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H I G H L I G H T S

• An active depressurization system can

reduce exposure to indoor radon by

85%.

• Two different modelling techniques

were used to estimate the cost effective-

ness.

• Comparable estimates of cost effective-

ness were derived from different

models.

• Mitigation of radon in existing housing

is fairly cost effective in Canada.

G R A P H I C A L A B S T R A C T

Screening and mitigation of radon in existing housing in Canada: incremental cost effectiveness ratios (ICERs)

modelled using Markov cohort and discrete event simulation.
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The burden of lung cancer associated with residential radon in existing housing can be reduced by interventions

to screen and mitigate existing housing having radon levels above a mitigation threshold. The objective of this

study is to estimate the cost effectiveness of radon interventions for screening andmitigation of existing housing

for the 2016 population in Canada and to assess the structural uncertainty associated with the choice of model

used in the cost-utility analysis. The incremental cost utility ratios are estimated using both a Markov cohort

model and a discrete event simulation model. A societal perspective, a lifetime horizon and a discount rate of

1.5% are adopted. At a radon mitigation threshold of 200 (100) Bq/m3, the discounted ICERs for current rates

of screening and mitigation of existing housing are 72,569 (68,758) $/QALY using a Markov cohort model and

84,828 (76,917) $/QALY using discrete event simulation. It appears that minimal structural uncertainty is associ-

ated with the choice of model used for this cost-utility analysis, and the cost effectiveness would improve at in-

creased rates of radon testing and mitigation. The mitigation of radon in existing housing is estimated to be a

practical policy option for reducing the associated lung cancer burden in Canada.

© 2020 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://

creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Background

Lung cancer is the cancer with the highest mortality in Canada, with

an estimate of 20,000 lung cancer deaths in 2016 (Canadian Cancer

Society's Advisory Committee on Cancer Statistics., 2016). Residential

radon is a very modifiable cause of lung cancer that results in roughly

3000 attributable lung cancer deaths in Canada each year (Chen et al.,

2012). It is an indoor air pollutant that can bemanaged to reduce the as-

sociated lung cancer burden in both smokers and non-smokers. The first

models of the excess relative risk of lung cancer from radon such as the

BEIR VI models (National Research Council, 1999) were based on co-

horts of uranium miners exposed to radon underground. However,

these radon exposures were generally higher than the public would ex-

perience in a residential setting and did not include any women, and so

large pooled case-control residential studies were conducted in Europe,

North America and China. The estimates of the excess relative risk of

lung cancer per 100 Bq/m3 radon exposure over 30–35 years derived

after correcting for some uncertainties in the retrospective radon expo-

sure assessment were 0.18 (95% CI: 0.02, 0.43) for North America

(Krewski et al., 2006), 0.16 (95% CI: 0.05, 0.31) for Europe (Darby

et al., 2006), and 0.32 (95% CI: 0.0, 0.43) for China (Lubin, 2003). Higher

estimates of the excess relative risk of lung cancer from cumulative

radon exposure are reported from the ongoing cohort studies ofminers,

derived frommore accurate measurements of radon exposure obtained

using personal dosimeters (Kreuzer et al., 2018; Tomasek et al., 2008).

An increased risk of lung cancer from radon among never-smokers

has been reported by both occupational and residential studies in

which a stratified analysis of never-smokers was conducted (National

Research Council, 1999; Tomasek, 2013), and from residential studies

restricted to never-smokers, such as the case-control study including

436 cases in Sweden (Lagarde et al., 2001) and the recently published

pooled case-control study including 523 cases in Northwestern Spain

(Lorenzo-González et al., 2019). Intermediate estimates of lifetime rela-

tive risk of lung cancer from radon for Canadian smoking and non-

smoking men and women were reported from the use of the BEIR VI

model, lower than those resulting from the updated miner model and

the adjusted Chinese residential model and higher than from the use

of the European or North American residential models (Chen, 2017).

Recent radon research in Canada is based on the Cross Canada radon

survey conducted between 2009 and 2011 (Health Canada, 2012) and

includes updating estimates of the radon associated burden of lung can-

cer and refining health economic evaluation of interventions to reduce

residential radon, an approach that was introduced in the US

(Mossman and Sollitto, 1991), Canada (Letourneau et al., 1992), and

in Spain (Colgan andGutiérrez, 1996) in the 1990s. In newhousing, pre-

ventive radonmeasures installed at construction have been reported to

be cost effective inmany countries (Gaskin et al., 2019; Gray et al., 2009;

Pollard and Fenton, 2014; Svensson et al., 2018), but the mitigation of

radon in existing housing is generally less cost effective because the

cost of installing a sub-slab depressurization system after construction

is completed is much higher and all housing must be screened to iden-

tify those with higher average radon concentration for mitigation.

Screening and mitigation of existing housing in Northamptonshire in

the UKwas reported to bemore cost effective at higher rates of remedi-

ation and when a higher percentage of housing had radon above the

mitigation threshold (Coskeran et al., 2006). Economic evaluation of

health technologies relies on models to represent the effect of changes

over time to health states of individuals and costs in a population, and

the results can be affected by the structure of themodel selected, an im-

portant component of structural uncertainty in the health economic

evaluation (Canadian Agency for Drugs and Technologies in Health,

2017).

Markov cohort models are a common form of decision-analytic

model in health economic evaluation (Briggs et al., 2011). Disease pro-

gression in a population is simulated in aMarkov cohort model by char-

acterizing health into mutually exclusive health states, with changes in

health over time modelled as a Markov chain using transition probabil-

ities between health states over the cycle length. Themain limitation of

a Markov model is the assumption that the transition probabilities, of

moving from one state to another, do not depend on the past of the in-

dividual or the time spent in a given state. Although a Markov cohort

model is computationally efficient, as the number of risk factors or co-

variates increase, the number of subdivisions of the cohort required to

represent differences in the population being modelled becomes too

great (Brennan et al., 2006).

When the flexibility of an individual level modelling approach be-

comes preferable, a discrete event simulation (DES) model can be

used to follow the progression of each individual in a population. The

history of an individual can be incorporated into the progression along

the time horizon in a DES model, from calculating the length of time

an individual is in each state. A DES model allows interactions between

individuals to be modelled and is flexible enough to enable further

changes to covariates or investigation of specific subgroups should the

initial analysis raise new questions. The main disadvantages of using

microsimulation models are the much larger amount of input data re-

quired and the increase in computer power/time needed to generate

stable results. Since residential radon is the exposure of interest in this

analysis, individual households are modelled in the discrete event sim-

ulation, with all residents exposed to the sampled household radon.

In Canada, theRadonGuideline recommends that radon levels above

200 Bq/m3 in existing housing be mitigated, but the homeowners are

responsible for all the costs and compliance is voluntary. The

population-weighted percentage of Canadians in 2012 living in homes

with radon concentrations above the Radon Guideline's threshold of

200 Bq/m3 was estimated to be 6.9% (Health Canada, 2012). A health

economic evaluation is conducted to estimate the incremental cost ef-

fectiveness ratio (ICER) for the mitigation of existing housing in

Canada at the national level, with uncertainty in the estimates assessed

from the use of twomodels, aMarkov cohortmodel and a discrete event

simulation model. This analysis complements a recent study, in which

the incremental cost effectiveness ratiowas estimated for a range of dif-

ferent radon remediation strategies in new and existing housing for

Canada, nationally and for each province and territory, based on a Mar-

kov cohort model (Gaskin et al., 2019).

