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ABSTRACT

A re-analysis has been carried out of thirty-two case–control and two ecological studies concerning the influence
of radon, a radioactive gas, on the risk of lung cancer. Three mathematically simplest dose–response relation-
ships (models) were tested: constant (zero health effect), linear, and parabolic (linear–quadratic). Health effect
end-points reported in the analysed studies are odds ratios or relative risk ratios, related either to morbidity or
mortality. In our preliminary analysis, we show that the results of dose–response fitting are qualitatively (within
uncertainties, given as error bars) the same, whichever of these health effect end-points are applied. Therefore,
we deemed it reasonable to aggregate all response data into the so-called Relative Health Factor and jointly ana-
lysed such mixed data, to obtain better statistical power. In the second part of our analysis, robust Bayesian and
classical methods of analysis were applied to this combined dataset. In this part of our analysis, we selected dif-
ferent subranges of radon concentrations. In view of substantial differences between the methodology used by
the authors of case–control and ecological studies, the mathematical relationships (models) were applied mainly
to the thirty-two case–control studies. The degree to which the two ecological studies, analysed separately, affect
the overall results when combined with the thirty-two case–control studies, has also been evaluated. In all, as a
result of our meta-analysis of the combined cohort, we conclude that the analysed data concerning radon con-
centrations below ~1000 Bq/m3 (~20 mSv/year of effective dose to the whole body) do not support the thesis
that radon may be a cause of any statistically significant increase in lung cancer incidence.
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INTRODUCTION
Radon, a radioactive gas naturally emanating from Earth’s crust, contri-
butes about one-half of the effective dose of ionizing radiation to humans.
For this reason, the potential effect of radon on human health has been
the subject of many studies worldwide. Of particular interest is whether
any correlation exists between the local concentration of radon in the
atmosphere and the number of locally observed cases of lung cancer.

In the USA, the recently published ‘National Radon Action Plan:
A Strategy for Saving Lives’ [NRAP http://www.lung.org/assets/
documents/healthy-air/national-radon-action-plan.pdf (developed
through the collaborative efforts of American Lung Association,
American Association of Radon Scientists and Technologists,
American Society of Home Inspectors, Cancer Survivors Against

Radon, Children’s Environmental Health Network, Citizens for
Radioactive Radon Reduction, Conference of Radiation Control
Program Directors, Environmental Law Institute, National Center for
Healthy Housing, U.S. Environmental Protection Agency, U.S.
Department of Health and Human Services, U.S. Department of
Housing and Urban Development)] stated that ‘radon causes 21 000
lung cancer deaths every year’ and that ‘radon exposure is the second
leading cause of lung cancer’. Both statements were questioned by
Siegel et al. [1], who presented an analysis of selected epidemiology
data; these two citations are in fact quoted from their publication.

In our previous work [2, 3], we analysed 28 published radon stud-
ies using the Bayesian approach. We found it difficult to unequivocally
correlate the risk of lung cancer with radon concentration. In this
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work, we have scrutinised 34 independent radon studies published so
far [4–37]. In the present meta-analysis of this published data we used
the same Bayesian techniques as applied earlier, but have also included
some classical methods of data analysis.

MATERIALS AND METHODS
Meta-analysis

Review of original data from published studies offers an opportunity to
make some general observations. To avoid any bias in our analysis, we
decided to consider all the reliable datasets published over the years in
peer-reviewed journals. All these publications were carefully studied
with regard to the applied methodology of evaluating radon concentra-
tion, to dosimetry techniques, and to the evaluated health end-point,
i.e. the odds ratio (OR) or relative risk (RR). From each study,
adjusted RR or OR estimates and their 95% confidence intervals (CIs)
for the mean values over given categories of radon concentrations in
Bq/m3, were obtained. In all, some 28 000 cases and 900 000 controls
were covered, as shown in Table 1, where a summary of the features of
the analysed publications is given. It is apparent from this table that all
these data could be included in our further analysis, as no lack of preci-
sion nor any inconsistencies in any of these studies are apparent. Cases
and controls were subject to well-defined criteria, and residential histor-
ies were given for all periods considered—whether long or short, peri-
ods of measurements were provided, as were clear indicators of
smoking habits, sex and mean age for the selected groups, together
with information about the applied methodology of group selection.
All the data that we considered in our further analysis were taken from
these original publications satisfying the above criteria. Our aim was to
test the hypothesis that presence of residential radon increases the risk
of lung cancer occurrence. We also wished to evaluate the coherence
between the published studies that we analysed.

Data
We have given equal importance to all the data, following the
authors’ specifications regarding time spent indoors and of in-house
measured radon levels. The control groups were carefully chosen to
match the exposed groups as accurately as possible. Radon exposure
periods ranged between 5 and 25 years. Five years were considered
to be the minimum period for cancer occurrence. Confounding fac-
tors were taken into account, as given in Table 2.

In view of the considerable scatter and generally rather high
uncertainties of values of ORs or RRs in the published results, we
deemed it to be inappropriate to fit the OR/RR vs radon concentra-
tion (or vs absorbed dose as both quantities are proportional)
dependence by mathematical functions more complicated than a
2nd order polynomial. Therefore the following functions (models)
only were considered: constant (no risk), linear (by two
approaches) and quadratic (parabolic or linear–quadratic, as some
might prefer). A specific linear relationship called the Linear No-
threshold Model (LNT) is often used in the literature as if it was
the best null hypothesis. While in our opinion LNT is not the best
null hypothesis, we nevertheless decided not to neglect any possible
hypothesis, but only to compare the results obtained.

The studies listed in Table 2 can be generally divided into two
main groups: case–controls studies (thirty-two papers) and

ecological studies (two papers) (see Fig. 1a). We did not consider
any of the radon studies of miners because their methodology is dif-
ferent (e.g. different confounding factors are present, especially the
strong effects of smoking and dust), and because their environmen-
tal conditions are not representative of those typical for residential
radon data. One should note that some of the publications listed in
Table 2 (as noted in their description) have already been used in
pooled studies [38–42], under different analyses.

