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Introduction 

Radon and radon progeny inhalation exposure are recognized to cause lung 
cancer. Only strong evidence of radon exposure health effects was results of 
epidemiological studies among underground miners. Any single epidemiological 
study among population failed to find reliable lung cancer risk due to indoor 
radon exposure. Indoor radon induced lung cancer risk models were developed 
exclusively basing on extrapolation of miners data. Meta analyses of indoor 
radon and lung cancer case control studies allowed only little improvements in 
approaches to radon induced lung cancer risk projections. Valuable data on 
characteristics of indoor radon health effects could be obtained after systematic 
analysis of pooled data from single residential radon studies. Two such analyses 
are recently published. Available new and previous data of epidemiological 
studies of workers and general population exposed to radon and other sources of 
ionizing radiation allow filling gaps in knowledge of lung cancer association with 
indoor radon exposure. 

 
Available epidemiological information. Starting data for risk model development 

We considered a number of most important radiation epidemiological studies of 
ionizing radiation health effects. 
Miners data. Combined data of cohort studies of lung cancer risk among uranium 
and non-uranium underground male miners was analyzed by BEIR VI [1] and 
recently reanalyzed by EPA [2]. Number of workers within combined cohort was 
60606 including 2674 cases of lung cancer. BEIR VI proffered two approaches to 
model risk of lung cancer, by which lung cancer risk depends on either radon 
progeny concentration over the time of exposure or duration of exposure. Excess 
relative risk parameters were estimated as 6.52⋅10-4 and 4.43⋅10-4 WLM-1 for two 
approaches respectively. EPA considered only first approach and suggested EER 
parameter equal to 5.38⋅10-4. BEIR VI estimations correspond to ERR 14% per 30 
years of exposure with radon concentration 150 Bq/m3. Combined miners data 
give evidences that ERR declines with increasing age (dependence of risk on 
attained age). To describe the dependence BEIR VI introduced the function �(a) 
and estimated its values for intervals of attained age (Table 1). EPA suggested 
smoothed �(a) function obtained by spline approximation. 

Table 1 
Values of ϕ(a) stepwise function 

Attained age, y Exposure-age-duration 
model 

Exposure-age-
concentration model 

<55 1.00 1.00 
55-64 0.52 0.57 
65-74 0.28 0.29 
>75 0.13 0.09 



 
 
By results of combined underground miner study time since exposure parameters 
affects the risk as well. Decreasing stepwise function �(t) describes the modifying 
effect of the parameter (Table 2). 

 
Table 2 

Values of �(t) stepwise function 

Time since exposure, y Exposure-age-duration 
model 

Exposure-age-
concentration model 

5-14 1.00 1.00 
15-24 0.72 0.78 
>24 0.44 0.51 

 
Consideration of smoking effect resulted in assumption on about twice higher 
ERR value for nonsmokers in comparison with smokers (Table 3).  

Table 3 
Values of excess relative risk parameter � in dependence on smoking status 

Smoking status Exposure-age-duration 
model 

Exposure-age-
concentration model 

ever-smoker 0.0050 0.069 
never-smoker 0.011 0.153 

 
Within the age range of miner cohort combined study the significant effect of age 
at exposure is not found. 
Residential data. Two important combined studies on lung cancer risk due to 
indoor radon exposure are published recently. The studies deal with the pooling 
of original data of case control studies of radon and lung cancer in North America 
[3] and in Europe [4]. North American combined study included data of 7 single 
studies with a total of 3662 cases and 4966 controls. Combined analysis of 
European studies included 13 case control studies with 7148 cases of lung cancer 
and 14 208 controls. 
According to initial data the estimated ERR per indoor radon concentration 100 
Bq/m3 are 8.4 and 11% in European and North American studies respectively. ERR 
estimates refers to exposure period 30-35 years before lung cancer diagnosis or 
including to cohort. The dependence of ERR on attained age is not significant in 
European study (p=0.93). Some evidence of a decreasing radon associated lung 
cancer risk with attained age appears in North American study although the 
effect is not significant as well (p=0.09). There is no apparent heterogeneity in 
the association by sex and cigarette smoking in both studies. Effect of age at 
exposure is not considered as majority of cases and controls are older than 40.  
In both pooled studies the corrections of initial data were performed. In 
European study the correction was applied to the measured radon values to take 
into account the dilution caused by random uncertainties in measuring radon 
concentrations. In North American study the initial data were corrected by 
additional restriction on analyzed epidemiological data. In restricted analysis 
only data on subjects who had resided only 1 or 2 houses in the period 5 to 30 
years before recruitment with at least 20 years covered by α-track monitors 
were taken into consideration. According to corrected data the estimated ERR 