2. Research question

The objective of this analysis is to estimate the incremental cost util-

ity ratios (ICERs) for radon interventions to reduce residential radon ex-

posures in existing housing for the 2016 population in Canada. The

structural uncertainty associated with the choice of model used in the

cost-utility analysis is assessed by using both a Markov cohort model

and a discrete event simulation model to evaluate the ICERs for screen-

ing and mitigation of existing housing. Determining which interven-

tions are cost effective can help policy-makers to balance investment

in lung cancer prevention with lung cancer treatment.

3. Methods

3.1. Target population, study perspective, time horizon, and discounting

An analysis was conducted for the 2016 Canadian population

(Statistics Canada, 2016a)modelled with replacement over a time hori-

zon of one hundred years, selected to represent the lifelong benefits of

reducing residential radon exposures experienced by all current and fu-

ture residents of remediated housing. The population growth was

modelled using census data averaged from2006 to 2016. The costs asso-

ciated with screening and mitigating housing to reduce residential

radon exposures occur outside the health care system, therefore a soci-

etal perspective was adopted for this analysis. The discount rate of 1.5%

is used for the base analysis, as recommended by the Canadian Agency

for Drugs and Technologies in Health (Canadian Agency for Drugs and
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Technologies in Health, 2017), and a discount rate of 0% is also used for

comparison.

3.2. Intervention strategies and effectiveness

The screening and mitigation using active depressurization of

existing housing is evaluated using two very different rates of screening

and mitigation (Table 1), the current rate and an increased rate under a

theoretical tax credit incentive, and for three radon mitigation thresh-

olds, at 200, 100, and 50 Bq/m3. The theoretical tax credit represents

an idealised scenario in which the incentive would hopefully lead to

rapid increases in the rates of radon testing and mitigation among

home owners. An active soil depressurization system draws radon-

containing soil gas from beneath the slab and exhaust it outdoors and

typically results in about an 85% reduction of high initial radon levels

(Gray et al., 2009; Health Canada, 2016). Although most of the houses

in the experimental studies had initial radon values above 200 Bq/m3,

the same effectiveness for active depressurization was assumed for sce-

narios with action thresholds of 100 and 50 Bq/m3. Radon levels were

assumed to be retested in mitigated housing every 5 years and in

below-threshold housing every 10 years. Under the theoretical tax

credit incentive, an ideal scenario was described in which the screening

rate was assumed to rise quickly, and mitigation rates were assumed to

increase quickly for home owners who choose to test for radon

exposure.

3.3. Modelling

An abridged period life-table approach was based on 5-year age in-

tervals, assuming the 2016 population characteristics by age and sex

are applicable throughout the 100 year time horizon. The age distribu-

tion of the 2016 population was based on the census, and the age-and

sex-specific all-causemortality (Statistics Canada, 2016b) and lung can-

cer incidence (Statistics Canada, 2016c) were adjusted for smoking.

Lung cancer mortality rates were assumed to constitute the same pro-

portion of incidence rates as were reported for the US population be-

tween 1975 and 2009 (Howlader et al., 2012), based on similar

patterns of low life expectancy after diagnosis in both countries. The ad-

justment for smokingwasmade for each age- and sex-specific category

(Table 2) using the percentage of current daily smokers, reported in the

Canadian Community Health Survey (CCHS) (Statistics Canada, 2016d),

and the relative risk of all cause and lung cancer mortality for smokers

versus non-smokers (Thun et al., 1997). From an analysis of lung cancer

incidence and smoking prevalence over 50 years in the US, it was re-

ported that the relative risk of all-cause and lung cancer mortality of

current smokers relative to non-smokers for the contemporary popula-

tion based on data from 2000 to 2010 does not vary by gender (Thun

et al., 2013). The reported relative risks from smoking have increased

for women and now match those for men, represented by the age-

specific risks reported for men based on data from 1982 to 1988

(Thun et al., 1997). In this analysis smokers are modelled as lifelong

non-smokers if they quitmore than 20 years prior, and a linear decrease

in relative risk (from lifetime smoker to lifetime non-smoker) over a

20 year period is applied to former smokers modelled according to

time since quitting, based on recent research estimating the relative

risk of former smokers (Kenfield et al., 2008; Pesch et al., 2012). The

health related quality of life was characterized using the age-specific

values for Health Utilities Index Mark 3 (HUI3) based on the Canadian

Community Health Survey (CCHS) for 2013–14 (Guertin et al., 2018).

The BEIR VI exposure-age-concentration (EAC) model (National

Research Council, 1999) was used to estimate the excess relative risk

of lung cancer mortality per Working Level Month (ERR/WLM). The

BEIR VI EAC model includes modifying factors for weighting exposure

periods, exposure rate, smoking status (roughly double for non-

smokers compared to smokers), and attained age. The analysis is

based on cumulative radon exposure, assessing the excess relative risk

of lung cancer mortality from radon for each age-group in the popula-

tion, and incorporating the timing and the reductions in radon expo-

sures from the interventions described in the housing model. Greater

detail about the modelling approach can be found in Gaskin et al.

(2019). The BEIR VI model was selected because it provides an interme-

diate estimate of the lifetime relative risk of lung cancer from radon

(Chen, 2017), it includes a factor for the effect of smoking on the excess

relative risk of lung cancer from radon, which is very important for

modelling the mostly non-smoking Canadian population, and enables

the reduction in risk following residential remediation of radon to be

modelled by converting the radon concentrations to which a person is

exposed during different residential periods to a cumulative exposure.

The modelling described above is common to both the Markov co-

hort and the DES models, but the following additional data is required

for the DES model. Mortality risk increases with age and a Weibull dis-

tribution was selected because it assumes that the risk increases mono-

tonically over time. A two parameterWeibull distribution is fitted to the

survival times determined from the abridged period life-table analysis

that incorporates the introduction of radon interventions by age-

group. The survival time is predicted for male smokers, male non-

smokers, female smokers and female non-smokers, incorporating the

reduction in radon from mitigation of housing that may occur at any

time during the lifetime of the person. The number of residents per

household is predicted using the cumulative distribution for the data

for Canada,which average 2.5 residents per household. A second house-

hold is modelled if the predicted lifetime of the housing unit is longer

than the predicted lifetime of all the residents in the first household.

The lifetime of the housing unit is modelled using a normal distribution,

based on the reduction in existing housing over the time horizon in the

housingmodel. The time tomitigation is predicted using the cumulative

probability generated from the number of housing units mitigated in

each 5-year interval in the housing model, at both testing and mitiga-

tion rates assessed.

3.4. Residential radon distribution

The representative national radon distribution determined from the

representative national radon survey conducted in Canada between

2009 and 2011 (Health Canada, 2012) was found to follow a lognormal

distribution with geometric mean of 41.7 Bq/m3 and a geometric stan-

dard deviation of 2.64. The national radon survey was based on

3 month-long measurements using alpha track detectors, taken during

the heating seasonmonths (Oct to Mar generally) to minimize seasonal

variability and to provide an upper bound for the annual average. No

seasonal adjustment of the radon measurements is made. An adjust-

ment was made to the variance of the fitted distribution for year-to-

year variation, estimated from the difference for the 33 census metro-

politan areas (CMA) between the 2009–2011 national survey and the

2012–2013 CMA survey.

Table 1

Rates of screening and mitigation.