This work consists of two parts: (i) separate classical (least-square)
and Bayesian analysis of OR/RR in case–control data, and (ii) meta-
analysis of all data using both classical and robust Bayesian methods, for
case–control and for ecological data—separately and in combination.

Concerning the first part, we have concentrated on ORs of cancer
morbidity [5, 10, 12, 13, 15, 16, 23, 24, 28, 29, 31, 32, 35]. Similarly,
there are also publications in which RRs of cancer morbidity are con-
sidered [4, 6–9, 22, 27, 30, 34]. The ORs of mortality were also stud-
ied [14, 17, 21, 33]. As a rule, authors of those papers used
multivariate logarithmic regression analysis with a preferred linear
trend. The RRs of deaths due to lung cancer have also been con-
sidered [19]. However, due to difficulties in assigning doses and due
to limited data on the RR of mortality, we took the latter paper [19]
into account only in the second part of this work.

The four distinctly analysed datasets include (see Fig. 1b):

(i) cancer mortality ORs (13 data points). Mean radon
concentration up to 325 Bq/m3.

(ii) cancer morbidity ORs (38 data points). Mean radon
concentration up to 299.5 Bq/m3.

(iii) cancer morbidity RRs (20 data points). Mean radon
concentration up to 475 Bq/m3.

(iv) meta-analysis of the above three datasets (71 data points).

In what follows, we shall use the notion of Relative Health
Factor (RHF) for all these three risk factors. Thus, the RHF shall
be understood as either mortality OR, or morbidity OR, or morbid-
ity RR, depending on the context.

The above datasets form a subset of the original data that also
contained higher mean values of radon concentrations; however,
these were unspecified (listed, e.g. as ‘>500 Bq/m3’). In order to be
as consistent as possible, in our primary analysis we had omitted
such data points, as well as several points with an unclear descrip-
tion, testing however their influence on the final results in the
second part of our work. To that end we assumed that the possible
range of radon concentrations was that given in ref. [2]. This
explains the origin of points with abscissa >500 Bq/m3 in Fig. 1a.

Ecological data were not taken into account in this part of our
analysis in order to avoid potential ecological fallacy (bias), espe-
cially due to the results of Cohen [11, 43].

To facilitate comparison with our previous work [2], in the
second part of our analysis all data were divided into different data-
sets according to the type of study (case–control/ecological) and to
the dose/concentration range. We used the following commonly
accepted radon dose-concentration conversion factors: 1 Bq/m3 =
0.179 mSv/year of annual equivalent dose to lungs (H), and effect-
ive (whole-body) dose, E = 0.12 H [44, 45].
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Table 1. Data for the 34 studies analysed in the present meta-analysis, including number of individuals, measurement
methodology, personal characteristics and habits, and number of adjusted factors in OR/RR calculations

Author/First
author

Year Cases Controls Measurement type (as published) Smoking
habits

Age Sex Number of
confounding
factors

Blot 1990 308 356 radon detectors + + women 4

Hystad 2014 2390 3507 mapping + + + 19

Torres-Duran 2014 192 329 alfa track detector never-smokers + + 3

Bochicchino 2005 384 404 radon detectors + + + 5

Sandler 2006 1474 1811 alfa track etch detectors + + + −

Wilcox 2008 561 740 alfa track monitoring + + + 6

Alavanja 1994 538 1183 alfa track detectors non-smoking + women 1

Alavanja 1999 512 546 CR-39 alpha-particle detectors + + women 5

Barros-Dios 2002 163 241 alfa track detector + + + 6

Barros-Dios 2012 349 513 alfa track detectors (CR-39, Radosys) + + + 3

Auvien 1996 517 517 alfa track passive detector + + + 4

Brauner 2012 589 52 692 model based predictions + + + 10

Baysson 2004 486 984 2 Kodalpha LR 115 detectors + + + 5

Conrady 2002 72 240 The ALTRAC dosimeters non-smoking + women 1

Darby 1998 484 1637 small passive NRPB’s radon detectors + + + 5

Field 2000 413 614 Radtrak alpha track detectors + + + 4

Kreienbrock 2001 1449 2297 solid-state nuclear track detector + + + 2

Letourneau 1994 738 738 dosimeters with polyethylene-lined cap + + + 2

Lagarde 2001 258 487 radon dosimeters never-smokers + male –

Pershagen 1992 210 408 alfa—track detectors + + women 3

Pershagen 1994 1360 2847 solid-state alpha track detectors + + + 5

Pisa 2001 138 291 Dosimeters with two LR115 trace
revealers

+ + + 3

Ruosteenoja 1991 238 434 solid-stale nuclear track detectors + + male 2

Ruosteenoja 1996 164 331 radon dosimeters + + male 2

Tomasek 2001 173 3221 2 integral Kodak detectors LR115 − − − −

Wichmann 2005 2963 4232 alfa track detectors + + + 6

Thompson 2008 200 397 etch-track detectors + + + 5

Turner 2011 3493 811 961 data from various sources: EPA SRRS,
U.S. NRRS, LBL and Cohen’s.

+ + + 19

Sobue 2000 28 36 alfa track detectors + + + 4

Continued
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Hereafter, we shall use the term ‘effect’ either in the sense of the
OR or the RR, depending on the context.

Uncertainties
In both parts of our analysis we used the values of uncertainties calcu-
lated by the authors of their original papers as the 95% confidence
interval (CI) under the assumption of log-normal distribution.
However, standard deviation related to 68% CI is normally used in
classical least-square fits. Therefore, we have verified whether the use
of 68% CI instead of 95% CI has any influence on the values of the
fitted parameters. In none of the quoted papers did we find any pre-
cise information on the manner by which the asymmetric uncertain-
ties were calculated. Therefore, our analysis was also carried out
assuming average radon concentrations, i.e. +sl su

2
, where sl and su are

the lower and the upper bounds (respectively) of the range shown in
the original paper. This approach may be considered to be an elem-
ent of sensitivity analysis showing to what extent any shift in radon
concentration values may influence the final results.