per indoor radon concentration 100 Bq/m3 are 16 and 18% in European and North 
American studies respectively. Unfortunately the different procedures of initial 
data correction are not allowed to compare the corrected data. In this paper in 
general we prefer to base our estimations on non-corrected initial data of pooled 
studies. 
Miners and residential studies in Czech. Radon and lung cancer cohort 
epidemiological studies performed in Czech Republic are remarkable considering 
volume of control group and relatively high average level of indoor radon 
concentration [5]. The Czech studies considered the cohorts of 9411 miners and 
11803 members of public. There were 776 and 218 cases of lung cancer among 
miners and population respectively. Estimated ERR of lung cancer for population 
is 8.4 % per 100 Bq/m3 indoor radon concentration and duration of exposure 49 
years. Interesting results are published on declining of ERR with time since 
exposure (Table 4) and effect of smoking. Both findings are in agreement with 
those gathered from BEIR VI miner epidemiology combined analysis. ERR per unit 
exposure was 0.049 and 0.018 WLM-1 for non-smokers and smokers respectively. 
Effects of sex and age at exposure in Czech epidemiological studies were not 
considered. 

Table 4 
Dependence of excess relative risk on the time since exposure [5] 

Years since exposure ERR/WLM 
5 - 19 
20 - 34 
34 - 49 

0.044 
0.015 
0.006 

5 - 34 
35 - 49 

0.024 
0.003 

5 - 49 0.018 
5 - 19 
20 - 34 

0.036 
0.012 

5 - 34 0.021 
 

Plutonium workers data. Workers of Mayak plutonium production facilities of the 
former Soviet Union were subjected to radiation exposure from inhaled 
plutonium at working places. Taking to account that both plutonium and radon 
progeny are alpha emitters the results of epidemiological observations among 
plutonium workers could be considered in evaluation of lung cancer risk 
associated with inhaled radon progeny. Results of cohort study among of 21,790 
Mayak workers employed in the period from 1948-1972 are recently published by 
Gilbert et al. [6] and Kreisheimer et al. [7]. The cohort study included 594 and 
61 cases of lung cancer among male and female workers respectively. 
By results of lung cancer mortality analysis ERR were estimated as 4.7 and 19 
Gy-1 at age 60 for male and female workers respectively. Significant dependence 
of ERR on attained age was obtained for male workers (female cohort is not 
sufficient to research additional effects) (Table 5). For external exposure in 
Mayak study the female/male sex ratio in ERR per Gy is about 1.9 but with low 
statistics. There was no evidence that the ERR depends on age at exposure. The 
patterns both of the attained age and age at exposure effects for plutonium 
workers correspond to effects observed for combined cohort of underground 
workers. 



Table 5 
Dependence ERR on attained age for Mayak plutonium workers 

Attained age ERR, Gy-1 
<55 7.5 (3.9-13) 

55-64 5.1 (3.3-7.5) 
65-74 2.5 (1.2-4.3) 
>74 0.9 (0-5.4) 

 
The modifying effect of time since exposure is considered and appeared not 
significant after adjustment for attained age (p=0.38). Analysis of sex effect on 
lung cancer risk gave reliable conclusion on higher ERR for female workers (ratio 
of female to male ERR was 4 with 95% confidence interval 1.9-8.8. Tobacco 
smoking effect was also considered. But under smoking characteristics of the 
cohort (majority of 74% of male workers and only 3.4% female workers were 
smokers) the consideration resulted in only little adjustment of ERR parameter 
for male workers (3.9 Gy-1). The time of recruitment (time at exposure) was not 
significant factor. 
Japan atomic bomb survivors. Life span study of cohort of survivors of atomic 
bombing of Japan cities Hiroshima and Nagasaki in 1945 followed up by the 
Radiation Effects Research Foundation represents one of the most valuable 
sources of information on health effects of ionizing radiation. Though the 
radiation exposure of survivors substantially differs from situation of residential 
radon exposure some findings of LSS could be considered when analyzing radon 
induced lung cancer risk. There were 716 male and 548 female lung cancer 
deaths within follow-up period 1950-1997 [8]. Analysis of lung cancer mortality 
resulted in estimations of ERR of lung cancer 0.40 and 1.40 for males and 
females respectively. Some variation of radiation dose response with attained 
age and small variation with age at exposure were detected. Radiation exposure 
and smoking are appeared to rather additively in the LSS cohort, though 
departure from multiplicative model could be caused by scarcity of cigarettes in 
Japan during and after the war. According to the recent studies [9] the adjusted 
for smoking female/male sex ratio for relative risk per Gy in LSS study is less 
then was estimated early and assessed as 1.6. 