Time

period

(years)

Rate of screening Rate of mitigation

Current

(%)

Theoretical tax

credit

incentive (%)

Current

(%)

Theoretical tax

credit

incentive (%)

0–4 3 3 29 29

5–9 3 10 29 50

10–14 3 20 29 70

15–19 3 28 29 80

20–24 3 36 29 90

25–29 3 44 29 90

30–34 3 51 29 90

35–39 3 58 29 90

40–44 3 64 29 90

45–49 3 70 29 90

50–99 3 75 29 90
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3.5. Housing model

In Canada in 2016, it was estimated that 81% of residential buildings

are potentially exposed to radon: including single-detached houses,

semi-detached houses, and row houses, and apartments in buildings

that are on or below the second floor (Statistics Canada, 2016e). Fin-

ished basements can represent the lowest occupied level of a house

and are common in houses in Canada. The proportion of existing hous-

ing in the housing stock decreases as older housing is gradually replaced

by new housing, modelled as the difference between the new build rate

and the overall housing stock growth. Housing built prior to any legisla-

tion requiring radon preventivemeasures at construction is assumed to

have a constant radon exposure randomly selected from the lognormal

residential radon distribution, unless mitigation using an active depres-

surization system is subsequently retrofitted to reduce it. The 2016 Ca-

nadian Mortgage and Housing Corporation data for new construction

rates (CanadianMortgage and Housing Corporation, 2017) and housing

stock growth rates (Statistics Canada, 2017) were used to model the

stock of existing housing built without any radon preventive measures

over the 100-year time horizon. The model was restricted to private

dwellings occupied by usual/permanent residents, and ten years of

data (2007 to 2016)was averaged tomodel the growth rate of the hous-

ing stock and the number of new housing units constructed over 5-year

periods.

3.6. Costs

Estimates of current construction costs for radon mitigation are

listed in Table 3. The distributions of costs of radon testing and mitiga-

tion measures in 2015 Canadian dollars are assumed to be constant

over the entire time horizon, although these would likely continue to

decrease with increasing uptake of radon mitigation.

3.7. Analysis

The economic evaluation represents the screening of all housing and

themitigation of the housingwith radon above the action level over the

100-year time horizon as the existing housing stock ages, using both a

Markov cohortmodel and a discrete event simulationmodel. The incre-

mental cost effectiveness ratio (ICER) for the mitigation of existing

housing is estimated relative to no specific radon control measures, at

two rates of screening and mitigation, at the current rate and under a

tax credit incentive, and at three radon mitigation thresholds, 200,

100 and 50 Bq/m3. The tax credit incentive for mitigation of existing

housing included represents and ideal scenario that is loosely modelled

on the success of the ecoEnergy Retrofit Homes Program (Natural

Resources Canada, 2014). The sensitivity of the ICER estimates to

changes in the housing model is assessed by varying the housing re-

newal rate (faster and slower), and the distribution of the number of

residents per dwelling (higher proportion of one-person households),

that are specified in the discrete event simulationmodel. In the baseline

model, 36% of housing lasts less than 100 years (mean lifespan of

105 years) at a new housing construction rate of 6.7%. At the faster re-

newal rate of 7.4% for new construction, 63% of housing lasts less than

100 years (mean lifespan of 95 years), and at the slower renewal rate

of 6.2% for new construction, 16% of housing lasts less than 100 years

(mean lifespan of 115 years).

3.8. Uncertainty

The same data is used in both the Markov model and the discrete

event simulation, so the difference between the estimates of incremen-

tal cost effectiveness ratio are expected to represent the structural un-

certainty resulting from the choice of model. The Markov cohort

model is based on a Monte Carlo simulation with 10,000 samples from

the distributions of all uncertainty parameters: namely, parameters re-

lating to radon exposure, age-specific health utilities, and lung cancer

mortality rates and smoking prevalence by age-group and sex. The dis-

crete event simulation has been conducted using a simulation of

800,000 households, also sampling from the distributions of all uncer-

tainty parameters.

Table 2

Age-specific HUI and relative risk of all-cause and lung cancer mortality for current smokers relative to non-smokers, and age- and sex-specific Canadian smoking prevalence.

Age-Group

(years)

HUI

Mean (SE)

RR all-cause mortality RR lung cancer mortality Canada: current smoker, daily or occasional

M

Mean (95% CI)

Canada: current smoker, daily or occasional

F

Mean (95% CI)

0–4 0.886 (0.002) 1.0 1.0 0 (0, 0) 0 (0, 0)

5–9 0.886 (0.002) 1.0 1.0 0 (0, 0) 0 (0, 0)

10–14 0.886 (0.002) 1.0 1.0 0 (0, 0) 0 (0, 0)

15–19 0.886 (0.002) 1.0 1.0 4 (3,5) 3 (3,4)

20–24 0.891 (0.003) 1.0 1.0 25 (23,26) 18 (16,19)

25–29 0.902 (0.003) 1.0 1.0 25 (23,26) 18 (16,19)

30–34 0.896 (0.004) 1.0 1.0 25 (23,26) 18 (16,19)

35–39 0.894 (0.003) 3.0 1.0 21 (20,23) 16 (15,18)

40–44 0.887 (0.004) 3.2 1.0 21 (20,23) 16 (15,18)

45–49 0.868 (0.004) 2.8 7.0 21 (20,23) 16 (15,18)

50–54 0.849 (0.005) 3.1 21.1 22 (21,24) 18 (16,19)

55–59 0.840 (0.004) 3.0 39.0 22 (21,24) 18 (16,19)

60–64 0.842 (0.003) 2.7 31.3 22 (21,24) 18 (16,19)

65–69 0.842 (0.003) 2.6 27.0 11 (10,12) 8 (7,9)

70–74 0.835 (0.004) 2.5 26.0 11 (10,12) 8 (7,9)

75–79 0.792 (0.005) 2.1 21.5 11 (10,12) 8 (7,9)

80–84 0.741 (0.007) 1.9 13.8 11 (10,12) 8 (7,9)

85–89 0.640 (0.009) 1.9 13.8 11 (10,12) 8 (7,9)

90–94 0.640 (0.009) 1.9 13.8 11 (10,12) 8 (7,9)

95–99 0.640 (0.009) 1.9 13.8 11 (10,12) 8 (7,9)

Table 3

Costs of radon control measures.

Adapted from (Gaskin et al., 2019).

Radon control measure Cost

Mean Standard deviation

Radon test $30

Retrofit active stack $1,800 $60

Maintenance for active stack (5 yrs) $255 $15

4 J. Gaskin et al. / Science of the Total Environment 724 (2020) 138092



4. Results

The estimated number of radon-attributable lung cancer deaths in

Canada for 2016 are shown by smoking status, with the proportion

that occur in non-smokers plotted, between the ages of 40 to 95 for

men (Fig. 1) and for women (Fig. 2). Over all ages, the number of

radon-attributable lung cancer deaths is estimated to be 470 in male

non-smokers and 1239 inmale smokers (current and former), and is es-

timated to be 548 in female non-smokers and 1056 in female smokers

(current and former). The number of radon-attributable lung cancer

deaths in smokers is much higher than the number in non-smokers

from ages 50 to 74 for both men and women. Over age 75, the number

of radon-attributable lung cancer deaths is higher in non-smokers be-

cause non-smokers are much more prevalent; by age 65 only 11% of

men and 8% of women are current smokers. Over all ages, the percent-

age of radon-attributable lung cancer deaths in non-smokers is substan-

tial, at 27% in men and 34% in women, while the percentage of all lung

cancer deaths in non-smokers is 19% in men and 25% in women. A

higher percentage of radon attributable lung cancer deaths occur in

non-smokers, because the excess relative risk of lung cancer from

radon is higher in non-smokers than in smokers.

