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Abstract. The possible influence of errors of radon exposure assessment on the results of planned national case-
control study has been analyzed. It is demonstrated that, in general, the errors are classical multiplicative errors. It is 
demonstrated that the classical multiplicative errors of radon concentration measurement are not constant in all 
radon concentration ranges. At low radon concentrations, the additional influence of Poisson error on the 
measurement result should be considered. The modeling of the influence of errors of radon exposure assessment on 
slope factor of the dependence of lung cancer incidence on radon concentration in dwellings was conducted. It was 
shown that the expected level of radon exposure errors can reduce the observed value of slope coefficient at least twice 
in comparison with the original value for error-free study. The correction of the results of linear assessment of 
exposure-effect slope coefficient under the influence of measurement errors was realized by regression calibration 
technique and SIMEX extrapolation method. Regression calibration method gives the best results in restoring the 
original unbiased value of exposure-effect slope coefficient. The SIMEX method also allows the obtainment of the good 
assessment of expected value of the slope of exposure-effect dependence, but it should be noted that this method may 
lead to the underestimation of the real value of slope coefficient. An additional and the most powerful source of error 
in the radon epidemiological studies is the influence of smoking and the correlation between smoking status and radon 
concentration in dwellings. The modeling results demonstrated that maximum attention should be paid to the 
stratification by smoking status and other possible factors simultaneously influencing radon concentration in 
dwellings and lung cancer incidence. 
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1. INTRODUCTION 

Analysis of epidemiological data shows that the 
results of epidemiological case-control studies 
considerably depend on the quality of initial data. The 
correct selection of control group is required to obtain 
a non-biased assessment of dependence of observed 
effect (in our case lung cancer incidence) on the 
influencing factor (radon exposure). The stratification 
of case and control groups by sex, age and smoking 
status are typically used at most case-control radon 
studies [1-4]. It should be noted that, even at 
completely correct stratification of case and control 
groups by sex, age, smoking and other factors, the 
resulted exposure-effect dependence is affected by the 
influence of measurement errors or errors in assigning 
the results of current measurements to exposure 
interval 5 – 30 years prior to the time of risk 
assessment. These errors inevitably have an impact on 
the results of the evaluation of the coefficients, 
describing the "exposure-effect" dependence. 
Therefore, before the beginning of epidemiological 
studies, it seems appropriate to conduct a preliminary 
analysis of the effect of errors on the results of planned 
studies. An example of such work is the paper [5], 
published before the start of large-scale studies on the 
radon epidemiology in dwellings in North America. 
Analysis of the effect of errors in the evaluation of 
exposure on the results of epidemiological studies has 

been made. It is assumed that, in the initiation of lung 
cancer, biologically significant period of exposure to 
radon is an exposure period of 25 years, ranging from 5 
to 30 years before the risk assessment. It was stated 
that it was important to make a distinction between the 
measurement errors and errors in the assessment of 
individual exposure. In paper [5], it is noted that the 
published data on case-control studies have substantial 
heterogeneity and do not allow an unambiguous 
conclusion about the relationship between exposure to 
radon in dwellings and lung cancer. It was concluded 
that, due to errors in the measurement of radon 
concentrations and the estimation of radon exposures, 
a single study cannot provide unambiguous lung 
cancer risk estimates. It was recommended to include 
procedures to estimate the distribution of exposure 
errors in the design of indoor radon studies, and 
analyses of studies should be adjusted for exposure 
errors. 

At present, three combined studies on radon in 
dwellings and its influence on the incidence of lung 
cancer are completed in the world. They include a 
combined analysis of 7 North American case-control 
studies [4], 13 studies in Europe [1] and 2 studies in 
China [3]. 

The latest study (China) was excluded from further 
consideration due to reasonable doubts about the 
quality of the measurements of radon concentration. In 
particular, there were high concentrations of radon-
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220 (thoron) that influenced the assessment of human 
exposure to radon-222 [9] in some premises. 