 
Risk model development 

Combined consideration of available epidemiological studies on lung cancer 
mortality among radiation exposed populations allows conclusions as follow. 
1. Estimates of ERR of lung cancer by results of data pooling of residential radon 
case control studies performed in North America and Europe are of acceptable 
significance for relevant risk projections. 
2. Significant dependence of ERR on attained age appeared in the combined 
miners and Mayak plutonium workers studies and it is in agreement with results 
of LSS. 
3. Modifying effect of time since exposure for case of radon appeared both in 
combined miners and Czech residential cohort studies. 
4. Considerable variation of ERR of lung cancer by sex is obtained in LSS and 
Mayak plutonium workers study. The ratio of female to male EER roughly ranges 
from 3.5 to 4. It is necessary to take into account that the sex ratio is modified 
by different smoking prevalence in male and female population. The female 



/male sex ratio in LSS study after adjusting for smoking is 1.6, for external 
exposure in Mayak study the female /male sex ratio is about 1.9.  
5. Significant confounding effect of smoking is emphasized in all radiation 
epidemiological studies. Higher ERR of radiation induced lung cancer is estimated 
for non-smokers than for smokers in combined miners study, Czech residential 
cohort studies and Mayak plutonium workers studies. 
6. The age at exposure rather is modifying factor considering ERR of radon 
induced lung cancer. Though the absence of reliable data for age less than 18 
have to be noticed. 
With regard to conclusions above the general form for model of ERR of lung 
cancer due to inhalation of radon and radon progeny is 

∫
−

⋅θϕ⋅β=
la

dt)t(w)t()a()a(ERR
0

.    (1) 

According to that approach ERR depends on exposure w weighted by function � 
decreasing with time since exposure t and integrated over period of life 
excluding latency period l. Than the exposure integral is multiplied on � 
parameter (dose response slope factor) weighted by function � decreasing with 
attained age a. The slope factor � itself depends on the sex and smoking status. 
While the pattern of �(t) and �(a) functions are well defined within the combined 
underground miners study and approved by other epidemiological evidences, the 
slope factors � values in relation to sex and smoking status have to be  
investigated in more details. In this regard additional data to develop a model of 
indoor radon induced lung cancer can be retrieved from comparison of results of 
North American and European combined analyses of radon and lung cancer case 
control studies. We suggested that obtained difference in estimations of ERR per 
100 Bq/m3 of indoor radon concentration are caused by difference both in sex 
and smoking characteristics of studied cohorts. The numbers of ever-smokers and 
never-smokers among females and males in the combined case groups of both 
studies were reevaluated in this work through original publications considered in 
the works [3, 4]. It can be seen from the Table 6 that the proportions cases in 
respect to sex and smoking status are remarkably different in two studies. 

 
Table 6 

Distribution of cases by sex and smoking status in North American and European 
studies  

Paramete
r Sex Smoking status North American 

study European study 

nFS female ever smoker  0.49 0.19 
nFNS female never smoker 0.19 0.064 
nMS male ever smoker 0.30 0.69 
nMNS male never smoker 0.02 0.056 

 
Four components are considered which compose ERR: never smoker male ERRMNS, 
ever smoker male ERRMS, never smoker female ERRFNS and ever smoker female 
ERRFS. Each ERR estimates obtained in North American and European studies are 
equal to combination of that components with weights equal to proportion of 
appropriate subgroup in the combined case groups: 



ERR= nMNS·ERRMNS + nMS·ERRMS + nFNS·ERRFNS + nFS·ERRFS     (2) 

The number of unknown variables in the Equation (2) can be reduced if introduce 
coefficients of sex, kS, and smoking, kSM, influencing on sensitivity of ERR and 
considering ERR for never smoking male as a base value ERR0: 
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By this way we obtained the system of equations with 3 unknown variables in the 
right part (ERR0, kSM and kS) for two values of ERR in left part. Relatively certain 
results of smoking effect investigation were obtained in the combined miners and 
Czech residential studies. Estimation of kSM resulted in values 0.45 and 0.37 for 
combined miners and Czech residential studies respectively. Accepting range 
from 0.33 to 0.5 for kSM and considering published uncertainty for ERR the 
following results for ERR0 and kS estimates were obtained (Table 7).  
 