The published radon data are typically presented in bins (concen-
tration ranges) of various widths. In order to include both vertical
and horizontal uncertainties in our analysis, a rectangular distribution
of radon concentration within each bin was assumed. In this approxi-
mation, radon concentration variance is equal to σ = Wx

2 1
12

2, where
W is the bin width. Although this value of σx , if considered in the
usual context ( σ± =2 95%x of the CI), may underestimate the
actual uncertainty, we have shown in our analysis that this approxima-
tion does not lead to any substantial divergence of the final results.

Because the widths of radon concentration bins were relatively
large in all datasets while the effect (vertical) error bars were quite
asymmetric with respect to their assigned values, we tested the sen-
sitivity of the result on the choice of weights representing these
error bars for every data/model combination. In particular, we fitted
our models assuming artificially symmetric vertical error bars (arith-
metic averages of the original minimum and maximum values),
asymmetric error bars (as given in the original papers for 95% CI),
and, additionally, estimating that those uncertainties represent 68%
of the CI value, as is typically used in experimental physics. While
any of these approaches can be justified as being mathematically

correct, if considered as a sensitivity analysis, they can reveal to
what degree one can trust the final conclusions.

Models
In the first part of the presented paper the following four models of
the effect on radon concentration dependence were used to analyse
every dataset:

(i) no dependence (‘zero effect’): effect = a (constant)
(ii) linear non-threshold dependence (LNT): effect = 1 + br
(iii) linear dependence: effect = a + br
(iv) quadratic dependence: effect = a + br + cr2

where r is radon concentration.

In the first part of our analysis, all four models were tested; however,
based on the results obtained, in the second part of our analysis, the
LNT hypothesis was discarded. The remaining three hypotheses (con-
stant, linear, quadratic dependence) were fitted using the classical (least
squares) and the robust Bayesian regression methods for all 34 studies,
case–control and ecological studies being treated separately. Next, the
relative strengths of the hypotheses were compared with each other,
applying the Bayesian model selection method used earlier [2]. In this
context, we recall the conclusion from that earlier work of ours (meta-
analysis of 28 studies), namely that the ‘zero-effect’ hypothesis was ~90
times more likely than the LNT hypothesis, and that ‘zero-effect’ was
also clearly preferred over the more general linear model.

Bayesian analysis
Within robust Bayesian regression analysis, it is assumed that each
experimental point Ei and its original uncertainty σ0i are given by
appropriate Gaussian distributions (Bayesian likelihood functions)
and that the prior uncertainty function is p(σi) = σ0i σi

−2 [46, 47].
Introduction of such a prior follows from observing large data scatter,
not justified by the claimed uncertainties σ0i. Consequently, values of
effective uncertainties σi become equal to or larger than the original
ones, σ0i. This results in a modification of the joint probability of
obtaining the given dataset, expressed usually as exp(−σ2/2), where
σ2 is the classical misfit function. This probability has now to be

Table 1. Continued

Author/First
author

Year Cases Controls Measurement type (as published) Smoking
habits

Age Sex Number of
confounding
factors

Wang 2002 768 1659 alfa track detectors + + + 5

Schoenberg 1990 433 402 alfa track detector + + women 5

Oberaigner 2002 - - - - – + –

Conrady 1996 2155 no information nuclear tracking detector + 0–99 women 1

Cohen 1995 1601 data points
(ecological)

data from PITT, EPA, STATE + + + 56
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Table 2. List of 34 studies analysed in the present meta-analysis

Country/region/group Source Type of data Type of study

China, Shenyang Blot et al. 1990 [4] RR—MB C-Ca,c

Canada Hystad et al. 2014 [36] OR—MB E

Spain, Galicia Torres-Durán et al. 2014 [37] OR—MT C-C

Italy, Mediterranean Bochicchio et al. 2005 [28] OR—MB C-Cb

USA, Connecticut and Utah Sandler et al. 2006 [30] RR—MB C-C

USA, New Jersey II Wilcox et al. 2008 [31] OR—MB C-C

USA, Missouri I Alavanja et al. 1994 [10] OR—MB C-Ca

USA, Missouri II Alavanja et al. 1999 [16] OR—MB C-C

Spain Barros-Dios et al. 2002 [23] OR—MB C-Cb

Spain, Galicia II Barros-Dios et al. 2012 [35] OR—MB C-C

Finland I Auvinen et al. 1996 [13] OR—MB C-Ca,b

Denmark Bräuner et al. 2012 [34] RR—MB C-C

France Baysson et al. 2004 [27] RR—MB C-Cb

Germany, Schneeberg Conrady et al. 2002 [25] OR—MT C-C

England, south-west Darby et al. 1998 [15] OR—MB C-Cb

USA, Iowa Field et al. 2000 [18] OR—MB C-C

Germany, western Kreienbrock et al. 2001 [20] RR—MB C-Cb

Canada, Winnipeg Letourneau et al. 1994 [8] RR—MB C-Ca

Sweden I Lagarde et al. 2001 [22] RR—MB C-Cb

Sweden II Pershagen et al. 1992 [7] RR—MB C-Ca,b

Sweden III Pershagen et al. 1994 [9] RR—MB C-Ca,b

Italy, Alps Pisa et al. 2001 [21] OR—MT C-C

Finland II Ruosteenoja 1991 [6] OR—MB C-Ca

Finland III Ruosteenoja et al. 1996 [12] RR—MB C-Cb

Czech Republic Tomášek et al. 2001 [19] RR—MT C-Cb

Germany Wichmann et al. 2005 [29] OR—MB C-Cb

USA, Worcester Thompson et al. 2008 [32] OR—MB C-C

USA II Turner et al. 2011 [33] OR—MT C-C

Japan, Misasa Sobue et al. 2000 [17] OR—MT C-C

China, Gansu Wang et al. 2002 [24] OR—MB C-Cc

USA, New Jersey Schoenberg et al. 1990 [5] OR—MB C-Ca

Austria Oberaigner et al. 2002 [26] RR—MB C-Cb

Continued

Meta-analysis of radon studies of lung cancer • 153



multiplied by p(σi) and integrated over σi within the limits (σ0i,∞).
Following this procedure, one arrives the general posterior probability
distribution P =∏Pi:
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where M corresponds to the model (expression, or curve) being fitted
to the existing data points. This probability is next minimized with
respect to the searched parameters, as in the conventional maximum

likelihood method. The interesting advantage of such an approach is
that the outliers in the dataset acquire substantially lower weights,
compared with the classical minimization of the χ2 function and thus
their influence on the fitted values is substantially limited. The disad-
vantage of this approach is that minimization of Eq. (1) requires
more computational work than minimization of the χ2 function, and
that the uncertainties of the fitted parameters are different than those
obtained using the conventional method.