In a combined analysis of seven North American 
studies [4], the pooled size of the sample was 3662 
cases and 4966 controls. In the analysis, it was found 
that the odds ratio corresponded to a value 11% per 100 
Bq/m3 (CI 0 – 28%). Later, to improve the accuracy of 
the estimates, only the studies in which people lived in 
no more than two homes, with the instrumental 
evaluation of radon exposure spanning over a period of 
more than 25 years were included in the analysis. As a 
result, the sample was reduced to 1910 cases and 2651 
controls, and the slope increased to 18% (CI 2 – 43%). 
No further analysis of the influence of measurement 
errors or errors in the exposure assessment was 
conducted. In fact, the resulting dependence of 
exposure-effect was obtained on the basis of observed 
data, although quite reliable (so called naïve 
evaluation). 

The most detailed case-control study is a 
combination of 13 European studies [1] with the total 
number of cases of lung cancer 7148 and controls 
14208. The combined study included the results of 
studies conducted in 9 countries. As a result, the risk 
assessment of lung cancer from the measured radon 
concentration was 8.4% per 100 Bq/m3 (CI 3-15.8%). 
Darby et al. [1] noted that the influence of radon 
exposure errors leads to an underestimation of the 
exposure-effect dependence. In this regard, the 
correction of the measured values of radon 
concentration to obtain the most probable values of the 
true concentration of radon was performed. The 
detailed approach to the correction of the influence of 
radon measurement errors is presented in work (10). 

Until now, Russia has not conducted large-scale 
epidemiological studies on the effect of radon exposure 
on lung cancer. Only few small pilot studies were 
performed in two cities of the Middle Urals and 
Lermontov city on Caucasus [6-8]. A large-scale study 
on the influence of radon on the incidence of lung 
cancer in Russia is at the planning stage now. The 
purpose of this planned study is to obtain the reliable 
data on radon exposure-effect dependence in a single 
study, conducted with a uniform approach to 
conducting the measurements and data analyzing. 

The aim of this work is to model such research, to 
assess the impact of errors on the research results and 
to select methods that allow taking into account the 
impact of these errors. In our study, the approaches to 
the modeling of radon studies described in works [5, 
10] were used. 

2. MATERIALS AND METHODS 

At the first stage of modeling, the distributions of 
radon concentrations in a given population were 
generated. Based on numerous data, the assumption 
that the distribution of radon concentrations was quite 
precisely described by lognormal distribution was 
made. Therefore, in the simulation, the values of the 
geometric mean (GM) and the standard deviation of 
the logarithms of radon concentration (LN) were set. 

Lung cancer incidence was modeled in the 
following way: 

 The baseline value of spontaneous lung cancer 
incidence was chosen. When using the age-specific 
incidence 0(t), it was assumed that the frequency 
of spontaneous occurrence of lung cancer for non-
smoking men and women was, practically, the 
same [12]. The data were approximated by fitting 
the function smoothly, depending on age t at the 
time of the risk assessment. 

 The age distribution of the population for t>40 
years was modeled by decreasing function 
generally corresponding to the probability of 
survival to a certain age. Ages up to 40 years have 
not been considered due to low probability of 
spontaneous occurrence of lung cancer. 

 For each member of the population, smoking 
status was modeled at random, and then the age-
specific probability of spontaneous occurrence of 
lung cancer has been multiplied by the coefficient 
of relative risk for a group of smokers. It was 
assumed that 60% of males and 30% of females 
have been exposed to smoking (smokers of 
different intensity or ex-smokers). The types of 
smoking groups and the relative risk values have 
been chosen in accordance with [1]. 

 The probability of lung cancer occurrence as a 
result of the combined action of radon and 
smoking was calculated as: 

𝑃(𝑡, 𝑠𝑚𝑜𝑘𝑖𝑛𝑔, 𝑅𝑛) = 𝜆0(𝑡)𝑅𝑅𝑠𝑚(1 + 𝐶𝑅𝑛𝑅𝑅𝑅𝑛), (1) 

where RRsm - the relative risk of lung cancer due to 
smoking in selected smoker’s group; RRRn - the 
relative risk of lung cancer due to radon exposure 
(0.16 per 100 Bq/m3(1)); CRn–average radon 
concentration influencing a given individual. 

 Using a random numbers generator, the number 
uniformly distributed in the interval 0 to 1 was 
generated. It was considered that lung cancer was 
realized and this individual belonged to the group 
"case" under the condition: 

RND ≤ P (t, smoking, Rn).  (2) 

Otherwise, a person belonged to the group 
"control". For given values of the geometric mean 
of radon concentration and the standard deviation 

LN,106 stories were generated. The same numbers 
of men and women have been modeled. The 
modeled data on lung cancer incidence were in 
good agreement with European statistical data 
[11]. 