The detailed analyses of the six radon intervention strategies are

listed in Table 4, in order of increasing costs. The intervention scenarios

for testing and mitigating existing housing at the current low rates of

radon testing andmitigation in Canada havemuch lower discounted in-

cremental costs and QALYs than would occur under the theoretical tax

credit incentive. However, the discounted incremental cost per QALY

gained (or ICER) is lower at the increased rates of testing andmitigation

under the theoretical tax credit incentive: at an action level of 200 (100)

Bq/m3, the ICER estimate is 72,569 (68,758) $/QALY at current rates and

55,317 (60,183) $/QALY for the tax credit incentive.

The estimates of the discounted incremental cost effectiveness ratio

for interventions to screen and mitigate existing housing in Canada

using the discrete event simulationmodel are comparable to those esti-

mated using the Markov cohort model (Table 5); there appears to be

minimal structural uncertainty associated with the choice of model

used in the cost-utility analysis. The ICER estimates for the scenarios

for testing and mitigation at current rates are somewhat lower using

the Markov cohort model than the DES model but are very close for

the scenarios for testing and mitigation under the theoretical tax credit

incentive. The discounted ICERs for mitigation of existing housing using

the cohortmodel and the discrete event simulation above an activemit-

igation threshold of 200 Bq/m3 are $72,569/QALY and $84,828/QALY,

respectively, at the current rates, and $55,317/QALY and $54,621/

QALY, respectively, under a tax credit incentive. Above an activemitiga-

tion threshold of 100 Bq/m3, the discounted ICERS are $68,758/QALY

and $76,917/QALY, respectively, at the current rates and $60,183/

QALY and $60,340/QALY, respectively, under a tax credit incentive.

The cost effectiveness of these interventions is improved at the in-

creased rate of screening and mitigation predicted to occur under the

tax credit incentive. At the current rate of screening and mitigation of

existing housing, it is slightly more cost effective at a mitigation thresh-

old of 100 Bq/m3. At both rates of screening and mitigation of existing

housing, the lowestmitigation threshold of 50 Bq/m3 is the least cost ef-

fective because the lower the initial radon concentration in a housing

unit, the lower the benefit from radon reduction, while the cost of mit-

igation remains the same.

The ICERS estimated using the discrete event simulation model

(Table 6) do not appear to be sensitive to variationsmade to the housing

renewal rate and the distribution of the number of residents per dwell-

ing in the housingmodel. At an action threshold of 100 Bq/m3, the ICER

for screening and mitigation of existing housing at current rates is

$76,917/QALY (the reference case), $76,148/QALY for a faster housing

renewal rate, $79,154/QALY for a slower housing renewal rate, and

Fig. 1. Radon-attributable lung cancer deaths in men in 2016, by age and smoking status.

Fig. 2. Radon-attributable lung cancer deaths in women in 2016, by age and smoking

status.

Table 4

Detailed analysis of ICERs for radon intervention scenarios in existing housing

Degree of

mitigation

Action

threshold

(Bq/m3)

Discounted

incremental

QALYs versus

no radon

control

Discounted

incremental

Costs versus

no radon control

($)

Discounted

incremental

Cost/QALY versus

no radon control

($/QALY)

None 0 0 0

Current rate 200 37 2,653,017 72,569

100 84 5,795,365 68,758

50 140 13,046,862 93,007

Tax incentive 200 342 18,908,518 55,317

100 788 47,430,012 60,183

50 1,312 113,250,263 86,343

Table 5

ICERs from cohort and DES models for screening and mitigation of existing housing.

Model Action

threshold

(Bq/m3)

Mitigation at current rate Mitigation under tax credit

incentive

ICER

($/QALY)

Discounted ICER

($/QALY)

ICER

($/QALY)

Discounted ICER

($/QALY)

Cohort 200 49,285 72,569 34,941 55,317

100 48,229 68,758 39,054 60,183

50 66,217 93,007 56,612 86,343

DES 200 61,544 84,828 36,444 54,621

100 56,856 76,917 40,451 60,340

50 75,792 101,755 56,979 84,872
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$79,202/QALY for having more one-person households. The interven-

tion is slightly more cost effective at the faster renewal rate and slightly

less cost effective at the slower renewal rate. The intervention was

slightly less cost effective for the reported trend towards a higher pro-

portion of one-person households, although the effect on the ICER was

moderate because the increase in one-person households was offset

by a decrease in two-person households.

5. Discussion

The choice of model used for this cost-utility analysis appears to be

associated with minimal structural uncertainty because the ICER esti-

mates derived using the Markov cohort model were comparable to

those derived using the discrete event simulation. It is expected that

any policy decision regarding radon testing and mitigation of existing

housing in Canada based on the models assessed would be consistent

because the cost-effectiveness estimates fall within quite a narrow

range. The discounted ICER for screening and mitigation of existing

housing at current rates is more cost effective using an activemitigation

threshold of 100 Bq/m3. It is reassuring to note that should home

owners become much more aware of the risks of radon and thus moti-

vated to test and mitigate their homes, the cost effectiveness is im-

proved at the increased rate of screening and mitigation expected

under the theoretical tax credit incentive.

The percentage of radon-attributable lung cancer deaths that occur

in non-smokers over all age-groups in Canada is 27% for men and 34%

for women, based on the 2016 sex- and age-specific smoking preva-

lence. Although the number of lung cancer deaths occurring in smokers

is still higher than in non-smokers, as smoking rates continue to de-

crease, it is expected that the percentage of radon attributable lung can-

cer deaths occurring in non-smokers will increase. In Galicia, a high

radon region in Spain, it was estimated that the number (percentage)

of lung cancer deaths attributable to radon over a threshold of 148 Bq/

m3 and of 37 Bq/m3 that occurred in never-smokers was quite low, at

6 out of 43 (14%) and 12 out of 145 (8%) respectively (Pérez-Ríos

et al., 2010). These estimates for the Galician population were derived

from the extrapolation of the results of a case-control study of lung can-

cer and radon that included a relatively low percentage of never-

smokers, at 9% of the cases and 41% of the controls. The percentage of

radon-attributable lung cancer deaths that occur in non-smokers in

Canada is higher because the percentage of non-smokers ismuchhigher

in Canada than in Spain. Population studies that do not incorporate the

higher excess relative risk of lung cancermortality attributable to radon

reported for non-smokers compared to smokers, based on a sub-

multiplicative interaction between radon and smoking, will tend to

overestimate the attributable risk in smokers and underestimate the at-

tributable risk in non-smokers (Hunter et al., 2015, 2013; Leuraud et al.,

2011; National Research Council, 1999; Tomasek, 2013). It is important

to model the impact of radon reduction on lung cancer deaths attribut-

able to radon in both non-smokers and smokers for the Canadian

population.

The incremental cost effectiveness ratio for screening andmitigation

of existing housing in Canada can be compared to those reported for

several European countries in Table 7. Due to differences between

models such as residential radon distribution, smoking prevalence,

time horizon, discount rate, and costs, a direct comparison is not possi-

ble. However, comparable ICERS were reported for Ireland (Pollard and

Fenton, 2014) and Germany (Haucke, 2010). At the higher mean radon

exposure in Ireland, screening and mitigation was determined to be

most cost effective at a mitigation threshold of 200 Bq/m3 (Pollard

and Fenton, 2014). At lower mean indoor radon exposures, screening

andmitigation ismore cost-effective at lower action levels and at higher

mitigation rates (Gray et al., 2009; Haucke, 2010; Stigum et al., 2003).