Table 7 
ERR per 100 Bq/m3 of indoor radon concentration for different sex and smoking 

habits groups 
Parameter Mean Median 95 % confidence 

interval 
Non-corrected initial data 

kS 1.7 0.82 - 
ERRMNS (ERR0) 0.15 0.15 -0.12 to 0.44 

ERRMS 0.063 0.062 -0.05 to 0.18 
ERRFNS 0.26 0.23 -0.12 to 0.72 
ERRFS 0.11 0.093 -0.05 to 0.30 

Corrected initial data 
kS 1.1 0.75 - 

ERRMNS (ERR0) 0.34 0.32 -0.06 to 0.77 
ERRMS 0.14 0.13 -0.03 to 0.32 
ERRFNS 0.38 0.34 -0.09 to 0.93 
ERRFS 0.16 0.14 -0.04 to 0.39 

The mean value of kS for non-corrected data obtained from independent source is 
in very good agreement with the LSS study and Mayak plutonium workers data.  
The distributions of the ERR values are presented in the Picture 1. It should be 
stressed out that even the combination of practically all case-control studies is 
not sufficient to obtain completely positive confidence intervals in each 
subgroup.  
 



 
Picture 1. ERR per indoor radon concentration 100 Bq/m3 for different sex and 
smoking habits groups based on non-corrected initial data of pooled studies 

 
The combine analysis of corrected data of pooled studies showed little influence 
of sex on ERR value. The most probable cause of such effect is the change of 
men/women and smokers/nonsmokers ratios in corrected data sets in North 
American study where instead of 3662 cases and 4966 controls only 1910 cases 
and 2561 controls were considered in restricted analysis. Also some influence on 
the change kS value can be caused by the transition from “measured” to “usual” 
radon concentrations in European study, because such correction can be a little 
different in each considered subgroup. More durable estimations of such effect 
can be made only on identically corrected or, better, specially prepared sets of 
initial data with detailed information about the relative weight of each 
subgroup. To our opinion the estimations of kS value on the basis of corrected 
initial data can’t be considered as reliable. 
The considerable amount of epidemiological data obtained in pooled European 
and North American data gives the solid scientific ground for the creation of the 
model of radon induced lung cancer due to indoor exposure without the use of 
data on miners epidemiology. The miners data should be restrictedly used in new 
model only to take into account such effects as attained age, time since exposure 
and smoking.  
In general the suggested model is the modification of well known BEIR models 
with the additional coefficients which takes into account sex of individual and 
his/her smoking status.  
To our opinion the dependence of ERR on the time since exposure should be taken 
into account by the use two time integration intervals as in work [5] instead of 
three intervals in BEIR VI model [1]. So the basic equation for the radiation risk 
assessment due to indoor radon exposure can be written as 



)()()( 34203420195195 −−−− ⋅θ+⋅θ⋅ϕ⋅⋅⋅β= wwakkaERR SMS ,  (4) 
where β - coefficient of proportionality calculated for non smoking males; 
kSM=0.42 and  kS – coefficients which takes into account the influence of smoking 
and sex on risk assessment; ϕ(a) – coefficient of attained age; θ5-19 and θ20-34 – 
decreasing stepwise function of time since exposure; w5-19 and w20-34 – cumulative 
exposure in the intervals 5 – 19 and 20 – 34 years before the age a. The values of 
attained age stepwise function ϕ(a) were assumed taking into account BEIR VI [1] 
and Mayak plutonium workers data [6] (Table 8). 