To estimate the influence of errors, it has been 
assumed that the dominant type of errors are 
multiplicative errors, which are described by a 
lognormal distribution law [5, 10]. The value of the 
multiplicative error is, due to errors in the calibration 
of detectors, the influence of seasonal variations of 
radon, uncertainties associated with the transition 
from the current values of radon concentration to the 
weighted average over a long period, etc., constant over 
the entire range of radon concentration in a given 
sample. To obtain the distribution of the values of 
radon concentration affected by the error influence, the 
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individual “measured” radon concentrations were 
generated as 

𝐶𝑅𝑛
𝑚𝑒𝑎𝑠 = 𝑒xp⁡[𝑙𝑛(𝐶𝑅𝑛

𝑟𝑒𝑎𝑙) + 𝑁𝑂𝑅𝑀. 𝐼𝑁𝑉(𝑅𝑁𝐷; 0; 𝜎𝑒𝑟𝑟)] (3) 

where NORM.INV – function which returns the 
inverse of the normal distribution for the specified 
mean and the standard deviation. 

Separately, the effect of the error caused by a 
Poisson error associated with a random dispersion of 
the number of tracks registered by track detector was 
analyzed. This error is more strongly expressed in 
cases when the radon concentration is low, duration of 
exposure of the detector is short and the number of 
tracks registered by track detector is relatively small in 
comparison with the background track density. For 
significant concentrations of radon or prolonged 
exposure to radon, impact of this uncertainty is likely 
to be low. Nevertheless, the assessment of the impact 
of the error having differential influence in the range of 
measurements is necessary. 

For modeling purposes, NRPB and RadoSys 
detectors were chosen for detection of alpha particles 
by CR-39 material and an optical system of tracks 
counting. These detectors have a sensitivity to 
radon=2.1 (trackcm-2)/(kBqm-3h) with a background 

20 kBqm-3h (13–15)that, in average, corresponds to 

track density Nbgr=41 trackcm-2. Calculation of the 
relative Poisson error for the track detector was carried 
out as: 

𝜎𝑐𝑜𝑢𝑛𝑡 =
√𝐶𝑅𝑛

𝑟𝑒𝑎𝑙𝑇𝑒𝑥𝑝𝜀+𝑁𝑏𝑔𝑟

𝐶𝑅𝑛
𝑟𝑒𝑎𝑙𝑇𝑒𝑥𝑝𝜀−𝑁𝑏𝑔𝑟

,  (4) 

where Texp – duration of detector exposure. The 
influence of Poisson errors which depended on 
individual radon concentration was taken into account 
in correspondence with the approach used for other 
kind of errors (Equation 3). 

In the calculation of odds ratios (OR) for different 
ranges of exposures to radon, several approaches to 
select a range of calculations were used: 

• approximately the same number of members of the 
case group in each of the intervals; 

• approximately the same total number of members of 
the case and control groups in each of the intervals; 

• manual settings of intervals. 

Odds ratios for different options have been 
calculated using a specialized program designed in the 
Institute of Industrial Ecology. An error estimation is 
not a trivial task for the slope of the dose-effect in 
situations where the odds ratio in each of the sub range 
has its own asymmetrical confidence interval. To solve 
it, a numerical method of generating Monte Carlo sets 
of OR for all intervals, taking into account their 
uncertainties and distribution law has been used. For 
each randomly generated set of odds ratio, the slopes 
of exposure-effect dependence were calculated and the 
overall confidence intervals for the slope were 
estimated. 

3. RESULTS AND DISCUSSION 

3.1. The influence of the selection of the control 
group on exposure-effect dependence 

As it is well known, incorrectly selected control 
group at epidemiological studies brings the greatest 
mistake in the interpretation of the results of the 
analysis. For an assessment of the influence of this 
factor at imitating modeling, four various options of 
selection of control groups were considered: 

 control group corresponds to the average 
distribution by sex, age and smoking status of the 
general population exposed to radon (population 
control); 

 control group is aligned with the case group by the 
ratio of men and women; other factors (age and 
smoking) are not standardized and correspond to 
the distribution of the general population 
(standardization by sex); 

 control group is aligned with the case group by sex 
and age; smoking status is not aligned 
(standardization by age and sex); 

 for each member of the case group, a pair matched 
by sex, age and smoking status is selected (copy-
pair standardization). 