Although screening and mitigation of existing housing was not cost ef-

fective for the UK (Gray et al., 2009), it was reported to be cost effective

in four primary care trusts in Northamptonshire, UK, with the

discounted ICERs ranging from 9,002 to 16,880 £/QALY (Coskeran

et al., 2005). In Sweden, it was determined that screening and mitiga-

tion of existing housingwas not cost effective if themitigation threshold

Table 6

Sensitivity Analysis of ICER to housing model and population characteristics

Housing

Model

Action

threshold

(Bq/m3)

Mitigation at current rate Mitigation under tax

credit incentive

ICER

($/QALY)

discounted

ICER ($/QALY)

ICER

($/QALY)

discounted

ICER ($/QALY)

Reference 200 61,544 84,828 36,444 54,621

100 56,856 76,917 40,451 60,340

50 75,792 101,755 56,979 84,872

↑ Renewal 200 59,200 82,533 36,447 54,638

100 56,072 76,148 40,452 60,345

50 75,309 101,283 56,980 84,876

↓ Renewal 200 64,398 87,299 36,806 54,875

100 59,342 79,154 41,044 61,007

50 79,008 104,731 57,863 85,920

↑ 1 person

household

200 64,253 88,856 37,111 55,595

100 58,558 79,202 41,054 61,299

50 77,355 103,954 57,593 85,840

Table 7

ICERs for radon remediation of existing housing in European countries.

Adapted from (Gaskin et al., 2019).

Country (reference) Radon arithmetic mean (Bq/m3) Discount rate ICERs for remediation of existing housing

Sweden

(Svensson et al., 2018)

90 3% Reducing action level from 200 to 100 Bq/m3

130,000 (90,000) €/QALY

including (excluding) costs of life-years gained

Ireland

(Pollard and Fenton, 2014)

89 4% Remediation above 200 Bq/m3

33,395 €/QALY (Testing funded by government)

26,672 €/QALY (Testing and remediation of social housing)

32,866 €/QALY (Requirement for radon level info upon sale)

Germany

(Haucke, 2010)

49 3% costs

1.5% effects

Universal screening and mandatory mitigation

25,181 €2008/QALY (for action level of 100 Bq/m3)

38,269 €2008/QALY (for action level of 200 Bq/m3)

75,040 €2008/QALY (for action level of 400 Bq/m3)

UK

(Gray et al., 2009)

21 3.5% costs

1.5% effects

Relative to no radon control (at mean radon 20 Bq/m3)

105,600 ₤/QALY (for action level of 50 Bq/m3)

285,200 ₤/QALY (for action level of 100 Bq/m3)

1,682,500 ₤/QALY (for action level of 200 Bq/m3)

Norway

(Stigum et al., 2003)

75 3% Preventive measure in new housing and remediation of existing housing above 200 Bq/m3

23,000 USD/QALY
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were to be reduced from its current value of 200 Bq/m3 to 100 Bq/m3

based on a relatively short time horizon of 25 years (Svensson et al.,

2018).

The estimation of the cost-utility of interventions to reduce the

radon exposures in existing housing over a 100-year time horizon is

limited by parameter uncertainty; uncertainty in current lung cancer

mortality rates, smoking prevalences, age-specific health related quality

of life values, and costs of radon control measures were included but

were assumed not to change over the time horizon of the analysis. For

example, demographic changes in the population between 2012 and

2016 include reduced lung cancer incidence rates for men, although

those for women have remained stable, and reduced smoking preva-

lences at ages under 60 for both men and women. An important limita-

tion of this analysis is the measurement error that remains significant

from estimating cumulative individual exposures from residential

radon exposures. A correction was made for measurement error

resulting from the year-to-year variation when estimating the “true”

radon exposures used in this analysis. However, there might be some

overestimation from assuming the long-term heating season radon

measurements are reasonably representative of the annual average ex-

posures. Another limitation for this analysis is that variation in the de-

gree of maintenance of active depressurization systems for radon

mitigation by home owners was not included. With additional data for

the Canadian context, a distribution describing the effectiveness of the

radon controlmeasures and the reliability of home owners with respect

to activating and maintaining an active depressurization system to re-

duce residential radon could be incorporated into themodel. The struc-

tural uncertainty associated with the choice of model used in the cost-

utility analysis was found to be minimal, therefore the more computa-

tionally efficient Markov cohort model would be appropriate for ex-

tending this analysis in the future to provincial and territorial

populations characterized by much higher radon exposures where

radon interventions are estimated to be more cost effective. Continued

development of the discrete event simulation would allow estimating

the effect of changes in the housing stock over time, individual mobility

between housing units and interactions between individuals.

6. Conclusions

Radon remediation scenarios that describe the screening andmitiga-

tion of above- threshold radon in existing housing in Canada are esti-

mated to be fairly cost effective. The cost-effectiveness is expected to

improve at increased rates of radon testing and mitigation, such as

under a theoretical tax credit incentive to encourage home owners to

undertake radon remediation. Structural uncertainty associated with

the choice of model used for the cost-utility analysis appears minimal

because the results from the use of a discrete event simulation model

were comparable to those from the use of a Markov cohort model. A

public health investment in radon remediation in existing housing

could decrease the time to achieve widespread reduction of the highest

radon exposures in the housing stock, since radon control measures in

the National Building Code apply only to new construction and have

yet to be adopted by all provinces and territories. In Canada, where

fewer than one-fifth of the population are smokers, residential radon in-

terventions represent a practical option to reduce the associated burden

of lung cancer.

CRediT authorship contribution statement

Janet Gaskin:Conceptualization, Methodology, Validation, Formal

analysis, Writing - original draft, Visualization.Jeff Whyte:Conceptuali-

zation, Resources, Data curation, Writing - review & editing.Doug

Coyle:Conceptualization, Methodology, Supervision, Writing - review

& editing.

Declaration of competing interest

The authors declare that they have no known competing financial

interests or personal relationships that could have appeared to influ-

ence the work reported in this paper.

Acknowledgments

We thank the Radiation Protection Bureau at Health Canada for pro-

viding financial support for costs associated with the publication of this

article.

References

Brennan, A., Chick, S.E., Davies, R., 2006. A taxonomy of model structures for economic
evaluation of health technologies. Health Econ. 15, 1295–1310. https://doi.org/
10.1002/hec.1148.

Briggs, A., Claxton, K., Sculpher, M., 2011. Decision Modelling for Health Economic Evalu-
ation. Oxford University Press, Oxford, UK.

Canadian Agency for Drugs and Technologies in Health, 2017. Guidelines for the Eco-
nomic Evaluation of Health Technologies: Canada. 4th edition. [WWW Document].
URL. https://www.cadth.ca/sites/default/files/pdf/guidelines_for_the_economic_
evaluation_of_health_technologies_canada_4th_ed.pdf.

Canadian Cancer Society'’s Advisory Committee on Cancer Statistics, 2016. Canadian Can-
cer Statistics 2016. Canadian Cancer Society, Toronto, ON.

Canadian Mortgage and Housing Corporation, 2017. Total Housing Starts, Canada, Prov-
inces and Metropolitan Areas, 1990–2016 (Units).

Chen, J., 2017. Lifetime lung cancer risks associated with indoor radon exposure based on
various radon risk models for Canadian population. Radiat. Prot. Dosim. 173,
252–258. https://doi.org/10.1093/rpd/ncw297.

Chen, J., Moir, D., Whyte, J., 2012. Canadian population risk of radon induced lung cancer:
a re-assessment based on the recent cross-Canada radon survey. Radiat. Prot. Dosim.
152, 9–13. https://doi.org/10.1093/rpd/ncs147.