Table 8 
Modified values of attained age stepwise function  

Attained age, years ϕ(a) 
<55 1.00 

55-64 0.60 
65-74 0.30 
>75 0.11 

 
The values of decreasing stepwise functions of time since exposure were assumed 
according to the data of work [5]: θ5-19=1.0 and θ20-34=0.33. The value β=0.047 
for non-corrected initial data of pooled studies was calculated taking into 
account the maximum age of lung cancer diagnosis in combine European and 
North American studies amax=81 years and average value of radon equilibrium 
factor F=0.4. For corrected sets of initial data β=0.106.  
The comparison of ERR and absolute lifetime risks (up to age 95 years) of radon 
induced lung cancer due to constant lifetime indoor radon concentration 100 
Bq/m3 exposure (7000 hours per annum) is presented in Table 9. The comparison 
was conducted for majority of published models of radiation risk assessment 
based on analysis of uranium miner epidemiology. 
In general there is good agreement between the old risk assessment models [10-
13] based on analysis of miners data and the model suggested in this work based 
exclusively on the results of case-control studies of indoor radon exposure. It 
should be noted that the widely used exposure-age-concentration model BEIR VI 
[1] gives considerable overestimation of radiation risk for indoor radon 
exposure.  
 

Conclusion 

The model of lung cancer induced by indoor radon exposure is suggested. The key 
point of this model is the assumption that excess relative risk depends on both 
sex and smoking habits of individual. This assumption based on data on 
occupational exposure by radon and plutonium and also on the data on external 
radiation exposure in Hiroshima and Nagasaki and the data on external exposure 
in Mayak nuclear facility. For non-corrected data of pooled European and North 
American studies the increased sensitivity of females to radon exposure is 
observed. The mean value of kS for non-corrected data obtained from 
independent source is in very good agreement with the LSS study and Mayak 
plutonium workers data. Analysis of corrected data of pooled studies showed 
little influence of sex on ERR value. The most probable cause of such effect is the 
change of men/women and smokers/nonsmokers ratios in corrected data sets in 
North American study. More correct estimations of such effect can be made on 



the specially prepared sets of initial data with detailed information about the 
relative weight of each subgroup. Exposure-age-concentration model BEIR VI is 
not quite suitable for indoor radon exposure risk assessment because it 
considerably overestimate the radiation risk value. 
 



Table 9 
The comparison of ERR and absolute lifetime risks of radon induced lung cancer 

due to constant lifetime indoor radon concentration 100 Bq/m3 exposure 
Males 

nonsmokers Males smokers Females 
nonsmokers 

Females 
smokers  

Excess relative risk / Absolute lifetime risk 
This paper, 

non-corrected 
initial data 

__0.13__ 
6.4⋅10-4 

__0.056__ 
3.8⋅10-3 

__0.18__ 
4.5⋅10-4 

__0.076__ 
2.3⋅10-3 

This paper, 
corrected 

initial data 

__0.30__ 
1.4⋅10-3 

__0.13__ 
8.5⋅10-3 

__0.26__ 
6.6⋅10-4 

__0.11__ 
3.3⋅10-3 

Model of 
constant risk 

[10, 11] 

__0.25__ 
1.2⋅10-3 

__0.24__ 
1.6⋅10-2 

__0.26__ 
6.6⋅10-4 

__0.26__ 
7.9⋅10-3 

Model BEIR IV 
[11,12] 

__0.23__ 
1.1⋅10-3 

__0.23__ 
1.5⋅10-2 

__0.22__ 
5.5⋅10-4 

__0.22__ 
6.6⋅10-3 

Model Jakobi 
[11] 

__0.20__ 
9.5⋅10-4 

__0.20__ 
1.3⋅10-2 

__0.19__ 
4.7⋅10-4 

__0.19__ 
5.7⋅10-3 

Exposure-age-
duration 

Lubin’s model 
[13] 

__0.29__ 
1.4⋅10-3 

__0.29__ 
1.9⋅10-2 

__0.27__ 
6.9⋅10-4 

__0.27__ 
8.2⋅10-3 

Exposure-age-
concentration 
Lubin’s model  

__0.38__ 
1.8⋅10-3 

__0.37__ 
2.5⋅10-2 

__0.34__ 
8.5⋅10-4 

__0.34__ 
1.0⋅10-2 

Exposure-age-
duration 

model BEIR VI 
[1] 

__0.53__ 
2.5⋅10-3 

__0.24__ 
1.6⋅10-2 

__0.45__ 
1.1⋅10-3 

__0.21__ 
6.2⋅10-3 

Exposure-age-
concentration 
model BEIR VI 

__0.77__ 
3.7⋅10-3 

__0.34__ 
2.3⋅10-2 

__0.62__ 
1.6⋅10-3 

__0.28__ 
8.4⋅10-3 
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