At the first stage of modeling, it was believed that 
radon levels affecting the population in each of the 
samples did not correlate with factors such as sex, age 
and smoking status. In general, it is not fully consistent 
with the experimentally observed facts, because lower 
average radon concentration in the dwellings of 
smokers was noted in various sources [16, 17]. This fact 
may have an explanation both in changing the regime 
of the dwellings (perhaps, more frequent ventilation), 
and in different socio-economic status of smokers and 
nonsmokers (it is known that the percentage of 
smokers is higher in groups with low socio-economic 
status), which may affect the quality of housing. 

Eight model groups of population with 106 people 
in each were generated. The GM values of radon 
concentration were set in the range from 20 to 100 
Bq/m3, the LN– in the range from 0.8 to 1.2.In each 
group ~800 lung cancer cases among the males and 
~200 cases among females were observed. The 
difference was explained by a different smoking level 
for females and a smaller level of spontaneous lung 
cancer rate. The number of cases of lung cancer 
obtained by modeling for different samples is shown in 
Fig.1. Later, for all modeled “cases”, different 
“controls” were selected than for the other 
“population”. During the modeling, the ratio between 
the number of members of case and control groups 
always was 1 : 2. 
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Figure 1. The number of cases of lung cancer obtained by 
modeling for different samples in dependence on average 
radon concentration (no correlation between smoking and 
radon concentration) 

The number of expected cases of lung cancer for 
males in dependence on radon concentration is 
described with statistical significance by linear 
regression (standard error shown): 

Nm = (670±28) + (0.0014±0.0003) 𝐶𝑅𝑛
𝑟𝑒𝑎𝑙 (5). 

In fact, in the modeling of a cohort study, we can 
observe that the slope of the lung cancer incidence in 
dependence on the average radon levels, in general, 
corresponds to the originally specified level. Because of 
the smaller number of cases observed, slope 
dependence for females was 0.0035 ± 0.0016 Bq-1 and 
was not statistically significant. 

The analysis of OR dependence on radon 
concentration demonstrated a set of features: 

 Even in the studies with 800 – 900 cases and 
1600 – 1800 controls, there is significant influence 
of random character of radon concentration 
distribution on lung cancer incidence. The OR 
value dependences on the “real” radon 
concentrations were in the range from 0.09 to 
0.27 per 100 Bq/m3 (at the given value 0.16)in 
different samples.  

 In individual samples, the value of exposure-effect 
slope can be unpredictably changed ~1.5 – 2 times 
in dependence on the number of intervals used for 
calculation of OR values.  

 For a combined group containing 8204 cases and 
16408 controls, the value of exposure-effect slope 
is in the range from 0.13 to 0.17 per 100 Bq/m3 
(average value 0.16±0.01). This value corresponds 
to initially established value 0.16. Even for such 
big case and control groups, dependence of 
exposure-effect slope on the number of intervals 
used for calculation of OR values can be observed.  

 For the slope of the odds ratios dependence on the 
radon concentration, there are no statistically 
significant differences between the calculations 
performed for different methods of stratification 
of the control group: population control, control 
by sex, control by sex and age, and the control 
copy-pair. 

The most important result obtained during the 
analysis of the groups with no correlation of radon 

concentration with other factors (such as sex, age or 
smoking status) is the absence of dependence of 
exposure-effect slope coefficient on the type of control 
group selection. In fact, this means, that in the absence 
of a correlation between the concentration of radon in 
dwellings and the factors influencing the incidence of 
lung cancer (sex, age, smoking), we cannot watch the 
changes in the slope of the function exposure-effect 
with any method of selection of the control group. This 
can be explained by the fact that the radon 
concentration distribution in the control group is 
identical to the one in any group obtained at random 
from the general population. 