Having established the posterior probability distribution, one
can adapt it to the model selection algorithm [46, 47] and calculate
the plausibility of the tested model M, as:

Table 2. Continued

Country/region/group Source Type of data Type of study

Germany, Saxony Conrady & Martin 1996 [14] OR—MT C-C

USA Cohen 1995 [11] OR—MT E

E = ecological study, C-C = case–control study, RR = relative risk, OR = odds ratio, MB = morbidity, MT = mortality.
aThis paper is also a part of 8 pooled studies by Lubin and Boice [38].
bThis paper is also a part of 13 pooled European studies by Darby et al. [40].
cThis paper is also a part of pooled Chinese studies by Lubin et al. [39].

Fig. 1. (a) Raw data points from 34 radon studies (a total of 134 points) listed in Table 1 and 2. For legibility, uncertainty
bars are intentionally omitted. The 21 points from ecological studies and 113 of case–control studies are marked differently.
The solid line represents Model 1 (RHF = const). The best fit line is somewhat below the center of gravity of the data points
because the data uncertainties are typically asymmetrical, with smaller uncertainties downwards and larger upwards. (b) Data
set limited to 71 data points, shown as cancer mortality ORs (13 points), cancer morbidity ORs (38 points) and cancer
morbidity RRs (20 points).
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∑ ∏
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where λ corresponds to the parameter(s) of the model [47]. The
relative likelihood of two models displaying individual plausibilities
NA and NB is given by:
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If this ratio exceeds 1, model A is more likely than model B.
We also used the classical least squares method to fit the models

to the same datasets.
The differences between classical and Bayesian approaches have

been extensively discussed elsewhere [46, 47].

RESULTS
Preliminary analysis

Results of our preliminary analysis are compiled in Tables 3–5. First
of all, it may be noted that the choice of error bars has a rather neg-
ligible influence on the values of the best-fitted parameters. Also
introduction of horizontal error bars did not much affect the results
obtained. The relatively low slope of the straight line (cf. linear
models 2 and 3) is the main reason for the above observations;
hence, the values of vertical error bars dominate in the least square
fits. Low values of the misfit function, χ2:

∑χ =
−

( − ) ( )
N N

w E M1
4

p i
i i i

2 2

where wi is the weight of the ith point, N is the number of points,
and Np is the number of parameters, are due to the 95% CI values
assumed in these calculations. By accepting such uncertainties in

Table 3. Values of the best-fitted parameters of the ‘Zero effect’ Model 1 (effect = a = constant), using the classical least
square method for 95% CI

Dataset 1 Dataset 2 Dataset 3 Dataset 4

symmetric uncertainties a = 1.02 ± 0.05 a = 0.99 ± 0.06 a = 1.04 ± 0.08 a = 1.01 ± 0.03

χ2 = 0.27 χ 2 = 0.53 χ 2 = 0.31 χ 2 = 0.42

asymmetric uncertainties a = 1.04 ± 0.05 a = 1.04 ± 0.05 a = 1.04 ± 0.05 a = 1.05 ± 0.03

χ 2 = 0.63 χ 2 = 0.55 χ 2 = 0.29 χ 2 = 0.44

Table 4. Values of best-fitted parameters of the LNT Model 2 (effect = 1 + b r), using the classical least square method for
95% CI

Dataset 1 Dataset 2 Dataset 3 Dataset 4

symmetric b = (0.53 ± 4.56) 10−4 b = (1.84 ± 5.09) 10−4 b = (−1.09 ± 5.84) 10−4 b = (0.60 ± 2.93) 10−4

χ2 = 0.28 χ2 = 0.53 χ2 = 0.33 χ2 = 0.40

asymmetric b = (4.36 ± 4.51) 10−4 b = (5.10 ± 4.98) 10−4 b = (6.99 ± 6.40) 10−4 b = (5.33 ± 3.00) 10−4

χ2 = 0.67 χ2 = 0.45 χ2 = 0.35 χ2 = 0.43

Table 5. Values of best-fitted parameters of the Linear Model 3 (effect = a + b r), using the classical least square method for
95% CI

Dataset 1 Dataset 2 Dataset 3 Dataset 4

symmetric a = 1.05 ± 0.05 a = 0.90 ± 0.05 a = 1.11 ± 0.04 a = 1.02 ± 0.02

b = (−2.33 ± 4.25) 10−4 b = (8.59 ± 4.44) 10−4 b = (−6.59 ± 3.17) 10−4 b = (−0.73 ± 2.07) 10−4

χ2 = 0.60 χ2 = 0.47 χ2 = 0.35 χ2 = 0.44

asymmetric a = 1.05 ± 0.08 a = 0.93 ± 0.13 a = 1.12 ± 0.06 a = 1.04 ± 0.05

b = (−1.81 ± 7.11) 10−4 b = (1.34 ± 1.44) 10−4 b = (−5.01 ± 5.01) 10−4 b = (1.57 ± 4.84) 10−4

χ2 = 1.02 χ2 = 1.38 χ2 = 0.50 χ2 = 0.98
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classical least-square fitting, one strongly (by a factor of ~4) lowers
the weights, thus decreasing the χ2 value by a factor of ~4. We fol-
lowed the methodology described by Cantrell [48] and York et al.
[49] when fitting straight lines with vertical and horizontal error
bars.

The best-fitted value of a in Model 1 (zero effect) is a = 1.0, for
all three datasets (Table 3). This result remains unchanged if all
data are aggregated and analysed as a combined dataset (Dataset 4).