Colgan, P.A., Gutiérrez, J., 1996. Cost effectiveness of reducing radon exposure in Spanish
dwellings. J. Radiol. Prot. 16, 181–190. https://doi.org/10.1088/0952-4746/16/3/004.

Coskeran, T., Denman, A., Phillips, P., Tornberg, R., 2005. A cost-effectiveness analysis of do-
mestic radon remediation in four primary care trusts located in Northamptonshire, UK.
Health Policy (New. York) 71, 43–56. https://doi.org/10.1016/j.healthpol.2004.05.003.

Coskeran, T., Denman, A., Phillips, P., Gillmore, G., Tornberg, R., 2006. A newmethodology
for cost-effectiveness studies of domestic radon remediation programmes: quality-
adjusted life-years gained within Primary Care Trusts in Central England. Sci. Total
Environ. 366, 32–46. https://doi.org/10.1016/j.scitotenv.2005.12.020.

Darby, S., Hill, D., Deo, H., Auvinen, A., Barros-dios, J.M., Baysson, H., Bochicchio, F., Falk, R.,
Farchi, S., Figueiras, A., Hakama, M., Heid, I., Hunter, N., Kreienbrock, L., Kreuzer, M.,
Lagarde, F., Mäkeläinen, I., Muirhead, C., Oberaigner, W., Pershagen, G., Ruosteenoja,
E., Schaffrath, A., Tirmarche, M., Tomášek, L., Whitley, E., Wichmann, H., 2006. Resi-
dential radon and lung cancer- detailed results of a collaborative analysis of individ-
ual data on 7148 persons with lung cancer and 14 208 persons without cancer from
13 epidemiologic studies in Europe. Scand. J. Work Environ. Health 32, 1–84.

Gaskin, J., Coyle, D., Whyte, J., Birkett, N., Krewksi, D., 2019. A cost effectiveness analysis of
interventions to reduce residential radon exposure in Canada. J. Environ. Manag. 247,
449–461. https://doi.org/10.1016/j.jenvman.2019.06.032.

Gray, A., Read, S., McGale, P., Darby, S., 2009. Lung cancer deaths from indoor radon and
the cost effectiveness and potential of policies to reduce them. BMJ 338, a3110.
https://doi.org/10.1136/bmj.a3110.

Guertin, J.R., Feeny, D., Tarride, J.E., 2018. Age- and sex-specific Canadian utility norms,
based on the 2013-2014 Canadian Community Health Survey. Cmaj 190,
E155–E161. https://doi.org/10.1503/cmaj.170317.

Haucke, F., 2010. The cost effectiveness of radon mitigation in existing German dwellings
- a decision theoretic analysis. J. Environ. Manag. 91, 2263–2274. https://doi.org/
10.1016/j.jenvman.2010.06.015.

Health Canada, 2012. Cross-Canada survey of radon concentrations in homes - final report
[WWW document]. URL. http://wrww.hc-sc.gc.ca/ewh-semt/radiation/radon/sur-
vey-sondage-eng.php.

Health Canada, 2016. Summary report on active soil depressurization (ASD) field study
[WWW document]. URL. https://www.canada.ca/en/health-canada/services/envi-
ronmental-workplace-health/radiation/radon/summary-report-active-soil-depres-
surization-field-study.html.

Howlader, N., Noone, A., Krapcho, M., Neyman, N., Aminou, R., Waldron, W., Altekruse, S.,
Kosary, C., Ruhl, J., Tatalovich, Z., Cho, H., Mariotto, A., Eisner, M., Lewis, D., Chen, H.,
Feuer, E., Cronin, K., 2012. SEER cancer statistics review 1975–2009 (Bethesda, MD).

Hunter, N., Muirhead, C.R., Tomasek, L., Kreuzer, M., Laurier, D., Leuraud, K., Schnelzer, M.,
Grosche, B., Placek, V., Heribanova, A., Timarche, M., 2013. Joint analysis of three
European nested case-control studies of lung cancer among radon exposed miners:
exposure restricted to below 300 WLM. Health Phys. 104, 282–292. https://doi.org/
10.1097/HP.0b013e3182765857.

Hunter, N., Muirhead, C., Bochicchio, F., Haylock, R., 2015. Calculation of lifetime lung can-
cer risks associated with radon exposure, based on various models and exposure sce-
narios. J. Radiol. Prot. 35, 539–546.

Kenfield, S.A., Stampfer, M.J., Rosner, B.A., Colditz, G.A., 2008. Smoking and smoking ces-
sation in relation to mortality in women. Jama 299, 2037–2047. https://doi.org/
10.1001/jama.299.17.2037.

7J. Gaskin et al. / Science of the Total Environment 724 (2020) 138092

https://doi.org/10.1002/hec.1148
https://doi.org/10.1002/hec.1148
http://refhub.elsevier.com/S0048-9697(20)31605-3/rf0010
http://refhub.elsevier.com/S0048-9697(20)31605-3/rf0010
https://www.cadth.ca/sites/default/files/pdf/guidelines_for_the_economic_evaluation_of_health_technologies_canada_4th_ed.pdf
https://www.cadth.ca/sites/default/files/pdf/guidelines_for_the_economic_evaluation_of_health_technologies_canada_4th_ed.pdf
http://refhub.elsevier.com/S0048-9697(20)31605-3/rf0020
http://refhub.elsevier.com/S0048-9697(20)31605-3/rf0020
http://refhub.elsevier.com/S0048-9697(20)31605-3/rf0025
http://refhub.elsevier.com/S0048-9697(20)31605-3/rf0025
https://doi.org/10.1093/rpd/ncw297
https://doi.org/10.1093/rpd/ncs147
https://doi.org/10.1088/0952-4746/16/3/004
https://doi.org/10.1016/j.healthpol.2004.05.003
https://doi.org/10.1016/j.scitotenv.2005.12.020
http://refhub.elsevier.com/S0048-9697(20)31605-3/rf0055
http://refhub.elsevier.com/S0048-9697(20)31605-3/rf0055
http://refhub.elsevier.com/S0048-9697(20)31605-3/rf0055
http://refhub.elsevier.com/S0048-9697(20)31605-3/rf0055
https://doi.org/10.1016/j.jenvman.2019.06.032
https://doi.org/10.1136/bmj.a3110
https://doi.org/10.1503/cmaj.170317
https://doi.org/10.1016/j.jenvman.2010.06.015
https://doi.org/10.1016/j.jenvman.2010.06.015
http://wrww.hc-sc.gc.ca/ewh-semt/radiation/radon/survey-sondage-eng.php
http://wrww.hc-sc.gc.ca/ewh-semt/radiation/radon/survey-sondage-eng.php
https://www.canada.ca/en/health-canada/services/environmental-workplace-health/radiation/radon/summary-report-active-soil-depressurization-field-study.html
https://www.canada.ca/en/health-canada/services/environmental-workplace-health/radiation/radon/summary-report-active-soil-depressurization-field-study.html
https://www.canada.ca/en/health-canada/services/environmental-workplace-health/radiation/radon/summary-report-active-soil-depressurization-field-study.html
http://refhub.elsevier.com/S0048-9697(20)31605-3/rf0090
https://doi.org/10.1097/HP.0b013e3182765857
https://doi.org/10.1097/HP.0b013e3182765857
http://refhub.elsevier.com/S0048-9697(20)31605-3/rf0100
http://refhub.elsevier.com/S0048-9697(20)31605-3/rf0100
http://refhub.elsevier.com/S0048-9697(20)31605-3/rf0100
https://doi.org/10.1001/jama.299.17.2037
https://doi.org/10.1001/jama.299.17.2037


Kreuzer, M., Sobotzki, C., Schnelzer, M., Fenske, N., 2018. Factors modifying the radon-
related lung cancer risk at low exposures and exposure rates among German ura-
nium miners. Radiat. Res. 189, 165–176. https://doi.org/10.1667/rr14889.1.