So, in epidemiological study, it is very essential to 
find and take into account the confounding factors 
influencing both lung cancer incidence and radon 
concentration in dwellings. As it was mentioned above, 
the only factor simultaneously influencing both lung 
cancer incidence and radon concentration is smoking. 
According to the data [16], the average radon 
concentration was approximately 10 % smaller in the 
smoker’s dwellings than in the dwellings of 
nonsmokers. For other influencing factors, such as sex, 
age etc. there are no data on their influence on average 
radon concentration in dwellings.  

To take into account the effect of smoking on the 
average concentration of radon in the dwellings, the 
scheme of the model experiment was modified. If the 
considered individual had a smoking status other than 
“nonsmoker”, the radon concentration in the 
individual’s dwelling was reduced in value randomly 
and uniformly distributed in the range (0 – 20) % from 
the initial concentration. Like in the previous 
modeling, 8 groups in 106 individuals with the same 
values of GM of radon concentration were generated. 
The number of cases of lung cancer, obtained by 
modeling for different samples is shown in Fig. 2. 

 
Figure 2. The number of cases of lung cancer, obtained by 
modeling for different samples, in dependence on average 

radon concentration (correlation -10% between smoking and 
radon concentration) 

The number of expected cases of lung cancer for 
males, like in the previous case, is significantly 
described by regression (standard error is shown): 

Nm = (689±26) + (0.0011±0.0004) 𝐶𝑅𝑛
𝑟𝑒𝑎𝑙      (6). 

For females, the observed slope of the dependence 
on the average radon concentration was 0.0028 ± 
0.0021 Bq-1 and was not statistically significant. In 
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modeling of the cohort study, it can be observed that in 
the case of negative correlation between smoking 
status and radon concentration, the slope of exposure-
effect dependence is less than in case of absence of 
correlation.  

In the case-control analysis of the combined 
sample, it was found that the slope exposure-effect 
essentially depends on the selection of the control 
group. The improvement of the selection of the control 
group increases the growth of lung cancer incidence 
per unit of radon concentration (Table 1). 

Table 1.Odds ratio dependence on the “real” radon 
concentrations for different kinds of selection of control group 

Selection of control group 
Slope coefficient per 
100 Bq-1 (95% CI) 

Population control 0.038 ± 0.014 
Standardization by sex 0.079 ± 0.020 
Standardization by age and sex 0.070 ± 0.010 
Standardization copy-pair 0.120 ± 0.012 

Like in the modeling of the cohort study, it is 
possible to observe that the slope of exposure-effect 
dependence is smaller than initially used in modeling 
risk coefficient 0.16 per 100 Bq-1. The decrease of the 
slope of exposure-effect on the negative correlation 
between smoking status and indoor radon 
concentration can be explained by the change of 
smoker/nonsmoker ratio in different ranges of OR 
calculation. At the absence of correlation between 
smoking status and indoor radon concentration, the 
smoker/nonsmoker ratio is practically the same for all 
the ranges of radon concentration (Fig. 3a). At such 
correlation, the statistically significant increase of 
nonsmoker part at high radon concentration can be 
observed (Fig. 3b). Because of the fact that the risk of 
lung cancer incidence for nonsmokers is considerably 
less than for smokers, the OR values at high radon 
concentrations are decreased.  It leads to a total 
decrease of the slope of exposure-effect. 

 

Figure 3. Dependence of the part of nonsmokers on indoor 
radon concentration: a - no correlation between smoking and 
radon concentration, b - correlation -10% between smoking 

and radon concentration 

3.2. The influence of radon exposure errors on 
exposure-effect dependence and the correction of 
this influence 

For the assessment of radon exposure errors on the 
exposure-effect dependence, the multiplicative error 

with err=0.50 was assumed. The additional influence 
of Poisson errors led to increasing this value for the 
combined sample to err=0.55.  

For the general sample, without the correlation 
between smoking and radon concentration, the 
influence of errors decreased the slope of exposure-
effect dependence from 0.16±0.01 to 0.11±0.01 per 
100 Bq-1(95% CI).  

For the sample with negative correlation between 
smoking and radon concentration, the slope of 
exposure-effect dependence (for copy-pair 
standardization) decreased from 0.120±0.012 to 
0.077±0.015 (95% CI). It demonstrates that “naïve” 
assessments based on observed values of radon 
concentrations can significantly underestimate the 
exposure-effect dependence.  

