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H I G H L I G H T S

• Many cases of lung cancer in Canada
and its provinces are associated with
residential radon.

• Population attributable risk is sensi-
tive to recitative risk model and prob-
ability distribution choices.

• The miner’s relative risk models pro-
duce good estimates for population
attributable risk for dwelling data.

• Gaussian kernel density estimator is
viable for radon data.
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A B S T R A C T

Indoor radon has been identified as the second leading cause of lung cancer after tobacco smoking. The
Population Attributable Risk (PAR) estimates the proportion of lung cancer cases associated with indoor
radon exposure. Different relative risk (RR) models have been used in the literature to calculate PAR. The aim
of this study is to assess how sensitive PAR is to the relative risk model and radon probability distribution
functions choices.
Methods: Using Canadian observed first floor radon data collected by Health Canada during the period Octo-
ber 2010 to March 2011, seven common PAR radon models used for North American miners and dwelling
scenarios were applied. The death rates used for this study were from the period 2006–2009. Smoking data
(Ever Smoking ES and Never Smoking NS) collected in 2009 was also used in this study. The original discrete
radon data for Canada overall and for each of its provinces are estimated using log-normal and Gaussian
kernel density estimator distributions. PAR was then calculated for Canada and its provinces using the
empirical, log-normal, and Gaussian kernel estimates distributions. Finally, cancer death cases attributable
to radon are reported for the constant relative risk model for the three distributions and the reduction in
the cases when the action level 200 Bq/m3 is applied.
Results: PAR for the Canadian data is sensitive to the model choice, and it varies with a range of 10% for
ES and 32% for NS, respectively. There is little difference in results between miners’ models and dwelling
models. PAR values for ES females are greater than those for ES males, except in Saskatchewan, Northwest
Territories, Nunavut, and Yukon. The male-female range overlaps. Gaussian kernel estimator produces PAR
estimates similar to the commonly used log-normal distribution.
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Conclusion: Many lung cancer cases could be prevented in Canada by reducing indoor radon. PAR is sensitive
to the choice of RR model. Miners’ models can be used for residential radon. Empirical, log-normal, and
Gaussian kernel density estimation with support [0, ∞) can all be applied to radon data.

© 2017 Elsevier B.V. All rights reserved.

1. Introduction

Radon is a radioactive gas that is found naturally in decayed ura-
nium found in rocks and soil. Since it is a gas, it can escape into the air
or seep into homes. In the outdoor air, radon does not pose a health
risk. However, radon that accumulates in high levels in homes or
buildings increases the risk of occupants lung cancer (Health Canada,
2017). The first associations between radon and lung cancer were
found from studies of uranium miners exposed to high radon lev-
els in their workplaces. However, recent studies in Europe, North
America and Asia have provided strong evidence relating indoor
radon and development of lung cancer (World Health Organization
(WHO), 2009). Currently, radon is considered to be the second lead-
ing cause of lung cancer in the general population after tobacco
smoking (World Health Organization (WHO), 2009).

In 1998, Health Canada first established a radon guideline with
an action level of 800 Bq/m3. This guideline was based on data from
studies of uranium miners, which was the best information at that
time (Chen et al., 2012; Lubin and Boice, 1989). In June 2007, this
guideline reduced the action level from 800 Bq/m3 to 200 Bq/m3.
To continue updating the Canadian guideline, the Cross-Canada of
radon concentrations survey project in homes was established in
2009 involving 18,000 participants over two years.

The proportion of lung cancer cases related to indoor radon is
assessed by population attributable risk (PAR), which is theoret-
ically the proportion of lung cancer cases prevented by reducing
indoor radon concentration Lubin and Boice (1989). Several occupa-
tional and residential models derived from epidemiological studies
to estimate PAR (Prüss-Üstün et al., 2003). PAR for European pop-
ulations calculated using various radon concentrations and various
risk models can be found in Hunter et al. (2015). Unfortunately, most
researchers still use miners’ models for residential data. In addition,
most ignore the sources of uncertainty and variability in estimating
PAR (Krewski et al., 1999). For the most recent Canadian provincial
data (2010/2011), no complete study has been done to estimate PAR
for Canada and its provinces using the resident model, and none has
been done to catch variability due to using various models.

In this work we will ask the following questions:

1. What proportion of lung cancer cases in Canada and each of its
provinces could be prevented if indoor radon levels greater than
200 Bq/m3 are reduced to the outside radon level 15 Bq/m3?

2. Are there significant differences in PAR estimations if miners’
models are used for indoor data?

3. How sensitive is PAR to the relative risk model and radon dis-
tribution choices? How big is the range of variability in PAR
results?

4. Is log-normal probability density distribution the only distri-
bution that can be used to approximate and smooth radon con-
centration probability mass distribution? Can Gaussian kernel
estimator with support [0, ∞) or any other viable distributions
be used in this context?

Note that up to our knowledge this is the first work that uses
Gaussian kernel density estimator to produce results for PAR similar
to log-normal distribution.

We used indoor radon concentration data during October 2010 to
March 2011, smoking data, all cases and lung cancer death rates to
calculate PAR. In Section 2, we introduced the sources of our data. In
Section 3, the models used in calculations and parameter values are
presented. Section 4 discusses the method used to approximate the
radon concentration data distribution, and in Section 5, we present
the results and conclusion.

2. Data sources for this study

First floor indoor provincial radon data during the period October
2010-March 2011 is provided by Health Canada, details about sam-
pling are given (Health Canada, 2017). The summary of this data
is given in Table 1. In the data radon levels ≤ 15 Bq/m3 were hard
to measure and given the estimated value 8 Bq/m3. We replaced
all 8 Bq/m3 values in this radon data by randomly generated val-
ues between 0 and 15. We assumed that 2% of the radon provincial
data are outlier data, so we ignored 1% from both the lower and the
upper bounds of ordered radon data. Note that dropping 1% from the
lower bound may solve a big part of the problem coming from mea-
suring radon levels less than or equal to 15 Bq/m3. Mortality rates
data for 2006–2009 by age group and sex are derived from data in
Statistics Canada (2017) and Statistics Canada (2017). Provincial
smoking data for 2009 by age group and sex are taken from Statistics
Canada (Statistics Canada, 2017). Mortality and smoking tables are
piecewise constant function, which means average value per inter-
val. In some parts of our work, we smoothed these step functions to
be piecewise linear continuous functions achieved by the sequential
lines connecting the startings of any two sequential line segments.

3. Methods: life table analysis

3.1. Attribute risk (AR)

The attributable risk is the fraction of lung cancer deaths due to
radon.

AR =

∫ ∞
0 R(y)pm(y)dy − R(0)∫ ∞

0 R(y)pm(y)dy
(1)

or

AR =

∫ ∞
0 (RR(y) − 1)pm(y)dy∫ ∞

0 RR(y)pm(w)dw
.

Here, pm(y) is the probability density function of radon concen-
tration. R(y) is the life time risk of the lung cancer for a life time
exposure to radon exposure at a yearly rate y.

RR(y) =
R(y)
R(0)

, (2)

is the lifetime relative risk.
Since lifetime relative risk RR(y) depends on age specific risk fac-

tors, we define some additional age specific parameters. Let l(i) and
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