Krewski, D., Lubin, J.H., Zielinski, J.M., Alavanja, M., Catalan, V.S., Field, R.W., Klotz, J.B.,
Létourneau, E.G., Lynch, C.F., Lyon, J.L., Sandler, D.P., Schoenberg, J.B., Steck, D.J.,
Stolwijk, J. a, Weinberg, C., Wilcox, H.B., 2006. A combined analysis of North
American case-control studies of residential radon and lung cancer. J. Toxicol. Envi-
ron. Health. A 69, 533–597. https://doi.org/10.1080/15287390500260945.

Lagarde, F., Axelsson, G., Damber, L., Mellander, H., Nyberg, F., Pershagen, G., 2001. Resi-
dential radon and lung cancer among never-smokers in Sweden. Epidemiology 12,
396–404.

Letourneau, E.G., Krewski, D., Zielinski, J.M., McGregor, R.G., 1992. Cost effectiveness of
radon mitigation in Canada. Radiat. Prot. Dosim. 45, 593–598.

Leuraud, K., Schnelzer, M., Tomasek, L., Hunter, N., Timarche, M., Grosche, B., Kreuzer, M.,
Laurier, D., 2011. Radon, smoking and lung cancer risk: results of a joint analysis of
three European case-control studies among uranium miners. Radiat. Res. 176,
375–387. https://doi.org/10.1667/rr2377.1.

Lorenzo-González, M., Ruano-Ravina, A., Torres-Durán, M., Kelsey, K.T., Provencio, M.,
Parente-Lamelas, I., Leiro-Fernández, V., Vidal-García, I., Castro-Añón, O., Martínez,
C., Golpe-Gómez, A., Zapata-Cachafeiro, M., Piñeiro-Lamas, M., Pérez-Ríos, M., Abal-
Arca, J., Montero-Martínez, C., Fernández-Villar, A., Barros-Dios, J.M., 2019. Lung can-
cer and residential radon in never-smokers: a pooling study in the Northwest of
Spain. Environ. Res. 172, 713–718. https://doi.org/10.1016/j.envres.2019.03.011.

Lubin, J.H., 2003. Studies of radon and lung cancer in North America and China. Radiat.
Prot. Dosim. 104, 315–319.

Mossman, K.L., Sollitto, M.A., 1991. Regulatory control of indoor Rn. Health Phys. 60,
169–176.

National Research Council, 1999. Health Effects of Exposure to Radon. BEIR VI, National
Academies Press.

Natural Resources Canada, 2014. ecoEnergy retrofit - homes program [WWWdocument].
http://www.nrcan.gc.ca/energy/efficiency/housing/home-improvements/5003,
Accessed date: 21 February 2018.

Pérez-Ríos, M., Barros-Dios, J.M., Montes-Martínez, A., Ruano-Ravina, A., 2010. Attribut-
able mortality to radon exposure in Galicia, Spain. Is it necessary to act in the face
of this health problem? BMC Public Health 10, 1–6. https://doi.org/10.1186/1471-
2458-10-256.

Pesch, B., Kendzia, B., Gustavsson, P., Jöckel, K., Johnen, G., Pohlabeln, H., Olsson, A.,
Ahrens, W., Gross, I.M., Wichmann, H., Merletti, F., Richiardi, L., 2012. Cigarette
smoking and lung cancer – relative risk estimates for the major histological types
from a pooled analysis of case- control studies. Int. J. Cancer 131, 1210–1219.
https://doi.org/10.1002/ijc.27339.Cigarette.

Pollard, D., Fenton, D., 2014. Use of health economics in the development of a national
radon control strategy in Ireland. Radiat. Prot. Dosim. 160, 30–34.

Statistics Canada, 2016a. Data tables, 2016 census, age and sex [WWW Document]. Cat.
no. 98-400-X2016003. URL. https://www12.statcan.gc.ca/census-recensement/

2016/dp-pd/dt-td/Rp-eng.cfm?TABID=2&LANG=E&A=R&APATH=3&DETAIL=
0&DIM=0&FL=A&FREE=0&GC=01&GL=-1&GID=1165052&GK=1&GRP=1&O=
D&PID=109525&PRID=0&PTYPE=109445&S=0&SHOWALL=0&SUB=0&Tempo-
ral=2016&THEME=115&VID=0&VNAMEE, Accessed date: 6 February 2020.

Statistics Canada, 2016b. Deaths and mortality rates, by age group [WWW document].
Table: 13-10-0710-01. https://www150.statcan.gc.ca/t1/tbl1/en/tv.action?pid=
1310071001%0A, Accessed date: 6 February 2020.

Statistics Canada, 2016c. Number and rates of new cases of primary cancer, by cancer
type, age group and sex [WWW document]. Table: 13-10-0111-01. URL https://
www150.statcan.gc.ca/t1/tbl1/en/cv.action?pid=1310011101%0A (accessed 2.6.20).

Statistics Canada, 2016d. Health characteristics, annual estimates [WWW document].
Table 13-10-0096-01. https://doi.org/10.25318/1310009601-eng.

Statistics Canada, 2016e. National Household Survey: structural type of dwelling [WWW
document]. URL. https://www03.cmhc-schl.gc.ca/hmip-pimh/en#TableMapChart/1/
1/Canada, Accessed date: 6 February 2020.

Statistics Canada, 2017. Population and dwelling counts, for Canada, provinces and terri-
tories, 2016 and 2011 censuses [WWW document]. Cat. no. 98-402-X2016001. URL.
http://www12.statcan.gc.ca/census-recensement/2016/dp-pd/hlt-fst/pd-pl/Tables/
File.cfm?T=101&SR=1&RPP=25&PR=0&CMA=0&CSD=0&S=50&O=A&Lang=
Eng&OFT=CSV, Accessed date: 6 February 2020.

Stigum, H., Strand, T., Magnus, P., 2003. Should radon be reduced in homes? A cost-effect
analysis. Health Phys. 84, 227–235. https://doi.org/10.1097/00004032-200302000-
00011.

Svensson, M., Barregård, L., Axelsson, G., Andersson, E., 2018. A cost-effectiveness analysis
of lowering residential radon levels in Sweden—results from a modelling study.
Health Policy (New. York). 122, 687–692. https://doi.org/10.1016/j.
healthpol.2018.03.009.

Thun, M.J., Myers, D.G., Day-lally, C., Namboodiri, M.M., Calle, E.E., Flanders, W.D., Adams,
S.L., Heath, C.W., 1997. Age and the exposure-response relationships between ciga-
rette smoking and premature death in Cancer Prevention Study II. Smoking and To-
bacco Control Monograph (8).

Thun, M.J., Carter, B.D., Feskanich, D., Freedman, N.D., Prentice, R., Lopez, A.D., Hartge, P.,
Gapstur, S.M., 2013. 50-year trends in smoking-related mortality in the United
States. N. Engl. J. Med. 368, 351–364. https://doi.org/10.1038/jid.2014.371.

Tomasek, L., 2013. Lung cancer risk from occupational and environmental radon and role
of smoking in two Czech nested case-control studies. Int. J. Environ. Res. Public Health
10, 963–979. https://doi.org/10.3390/ijerph10030963.

