (Figure 4.1, left-hand panel) and the estimated excess relative risk of 
lung cancer was 0.08 [95 % confidence interval (CI) 0.03, 0.16] per 100 Bq m-3 increase in 
the time-weighted average observed radon concentration. After making an approximate 
adjustment for the effects of random uncertainties in the assessment of radon concentrations, 
the dose-response relationship remained linear (see figure, right-hand panel), and the 
estimated excess relative risk per 100 Bq m-3 increased to 0.16 (95 % CI 0.05, 0.31).  This risk 
is slightly lower than, but compatible with, the risk that has been postulated on the basis of 
studies of radon-exposed underground miners.  
 
 
Relative risk of lung cancer according to measured residential radon concentration (left-hand panel) and usual 
residential radon concentration (right-hand panel), with best-fitting straight lines (risks are relative to that at 0 
Bq/m 3 )  
 

 
 
The lung cancer risk increased with increasing radon exposure, with no evidence of a 
threshold, and there was a significant (p = 0.04) evidence of an increased lung cancer risk 
below current recommended action levels used in most European countries (e.g. 200 Bq m-3).  
 
The proportionate excess risk did not differ significantly with study, age, sex or smoking. 
When small-cell lung cancers and lung cancers of other histological types were examined 
separately, there was evidence (p = 0.03) that the dose-response relationship was steeper for 
small-cell lung cancer than for other histological types.  
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Radon raised risks by about the same proportion in smokers and non-smokers. However, 
because smokers are already at higher risk for lung cancer, the absolute risks from radon are 
larger in smokers than in non-smokers. When the data from these European case-control 
studies were combined with external data on the absolute risk of death from lung cancer, the 
cumulative risks of death from lung cancer by age 75 years in the absence of radon exposure 
were estimated to be 0.41 and 10.11 % for lifelong non-smokers and continuing smokers of 
15-24 cigarettes per day respectively (see table below). These cumulative risks increased with 
increasing radon concentration, reaching 0.47 % in lifelong non-smokers and 11.63 % in 
continuing cigarette smokers at 100 Bq m-3 corrected radon concentration, and 0.67 % in 
lifelong non-smokers and 16.03 % in continuing cigarette smokers at 400 Bq m-3. For those 
who gave up smoking, the cumulative risks in the first 10 years would be about 80 % of those 
for continuing smokers. After that they would be lower than this, but cannot be estimated 
precisely from the data in the present study. 
 
Cumulative absolute risk (%) of death from lung cancer by age 75 for lifelong non-smokers and continuing 
smokers of 15-24 cigarettes per day at various levels of observed radon concentrations and usual (corrected) 
radon concentrations 
  

Radon Cumulative absolute risk (95 % C.I.) Cumulative absolute risk (95 % C.I.) 
* with correction 

Concentration 
(Bq/m3) 

Continuing smokers 
of 15-24 cigarettes 

per day 

Lifelong 
non-smokers 

Continuing smokers 
of 15-24 cigarettes 

per day 

Lifelong 
non-smokers 

0 10.43 0.42 10.11 0.41 
100 11.25 (10.45, 11.97) 0.46 (0.42, 0.49) 11.63 (10.59, 13.03) 0.47 (0.43, 0.54) 
400 13.68 (10.54, 16.45) 0.56 (0.43, 0.69) 16.03 (11.06, 15.85) 0.67 (0.49, 0.91) 
800 16.81 (10.66, 22.06) 0.71 (0.43, 0.95) 21.57 (13.86, 30.98) 0.93 (0.57, 1.42) 

    * Correcting for random uncertainties in the assessment of radon concentrations. 
 
WP2, Validation of surface monitors: Data have been obtained through performing both air 
and surface measurements in 220 dwellings with a well-characterised history of air radon 
concentrations from five European countries (Belgium, Finland, Italy, Sweden and United 
Kingdom).  Dwellings were selected in which at least one air-based radon gas measurement 
had been made several years ago, and which were thought likely to have had stable radon 
concentrations over at least the last 15 years. This was done by identifying dwellings whose 
occupants had been living there for at least 15 years and in which no changes that might have 
affected the radon concentration were thought to have taken place. The surface-based 
measurements were made on objects of varying ages. They were therefore normalised to a 
standard object age of 20 years. Retrospective detectors based on CR-39 and LR 115 were 
exposed on a total of 392 glass objects in bedrooms and living rooms. The mean surface-
based measurement was 5.7 Bq/m2 (range 0.15-37.90), while the mean air-based measurement 
was 182 Bq/m3 (range 1-1113).  
 