In analysis of epidemiological data, there are a 
number of techniques, which allows improving the 
influence of the errors. In our work, we used the 
method of regression calibration [10] and the so-called 
SIMEX method [18].  

Method of regression calibration [10] is used to 
replace the unobservable true value of the variable in 
the regression by the expected from the obtained 
measured value. To estimate the expected “real” value 
x from observed value z, the next expression was used: 

µ𝑥|z = (
1

𝜎𝑒𝑟𝑟
2 +

1

𝜎𝐴
2)

−1
(

𝑧

𝜎𝑒𝑟𝑟
2 +

µ𝐴

𝜎𝑒𝑟𝑟
2 )  (7) 

where𝜎𝑒𝑟𝑟
2 – error variation; 𝜎𝐴

2 – observed variation of 
measured radon concentration values in control group 
corrected on the influence of 𝜎𝑒𝑟𝑟

2 ; µA – expected 
average value of radon concentration in the control 
group. For multiplicative errors the logarithmic values 
of concentrations and variances should be used. The 
use of method of regression calibration for assessing 
the “true” value of the slope of exposure-effect 
dependence for the sample with negative correlation 
between smoking and radon concentration and copy-
pair standardization gives the value 0.13±0.04 per 100 
Bq-1 (95% CI). This value completely corresponds to 
the assessment made by the use of initial “real” values 
of radon concentrations unaffected by errors. 

SIMEX method is of particular interest [18]. The 
essence of the method is to add an extra error to the 
measured data obtained from the study and the 
evaluation of the impact of additionally introduced 
measurement errors on the results of the assessments 
made by the method of regression. Suppose we have a 
“naive” estimate of slope coefficient β and an 
additional set of data with consistent increase in error 

variances (1 + )𝜎𝐴
2. During the analysis, the 

dependence of β value on the parameter λ is plotted. 
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The required value βtrue can be obtained by 
extrapolating the observed dependence β on λ to the 
value λ = -1. For multiplicative errors, logarithmic 
coordinates should be used (logarithmic dispersion) 
(Fig. 4). In this method, it is necessary to consider that 
additional modeling of the random error should be 
performed repeatedly to obtain statistically significant 
evaluation of the expected value. 

 

Figure 4. The example of the use of SIMEX method for 
assessing of the real value of the exposure-effect slope 

In general, the SIMEX method also allows 
obtaining the good assessment of expected value of the 
slope of exposure-effect dependence. The quadratic or 
cubic extrapolations give better results than linear 
extrapolation but it should be noted that SIMEX 
method leads to the underestimation of the real value 
of the slope coefficient.  

4. CONCLUSIONS 

The analysis allows making the following 
conclusions. When planning a large-scale national or 
international epidemiological study to detect the lung 
cancer incidence due to exposure to radon in the 
dwellings, the researchers should focus on the 
following issues: 

 Thorough identification of factors affecting both 
the concentration of radon in homes and lung 
cancer. Identify, if possible, the numerical values 
of the coefficients of proportionality for these 
factors. 

 Comprehensive assessment of the factors 
influencing the error of radon exposure 
assessment and numerical evaluation of all errors. 

 The analysis of the possible impact of errors on the 
observed values of the exposure-effect dependence 
and the choice of optimal techniques to obtain 
undistorted value of the desired parameter. 

 Results of exposure-effect dependence essentially 
associated with the choice of intervals in which the 
odds ratios are calculated. In this regard, the 
critical rule for choosing such intervals should be 
worked out. 

 Decrease in the slope of the exposure-effect 
dependence at presence of negative correlation 

between smoking and radon should be taken into 
account. It should be noted that this effect was 
observed when the "real" values of radon 
concentration were used. The influence of such 
factors on the results of the studies should be 
examined very carefully. 

 The modeling demonstrated that to obtain an 
acceptable statistical accuracy (~15% at 95% CI), 
the planned study should be comparable in scale 
to the combined European radon study, i.e. the 
number of cases should be within 6000 - 8000 
and the number of controls 12000 – 16000. In 
planning such study, the quality of selection of the 
control group should initially be at a high possible 
level. The detailed analysis of the numerical values 
of different errors influencing the radon exposure 
assessment are also very important due to the fact 
that error values will inevitably be used for the 
correction of naïve evaluations of exposure-effect 
dependence.  
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