Tomasek, L., Rogel, A., Tirmarche, M., Mitton, N., Laurier, D., 2008. Lung cancer in French
and Czech uraniumminers: radon-associated risk at low exposure rates and modify-
ing effects of time since exposure and age at exposure. Radiat. Res. 169, 125–137.
https://doi.org/10.1667/rr0848.1.

8 J. Gaskin et al. / Science of the Total Environment 724 (2020) 138092

https://doi.org/10.1667/rr14889.1
https://doi.org/10.1080/15287390500260945
http://refhub.elsevier.com/S0048-9697(20)31605-3/rf0120
http://refhub.elsevier.com/S0048-9697(20)31605-3/rf0120
http://refhub.elsevier.com/S0048-9697(20)31605-3/rf0120
http://refhub.elsevier.com/S0048-9697(20)31605-3/rf0125
http://refhub.elsevier.com/S0048-9697(20)31605-3/rf0125
https://doi.org/10.1667/rr2377.1
https://doi.org/10.1016/j.envres.2019.03.011
http://refhub.elsevier.com/S0048-9697(20)31605-3/rf0140
http://refhub.elsevier.com/S0048-9697(20)31605-3/rf0140
http://refhub.elsevier.com/S0048-9697(20)31605-3/rf0145
http://refhub.elsevier.com/S0048-9697(20)31605-3/rf0145
http://refhub.elsevier.com/S0048-9697(20)31605-3/rf0150
http://refhub.elsevier.com/S0048-9697(20)31605-3/rf0150
http://www.nrcan.gc.ca/energy/efficiency/housing/home-improvements/5003
https://doi.org/10.1186/1471-2458-10-256
https://doi.org/10.1186/1471-2458-10-256
https://doi.org/10.1002/ijc.27339.Cigarette
http://refhub.elsevier.com/S0048-9697(20)31605-3/rf0170
http://refhub.elsevier.com/S0048-9697(20)31605-3/rf0170
https://www12.statcan.gc.ca/census-recensement/2016/dp-pd/dt-td/Rp-eng.cfm?TABID=2&amp;LANG=E&amp;A=R&amp;APATH=3&amp;DETAIL=0&amp;DIM=0&amp;FL=A&amp;FREE=0&amp;GC=01&amp;GL=-1&amp;GID=1165052&amp;GK=1&amp;GRP=1&amp;O=D&amp;PID=109525&amp;PRID=0&amp;PTYPE=109445&amp;S=0&amp;SHOWALL=0&amp;SUB=0&amp;Temporal=2016&amp;THEME=115&amp;VID=0&amp;VNAMEE
https://www12.statcan.gc.ca/census-recensement/2016/dp-pd/dt-td/Rp-eng.cfm?TABID=2&amp;LANG=E&amp;A=R&amp;APATH=3&amp;DETAIL=0&amp;DIM=0&amp;FL=A&amp;FREE=0&amp;GC=01&amp;GL=-1&amp;GID=1165052&amp;GK=1&amp;GRP=1&amp;O=D&amp;PID=109525&amp;PRID=0&amp;PTYPE=109445&amp;S=0&amp;SHOWALL=0&amp;SUB=0&amp;Temporal=2016&amp;THEME=115&amp;VID=0&amp;VNAMEE
https://www12.statcan.gc.ca/census-recensement/2016/dp-pd/dt-td/Rp-eng.cfm?TABID=2&amp;LANG=E&amp;A=R&amp;APATH=3&amp;DETAIL=0&amp;DIM=0&amp;FL=A&amp;FREE=0&amp;GC=01&amp;GL=-1&amp;GID=1165052&amp;GK=1&amp;GRP=1&amp;O=D&amp;PID=109525&amp;PRID=0&amp;PTYPE=109445&amp;S=0&amp;SHOWALL=0&amp;SUB=0&amp;Temporal=2016&amp;THEME=115&amp;VID=0&amp;VNAMEE
https://www12.statcan.gc.ca/census-recensement/2016/dp-pd/dt-td/Rp-eng.cfm?TABID=2&amp;LANG=E&amp;A=R&amp;APATH=3&amp;DETAIL=0&amp;DIM=0&amp;FL=A&amp;FREE=0&amp;GC=01&amp;GL=-1&amp;GID=1165052&amp;GK=1&amp;GRP=1&amp;O=D&amp;PID=109525&amp;PRID=0&amp;PTYPE=109445&amp;S=0&amp;SHOWALL=0&amp;SUB=0&amp;Temporal=2016&amp;THEME=115&amp;VID=0&amp;VNAMEE
https://www12.statcan.gc.ca/census-recensement/2016/dp-pd/dt-td/Rp-eng.cfm?TABID=2&amp;LANG=E&amp;A=R&amp;APATH=3&amp;DETAIL=0&amp;DIM=0&amp;FL=A&amp;FREE=0&amp;GC=01&amp;GL=-1&amp;GID=1165052&amp;GK=1&amp;GRP=1&amp;O=D&amp;PID=109525&amp;PRID=0&amp;PTYPE=109445&amp;S=0&amp;SHOWALL=0&amp;SUB=0&amp;Temporal=2016&amp;THEME=115&amp;VID=0&amp;VNAMEE
https://www150.statcan.gc.ca/t1/tbl1/en/tv.action?pid=1310071001%0A
https://www150.statcan.gc.ca/t1/tbl1/en/tv.action?pid=1310071001%0A
https://www150.statcan.gc.ca/t1/tbl1/en/cv.action?pid=1310011101%0A
https://www150.statcan.gc.ca/t1/tbl1/en/cv.action?pid=1310011101%0A
https://doi.org/10.25318/1310009601-eng
https://www03.cmhc-schl.gc.ca/hmip-pimh/en#TableMapChart/1/1/
https://www03.cmhc-schl.gc.ca/hmip-pimh/en#TableMapChart/1/1/
http://www12.statcan.gc.ca/census-recensement/2016/dp-pd/hlt-fst/pd-pl/Tables/File.cfm?T=101&amp;SR=1&amp;RPP=25&amp;PR=0&amp;CMA=0&amp;CSD=0&amp;S=50&amp;O=A&amp;Lang=Eng&amp;OFT=CSV
http://www12.statcan.gc.ca/census-recensement/2016/dp-pd/hlt-fst/pd-pl/Tables/File.cfm?T=101&amp;SR=1&amp;RPP=25&amp;PR=0&amp;CMA=0&amp;CSD=0&amp;S=50&amp;O=A&amp;Lang=Eng&amp;OFT=CSV
http://www12.statcan.gc.ca/census-recensement/2016/dp-pd/hlt-fst/pd-pl/Tables/File.cfm?T=101&amp;SR=1&amp;RPP=25&amp;PR=0&amp;CMA=0&amp;CSD=0&amp;S=50&amp;O=A&amp;Lang=Eng&amp;OFT=CSV
https://doi.org/10.1097/00004032-200302000-00011
https://doi.org/10.1097/00004032-200302000-00011
https://doi.org/10.1016/j.healthpol.2018.03.009
https://doi.org/10.1016/j.healthpol.2018.03.009
http://refhub.elsevier.com/S0048-9697(20)31605-3/rf0210
http://refhub.elsevier.com/S0048-9697(20)31605-3/rf0210
http://refhub.elsevier.com/S0048-9697(20)31605-3/rf0210
https://doi.org/10.1038/jid.2014.371
https://doi.org/10.3390/ijerph10030963
https://doi.org/10.1667/rr0848.1