The results of this study demonstrated that there was substantial variability between repeated 
measurements of current radon gas concentrations made with air-based monitoring techniques 
on different occasions in the same dwelling. They also suggested that the variability between 
measurements of retrospective radon concentrations made on glass objects using surface-
based monitoring techniques were subject to at least as much variability. In addition, the 
ratios of air-based to surface-based measurements varied substantially between different 
dwellings in the same area, and suggest that there may be some systematic differences 
between the values of the surface measurements obtained in different countries. These results 
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will be used is designing the appropriate methodology to analyse data from the surface-based 
case-control studies of residential radon and lung cancer (see below). 
 
WP3, European pooling exercise using surface monitors: The surface-based methodology 
involves assessment of the past average concentrations by measuring of the surface activity on 
a glass object that has been in a subject’s dwellings during the whole or the major part of the 
exposure period of interest. WP3 attempted to assess lung cancer risk and residential radon 
exposure using surface-based radon measurements made for samples of cases and controls in 
the existing European studies (WP1). Six European countries (Czech Republic, Finland, 
Germany, Italy, Sweden, and the United Kingdom) were involved in this WP. The protocol 
for this analysis was developed, including a common data format and the development of the 
questionnaires. The study subjects were selected for all of the centres by the Clinical Trial 
Service Unit (CTSU-UK), using the data assembled for WP1.  
 
Fieldwork was undertaken and completed in each centre and the data were computerised in 
the common data format from each centre.  Surface detectors were collected from each centre 
and measurements for about 1600 subjects (700 cases and 900 controls) have been obtained in 
total. The remaining measurements/detectors involve longer-term air measurements in the 
dwellings hosting the glass objects. The analysis will commence shortly. This work package 
will provide risk estimates for lung cancer in relation to estimates of residential radon 
exposure using surface-based measurements. It will supplement the analyses in WP1 based on 
air-based measurements and may contribute to increased accuracy in the risk estimates from 
studies of residential exposures. 
 
WP4, World pooling exercise using air measurements: An analytic plan for a world pooling 
of case-control studies of residential radon and lung cancer has been developed through co-
operation between European and North American researchers. In addition to the 13 studies 
from the European pooling exercise (WP1), the seven studies from the North America pooling 
exercise and two studies from a Chinese pooling exercise will also be included in the world 
pooling. The final data set is predicted to contain approximately 13 000 cases of lung cancer 
and 22 000 controls. The world pooling will be carried out with support from a contract under 
the EC Sixth Framework Programme. The findings from this pooling will provide even more 
information on lung cancer risks from residential radon exposures and will form a valuable 
input to radon remediation and lung cancer prevention programmes worldwide. 
 
 
Implications 
 
Improving the quantification of lung cancer risk in relation to residential radon exposure is an 
important issue and a high level of health protection is required to protect the population. The 
European dimension in assembling data from nine European countries and conducting a 
collaborative analysis (WP1) has been extremely important in providing more precise 
estimates of risk. The results indicate that radon in homes is responsible for about 20 000 lung 
cancer deaths in the EU each year. As a preliminary calculation, this is about 9 % of the total 
lung cancer deaths in the EU and about 2 % of cancer deaths overall. In particular, it has been 
found that, in absolute terms, the risk of lung cancer from radon exposure in homes is much 
higher among smokers than non-smokers. These data provide firm evidence that residential 
radon is a cause of lung cancer in the general population. This is the largest such analysis to 
date. The results are crucial to the development and refinement of policies to manage 
exposure to this form of natural radiation, so as to reduce the annual number of deaths from 
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the most common type of fatal cancer in Europe. Results from WP1 should provide a valuable 
input to radon remediation and lung cancer prevention programmes in Europe. This informa-
tion may be used in risk management, including exposure assessment and consideration of 
exposure limits.  
 
In addition, the work undertaken on the validation of dosimetry (WP2) should assist 
evaluations of long-term radon concentrations using the surface monitor technique and pro-
vides important information on the application of surface monitoring techniques for risk 
assessment of indoor radon in the joint analyses of the epidemiological case-control studies 
(WP3). The results from WP3 may allow more precise estimation of the radon-related lung 
cancer risk.  
 
The scientific methods used in the project will be a valuable starting point for future research.  
For example, the analytic plan prepared in WP4 will underpin the world pooling of residential 
radon studies, which will be supported by the European Commission in its Sixth Framework 
Programme. The findings from this pooling will provide even more information on lung 
cancer risks from residential radon exposures and form a valuable input to radon remediation 
and lung cancer prevention programmes worldwide. 
 