It may be interesting to see how often one encounters a given
value of the RHF in the data. Figure 2 shows an RHF histogram cal-
culated for asymmetric uncertainties. The histogram obtained for
symmetrized uncertainties is not much different, although the distri-
bution obtained is of course wider. Histograms obtained for individ-
ual Datasets 1–3 are qualitatively not different from that shown in
Fig. 2. In all cases, a distinct maximum within the (1.00, 1.05) bin is
observed. Slight elevation of the mean value of RHF is also seen in
Table 3.

The values of the a constant obtained using Bayesian methods
are slightly—but consistently—larger than 1.00; for aggregated
data, a = 1.05 ± 0.04. The difference is clearly within uncertainty
limits; however, it reflects well what is seen in the histogram of
Fig. 2. Practically the same results are obtained for symmetrized
uncertainties. This could be explained if one assumed that hormesis
is at work at the lowest observed irradiation levels (radon concen-
trations). Such a possibility has already been considered by Doss
[50].

Table 5 compiled for Model 3 (general linear model) shows that
the a intercept value may be slightly larger or smaller than 1,
depending on the data selected. Then, the slope becomes either
negative or positive, and it becomes larger as the deviation of a
from unity increases. This is typical for correlated variables.
Nevertheless, slopes are generally negative (except for dataset 2),
i.e. the OR/RR effect decreases with increasing radon concentration.
Bayesian analysis yields a = 1.04 ± 0.29 and b = 0.00015 ±

0.00165, which means that the slope of the line fitted within Linear
Model 3 is practically zero, in spite of large uncertainties in both
parameters. This is in agreement with the results of the conven-
tional approach (see Table 5). Apparently, the ‘zero effect’ Model 1
is favoured. The a constant is larger than 1.00, just as in the case of
Model 1.

In the LNT (Model 2), the a intercept is fixed at 1, by defin-
ition. The slope of the fitted line, see Fig. 3, is positive—not surpris-
ing in the light of the experience with the linear model discussed
above. Again, the value of the slope bears a large uncertainty, its
sign depending to a large extent on the method of analysis selected.

It is not strange that even much larger uncertainties in the fitted
parameters appear if a 2nd order polynomial is fitted to the data
(Quadratic Model 4). The obtained goodness-of-fit parameter value
is reasonably acceptable, but the values of the fitted parameters are
not. Moreover, Model 4 usually yields an inverted parabola, a phys-
ically unreasonable result. We conclude that Model 4 should be
discarded.

The overall conclusion is that, irrespective of whether one ana-
lyses ORs or RRs of morbidity or mortality using the maximum
likelihood or Bayesian approaches (with either asymmetric or sym-
metrized uncertainties), the scatter of experimental points and their
high statistical uncertainties are similar; hence, it is reasonable to
analyse all datasets in conjunction [2]. This option is further justi-
fied by observing that if the values of RR and OR are both close to
unity, the OR does not differ much from the relative ratio [51]—
thus, they can be treated jointly as RHF.

Analysis of the complete dataset
Results of our analysis of all the available data are compiled in
Table 6. The relative health factor (RHF) is presented as a function
of dose to facilitate comparisons with the mixed results of our previ-
ous paper [2]. Figure 1a shows 134 points representing the RHF of
lung cancer plotted against three interrelated horizontal axes: annual
equivalent dose to lungs H [mSv/year], annual effective dose (to
the whole body) E [mSv/year], and average indoor radon concen-
tration [Bq/m3]. All data points were taken directly from the 34
radon studies, with their original uncertainties (95% CIs). As men-
tioned earlier, the range of radon concentrations is broader than
that in our initial analysis, as additional data points have been
included and represent mean values in the outermost part of the
relevant concentrations. As the authors of the original papers did
not report uppermost concentrations, in such cases we have
assumed that their range was the same as that of the preceding data
points. This situation could have potentially affected the final results
and favoured LNT. As it turns out, this was not the case.

Constant, linear and quadratic functions were fitted separately to
points from thirty-two case–control studies only, and to points from
two ecological studies that included Cohen’s data [11]. We aggre-
gated all the points from these different sources on a single plot, as
we did in our previous paper [2]. In fact, such a plot was displayed
earlier in the UNSCEAR 2006 Report [44] (where Cohen’s data
were presented in Fig. XV together with the results of case–control
studies). This approach seems to be acceptable in view of the

Fig. 2. Distribution of values of Relative Health Factor
aggregated from datasets 1 to 3. Asymmetric uncertainties,
as given by authors of the original publications, were
assumed.
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gathered statistics, and scatter of the data points and of their
uncertainties.

In this part of our meta-analysis, the data were analysed over
four regions of equivalent dose to lungs H: up to 15 mSv/year, up
to 30 mSv/year, up to 70 mSv/year, and up to 150 mSv/year. The
asymmetrical distribution of points along the dose axis justifies such
an approach. Aggregated results are presented in Table 6. Figure 3
shows the results of Bayesian linear best fit to the data from Fig. 1a
divided into these four dose sub-ranges. The constant model fit gen-
erally oscillates around RR = 1; deviations from RR = 1 are in most
cases statistically insignificant. The uncertainties shown cover the
95% CI. The impact of Cohen’s data [11] on the slope of the best-
fitted straight lines is clearly visible over a substantial part of the
radon concentration range.

From Fig. 3b, one may get an impression that the data in the
range up to 70 mSv/year could support the LNT. This is not so.
First, the slope of the fitted line is correlated with the RR (0) value:
the larger the intercept, the more negative the slope. An intercept
below 1 results in a positive slope of the line. Second, the uncer-
tainty margins are large; thus, such a result cannot be convincing
(has insufficient statistical power). Finally, taking into account the
complete dataset, one observes that there is no dependence of RHF
on dose. On the other hand, Fig. 1a and Table 6 show that values
of what is called a null dose actually represent the lowest doses

determined in the studies. This may introduce further uncertainties
in the interpretation of the fitted parameters [52].

DISCUSSION
The first part of our meta-analysis was focused on separately analys-
ing data given in individual studies. Thus end-points, such as ORs
of lung cancer mortality or morbidity, and RRs of cancer morbidity,
were treated separately, rather than jointly as RHF. There is no
doubt that only the ‘Zero Effect’ Model 1 (i.e. no influence of radon
concentration/dose on RHF) has delivered a reasonably stable fit
for all such datasets. Results obtained for individual datasets using
the LNT Model or the Linear Model are inconclusive. The classical
least square approach and the Bayesian approach both lead to the
same conclusion for aggregated data: no slope of the regression line
other than zero has any statistical support. The correlation between
the fitted parameters is too strong to accept the slightly positive
slope obtained for LNT (Model 2) as an indication of a trend in
RHF dependence on radon dose. Quadratic fits did not add any
new value to this analysis, so we decided to abandon Quadratic
Model 4 altogether. In view of the presented results, one gains con-
fidence in analysing the data en masse, i.e. in treating all datasets as
if they described the same RHF end-point.

The second part of our meta-analysis was conducted over differ-
ent ranges of radon concentrations/doses. The entire dose range

Fig. 3. Best-fitted linear dependences to the data from Fig. 1a using the Bayesian approach fitted separately within four ranges
of radon doses for (a) all 34 studies, and (b) for thirty-two case–control studies analysed in the second part of this meta-
analysis. Grey lines represent 95% CI. Regressions are based on the data in Table 5.
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Table 6. Values of best-fitted parameters for the Constant, Linear and Quadratic models, over four ranges of annual equivalent dose to lungs, H, and their respective likelihoods,
as delivered by the Bayesian model selection algorithm

No. of studies Model Annual equivalent dose to lungs H Model
selection
likelihoode

NM

Up to 15 mSv/year
(84 Bq/m3)

Up to 30 mSv/year
(168 Bq/m3)

Up to 70 mSv/year
(391 Bq/m3)

Full ranged: up to 150 mSv/year
(838 Bq/m3)

Bayesian method Classical method Bayesian Method Classical method Bayesian method Classical method Bayesian method Classical method

34(all studies) Constanta a = 1.008 ± 0.003 a = 1.014 ± 0.013 a = 0.975 ± 0.003 a = 0.972 ± 0.010 a = 0.982 ± 0.003 a = 0.973 ± 0.010 a = 0.980 ± 0.003 a = 0.972 ± 0.010 0.3

Linearb b = −0.016 ± 0.002 b = −0.016 ± 0.003 b = −0.010 ± 0.001 b = −0.011 ± 0.001 b = −0.002 ± 0.001 b = −0.006 ± 0.001 b = −0.001 ± 0.001 b = −0.002 ± 0.001 0.03

a = 1.148 ± 0.014 a = 1.149 ± 0.028 a = 1.100 ± 0.006 a = 1.105 ± 0.017 a = 1.012 ± 0.005 a = 1.048 ± 0.017 a = 0.992 ± 0.005 a = 1.003 ± 0.013

Quadraticc c = 0.002 ± 0.001 c = 0.003 ± 0.001 c = 0.001 ± 0.001 c = 0.0008 ± 0.002 c = 0.000 ± 0.001 c = 0.004 ± 0.001 c = 0.000 ± 0.001 c = 0.0001 ± 0.0000 0.015

b = −0.059 ± 0.018 b = −0.059 ± 0.017 b = −0.032 ± 0.006 b = −0.033 ± 0.005 b = −0.021 ± 0.002 b = −0.022 ± 0.002 b = −0.011 ± 0.001 b = −0.008 ± 0.001

a = 1.318 ± 0.083 a = 1.321 ± 0.072 a = 1.222 ± 0.035 a = 1.227 ± 0.032 a = 1.164 ± 0.011 a = 1.168 ± 0.020 a = 1.087 ± 0.006 a = 1.068 ± 0.018

32 (case–
controls)

Constant a = 1.016 ± 0.027 a = 0.995 ± 0.037 a = 1.025 ± 0.023 a = 0.998 ± 0.031 a = 1.049 ± 0.017 a = 1.011 ± 0.028 a = 1.046 ± 0.016 a = 1.006 ± 0.027 1

Linear b = 0.005 ± 0.027 b = 0.002 ± 0.011 b = 0.004 ± 0.006 b = 0.002 ± 0.003 b = 0.004 ± 0.002 b = 0.003 ± 0.001 b = 0.000 ± 0.001 b = 0.000 ± 0.001 0.05

a = 0.967 ± 0.210 a = 0.979 ± 0.104 a = 0.970 ± 0.064 a = 0.973 ± 0.045 a = 0.970 ± 0.039 a = 0.963 ± 0.029 a = 1.042 ± 0.021 a = 1.015 ± 0.022

Quadratic c = 0.002 ± 0.008 c = 0.003 ± 0.005 a = 0.000 ± 0.001 c = 0.003 ± 0.005 c = 0.000 ± 0.001 c = 0.000 ± 0.001 c = 0.000 ± 0.001 c = 0.000 ± 0.000 0.1

b = −0.040 ± 0.134 b = −0.058 ± 0.091 b = 0.002 ± 0.022 b = −0.008 ± 0.017 b = 0.002 ± 0.007 b = −0.008 ± 0.017 b = 0.006 ± 0.002 b = 0.005 ± 0.002

a = 1.148 ± 0.617 a = 1.239 ± 0.408 a = 0.974 ± 0.148 a = 1.037 ± 0.113 a = 0.968 ± 0.067 a = 0.971 ± 0.054 a = 0.933 ± 0.041 a = 0.939 ± 0.033

2 (ecological)d Constant n.a. n.a. n.a. n.a. n.a. n.a. a = 0.954 ± 0.003 a = 0.967 ± 0.011 1.2

Linear n.a. n.a. n.a. n.a. n.a. n.a. b = −0.011 ± 0.001 b = −0.012 ± 0.001 0.8

a = 1.111 ± 0.006 a = 1.112 ± 0.020

Quadratic n.a. n.a. n.a. n.a. n.a. n.a. c = 0.001 ± 0.001
b = −0.026 ± 0.005

c = 0.001 ± 0.000
b = −0.026 ± 0.004

8.1

a = 1.200 ± 0.032 a = 1.199 ± 0.026

All uncertainties represent 95% CI. (Aggregated results of the second part of the meta-analysis in this work—Bayesian and classical least squares methods).
aRelative health factor, RHF = a.
bRelative health factor, RHF = b [year mSv−1] H [mSv year−1] + a.
cRelative health factor, RHF = c [year2 mSv−2] H2 [mSv2 year−2] + b [year mSv−1] H [mSv year−1] + a.
dRange of doses in ecological studies was 42 mSv/year (235 Bq/m3) only, and there were too few points to divide the range into some sub-ranges.
eSee Eq. (2); all NM values were calculated for the full range of equivalent doses (up to 150 mSv/year, up to 42 mSv/year in ecological studies).



was divided into four sub-ranges, and the three simplest models
were applied. The Bayesian approach was used to estimate the rela-
tive plausibility of each model. The results are shown in the last col-
umn of Table 6. It can be seen that the Bayesian likelihood factors
usually favour the ‘Zero effect’ Model 1. Taking only constant and
linear fits into consideration, it is worth pointing out that if all
thirty-two studies are considered together, the constant model (no
risk below some dose limit) is ~10 times more likely than the linear
model (even if the linear slope values were negative).

In the case of the two ecological studies, quadratic Model 4 pre-
vails due to the parabolic shape of Cohen’s data [11], which domin-
ate within the two studies combined. It is important to note that
ecological studies are burdened with certain inherent limitations,
e.g. they are highly sensitive to confounding factors. For example,
Cohen’s results [11] were criticized for improperly taking into
account the effect of cigarette smoking as a confounding factor [53,
54]. In Fig. 4 of the paper by Heath et al. [54], the dependence of
lung cancer mortality on radon concentration is almost parallel to
the number of smokers in the respective counties. The same figure
is redrawn in the UNSCEAR 2006 Report [44]. The aforemen-
tioned correlation, however, does not prove that improper conclu-
sions were drawn by Cohen in his papers [11, 55]. In fact, Cohen
himself considered as many as 54 socio-economic variables that
could have served as confounding factors, smoking being the major
component. However, this did not change his overall finding of an
inverse correlation of radon levels with lung cancer. While Cohen’s
specific aim was to find support for the LNT approach, his final
conclusion was that LNT should be discarded [43]. Scott [56]
independently evaluated Cohen’s data and showed that radon levels
up to ~150 Bq/m3 did not increase the lung cancer risk in the
exposed people (even in smokers), which he interpreted by

assuming that those people must have had some effective natural
protection mechanisms. Identical correlations were also reported
by Becker [57].

As Cohen indicated in his letter to Jaworowski [B.L. Cohen’s
letter of 30 June 2003 to Prof. Zbigniew Jaworowski (copy available
from L.D.)] and repeated in his later paper [55], even a perfect
negative correlation between the number of smokers and the num-
ber of lung cancers due to exposure to radon would not validate
LNT, an opinion shared by Henriksen [58], who also noted that
only in Cohen’s data is radon inhaled both indoors and outdoors
taken into account. Additionally, case studies by Thompson [32]
have clearly evidenced some hormetic effects at low radon concen-
trations (i.e. below some 250 Bq/m3). Such effects are not seen
(being ‘smeared over’) in studies covering much broader ranges of
residential radon concentrations.

The so-called ‘ecological fallacy’ issue, which can affect the inter-
pretation of the geographical data of Cohen, was discussed by sev-
eral authors, including Seiler and Alvarez [59], and Hart [60]. In
that context, special care must be exercised when interpreting eco-
logical studies. This is why in our study we had separately analysed
the thirty-two case–control studies and the two ecological studies. A
nominally case–control study was presented in the work of Hystad
et al. [36]. However, these authors evaluated radon concentration
according to the ‘ecological’ method (i.e. using an area average for
each residential address) and considered information collected at an
individual level for each of the case and control subjects (including
residential history, confounding factors such as smoking habits etc.).
Therefore, for our purposes, we decided to classify that study as an
ecological one.

A very interesting discussion about radon and its influence on
lung cancer mortality is found in the report of Henriksen [58],

Fig. 4. Distribution of RHF values for the raw data points of Fig. 1a.

Meta-analysis of radon studies of lung cancer • 159



where attention is drawn to the important role of radon daughters
in the lung/respiratory tract, and to the role played by the lung
clearance system—so far never having been taken into account in
any of the studies relating lung cancer to radon concentration.
Ignoring such factors may result in substantial errors in the estima-
tion of the dose due to radon. Therefore radon concentration would
seem to be a more relevant and more representative descriptor of
exposure. Even then, discussion of health effects is difficult because
radon concentration is known to broadly fluctuate over time due to
several environmental factors.

The values of NM (plausibility of a given model, see Eq. 2) pre-
sented here differ from those presented earlier [2]. The differences
reflect the larger number of data points (134) in the new analysis,
and thus the slightly different ranges of λ parameters (Eq. 2).
However, the clear preference of the constant (dose-independent)
model persists, confirming the general conclusion of our earlier
work (see Fig. 1a). A repeated meta-analysis of 28 studies [2] with
present values of λ has yielded NM = 0.3, 0.007, 8 × 10−6 for the
constant, linear, and quadratic models, respectively.

Figure 4 shows the RHF distribution of raw data points from
Fig. 1a. The maximum around RHF = 1 appears to be quite natural,
because most of the points refer to low radon exposure levels, so
RHF values close to 1 may be expected. The asymmetric character
of this distribution suggests its non-Gaussian character, but as we
have verified, it is not a log-normal distribution either. Two
Gaussian curves, a narrow one centred around 1.0 and another one
broader and centred around a value >1.0 offer a much better fit.
This ‘contamination’ of a purely Gaussian distribution could arise
from some unidentified but significant bias present in some publica-
tions. Figure 2 shows similar features. The histogram in Fig. 5
demonstrates features similar to those of Fig. 4; however, here each
point is represented by a proper Gaussian distribution with symme-
trized uncertainty. This representation is much more objective than
that of Fig. 4. The data of Fig. 5 could be used as a Bayesian prior
function in future studies of the health effects of radon.

Radon is claimed to be one of the most significant causes of
lung cancer worldwide. Such claims are often supported by results
of various case–control and ecological studies. The site of exposure
—domestic or workplace (mostly mines)—is another distinction
between these studies. However, in many cases, the conclusion that
the influence of radon is detrimental to health has in fact been
based on the only hypothesis considered—the LNT model.
Support for this hypothesis has been claimed by Darby et al. [40],
by Krewski et al. [61], and by Darby’s European study [62],
apparently proving its validity (at least for residential radon). The
range of radon concentrations studied by Darby et al. was rather
limited. But what is more important, many authors [1, 63, 64] have
indicated that the conclusions of Darby et al. have arisen from circu-
lar reasoning, i.e. from confirming a hypothesis that had been
assumed as the starting point of their analysis. Even if the original
data do not justify the LNT model, it is applied as a hypothesis in
most studies. Many authors do not even discuss the possibility of
interpreting their data through any other model.

This does not mean that other models have never been tested.
In particular, the linear–quadratic, the log-linear, and the linear-
with-threshold models were tested (along with LNT) in a pooled

meta-analysis of 13 European case–control studies on lung cancer
and residential radon exposure [62]. Results of individual fits did
not differ significantly. Even so, the authors preferred the LNT
model. However, in line with the Ockham’s razor principle
(‘Among competing hypotheses, the one with the fewest assump-
tions should be selected’ [65]), the robust Bayesian model selection
method has always supported the simplest (i.e. constant or simple
linear) model [2].

Figure 3 reveals yet another feature, namely that linear fits to
limited ranges of radon doses/concentrations are different over dif-
ferent sets of data (whether Cohen’s data [11] are included or not).
However, both of these sets of data yield the same linear fit—in
fact, as do similar fits of the constant model—if the full range of
annual equivalent doses to lungs H up to 150 mSv/year is con-
sidered. Again, Model 1 seems to be the most natural hypothesis if
the full range of radon concentration data is taken into account. If
only the linear model is used, narrower ranges are less representa-
tive of the final conclusion.

The issue of using only the LNT model is in fact more complex.
According to the LNT hypothesis, risk is proportional to concentra-
tion/effective dose, starting from zero Bq/m3 or mSv/year.
However, there are no data to support the validity of this hypothesis
over the whole range of concentrations/doses, particularly around
their lowest values. All existing studies are subject to a number of
limitations. The huge scatter in the published results makes it
impossible in practice to draw any coherent conclusions [2, 3]. In
fact, the LNT hypothesis has been fundamentally criticized in many
independent studies (e.g. [63, 64]). Also, a recent letter to the edi-
tor by Fornalski et al. [63] and Henriksen’s report [58] provide
many new arguments. One should note that 838 Bq/m3 [57]—the
upper bound of the range of radon concentrations (corresponding

Fig. 5. The histogram of Fig. 4, where each data point is
represented by the relevant Gaussian distribution within its
uncertainties.
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to about 18 mSv/year) is used in calculations of annual effective
dose to the whole body (a standard procedure in radiation protec-
tion worldwide). This value lies below the annual dose limit for
radiation workers (20 mSv/year) applied in most countries over the
world, while in many countries the acceptable radon concentration
level in homes is 200 Bq/m3 (which corresponds to an annual
effective dose to the whole body of ~4 mSv/year). This should be
confronted with the broadly accepted annual dose limit to the gen-
eral population of 1 mSv/year above natural background exposure.

Our results are in line with results published by several authors,
including Conrady et al. [67] and more recently by Cuttler and
Sanders [66, 68]. The former so-called ‘Schneeberg study’ (dis-
cussed in [58]) demonstrated that OR lung cancer mortality in
humans exposed to radon at concentrations up to 1000 Bq/m3

shows no tendency to increase, against the control group exposed
to radon concentrations below 50 Bq/m3. A reverse effect is seen—
their data may be interpreted as confirmation of hormesis in action.
The authors of the quoted work [58] estimated, based on Cohen’s
results, that the No Observable Adverse Effect Level (NOAEL)
point occurs at ~2100 Bq/m3 (~376 mSv/year for lungs and ~45
mSv/year for the whole body). One may then postulate that there
is no risk of lung cancer at indoor radon concentrations of
<1000 Bq/m3 (~180 mSv/year for lungs and ~20 mSv/year for the
whole body). It should also be mentioned that the detailed analysis
of existing data on residential radon and the potential risk for uran-
ium miners was previously made by Scott [69]. His conclusion
regarding an impact of residential radon (limited to ~250 Bq/m3)
on lung cancer was in full agreement with Cohen’s conclusion. The
paper [69] states, even in the title, that ‘Residential radon appears
to prevent lung cancer.’

CONCLUSIONS
Three different models and ‘blind statistics’ were applied to analyse
data from 34 radon studies treated separately or in conjunction, to
seek a model that could best represent these data, i.e. the most
likely representative model. No statistical evidence could support
the thesis that the linear model best fits the data over low radon
concentrations. We have arrived at an opposite view, supported by
several arguments, namely that the linear relationship has typically
been pre-assumed in such analyses and that it should be discarded.
The data are statistically too weak to accept any more complicated
model than that of a constant (‘zero effect’) one. Thus the proper
null hypothesis to be used in such analyses is that the effect (risk) is
independent of dose. Before other models (functions or mathemat-
ical formulae) can be considered in the analysis of low radon expo-
sures, the ‘zero-effect’ hypothesis must first be disproved.

By applying robust Bayesian statistical analysis, we have again
found support for the hypothesis that the RR of lung cancer is inde-
pendent of radon concentration below 838 Bq/m3. This is the most
reliable and statistically acceptable conclusion arising from our
meta-analysis of data from 34 studies.
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