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ABSTRACT

Background: The objective of this investigation was to determine the effectiveness of
Canada’s residential radon exposure guideline in influencing individuals’ health protection
decisions.

Method: Homeowners with known exposure levels in a high residential radon area
(Winnipeg, Manitoba) were surveyed to document what they had done and spent to
reduce their exposure to radon. The 507 respondents were then re-surveyed to elucidate
their response to hypothetical scenarios. Logistic regression was used to model risk
reduction decisions as a function of exposure and other explanatory variables.

Results: Homeowners were only likely to have taken action to reduce exposure at levels
exceeding 1,100 Bq/m3, well above Canada’s guideline of 800 Bq/m3. However, when
informed of the guideline, respondents indicated they would act at exposures of
702 Bq/m3.

Interpretation: The Canadian residential radon exposure guideline, as it has been
implemented, has not effectively prompted homeowner actions to reduce exposures to
radon.

In 1988, a guideline for residential
exposure to radon, an acknowledged
lung carcinogen,1-5 was adopted in

Canada.6 This guideline recommends that
individuals act to reduce risk at a level
(800 Bq/m3) considerably higher than that
recommended in the United States
(150 Bq/m3*). Its effectiveness in encour-
aging exposure reduction has never been
evaluated. This study assesses compliance
with the guideline by considering willing-
ness to pay (WTP) for risk reduction in
relation to actual exposures and responses
to hypothetical scenarios.7

Winnipeg, Manitoba is the Canadian
city with the highest proportion of homes
with relatively high radon levels.8-10 An epi-
demiological study conducted here
between 1986 and 1991 provided a data
set of 4,448 houses with exposure mea-
surements.11

METHODS

Drawing from a stratified sample of 1,225
single family dwellings with known radon
concentrations, residents were identified
from a reverse phone directory12 and sur-
veyed (Figure 1). First, a mixed mode
mail/telephone protocol was applied to
document actions taken and expenditures
made (i.e. “revealed preferences”) for
reducing exposure to radon and three
other environmental health hazards (drink-
ing water, ultraviolet radiation, and the
threat of sewer backup in anticipation of
Winnipeg’s 1997 Red River flood). Other
questions dealt with demographic charac-
teristics as well as knowledge and attitudes
toward risks.

A follow-up questionnaire was then
mailed to all 507 respondents to obtain
“expressed preference” values for reducing
risk by applying a contingent valuation
approach.13,14 Respondents were given
information summarizing the health risks
of residential exposure to radon,7 and then
presented with various hypothetical expo-
sure scenarios ranging from 225 Bq/m3 to
1800 Bq/m3. For each exposure situation,
double-bounded dichotomous choice bid
options were presented,15 whereby respon-
dents were asked if they would pay a pro-
posed price for each action alternative,
with follow-up bid options then provided
that were greater or less than the amounts
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* This level is roughly equal to 4 picocuries, the unit
used in the United States to express its guideline.
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initially presented. To examine potential
influences of differences in risk communi-
cation messages,16 the sample was random-
ly split into two: one group only being told
of the Canadian recommended action lev-
els, with the other group also informed of
the corresponding U.S. values.

Logistic regression analysis17 was con-
ducted to examine influences on the deci-
sion to have spent any money or offer a
positive bid to reduce risk. As the decision
to reduce risk is not merely a single
dichotomous choice of deciding to “miti-
gate” or “not mitigate”, but rather repre-
sents a progression of stages,18,19 responses
were grouped as follows:

Stage 1: Obtained information.
Stage 2: Obtained exposure measure-

ment; assessed risk reduction options.
Stage 3: Took action to reduce risk (e.g.,

blocking drains or sealing cracks).
Stage 4: Took action to virtually elimi-

nate exposure (e.g., subslab depressuriza-
tion).

A variable indicating attainment of each
stage was included in our logistic regres-
sion analysis.

Each individual who completed the
expressed preference WTP survey respond-
ed to 4 different bid options for each of 4
different radon exposure levels. As these
different bids constitute 16 distinct records
for regression analysis, the standard statisti-
cal assumption that all observations are
independent is violated by the presence of
repeated measures. Burton et al. have cau-
tioned against the use of such naïve pooling
approaches to multivariate analysis, and
recommended the application of general-
ized estimating equations (GEE).20,21

Accordingly, for all cases where such
repeated measures were used, GEE analysis
as implemented in SAS was used instead of
standard logistic regression.

A full discussion of influences on risk
reduction decision-making beyond the key
findings can be found elsewhere.7

RESULTS

A response rate of 41.4% was obtained in
the “revealed preference” survey. The 
follow-up “expressed preference” survey
respondents (response rate of 53.2%) tend-
ed to be somewhat older, more likely to
have been long-time residents, and more
likely to expect to be staying in the same

home than non-respondents. While this
response rate is a potential weakness, none
of these factors were found to be signifi-
cant predictors of willingness to pay in the
regression analyses conducted.
Respondents were less likely to have acted
in response to radon exposure than was the
case for the other environmental health
hazards considered (Figure 2). However,
for those who did act, the mean amount
spent tended to be higher (Table I).
Assuming that the measures undertaken
were effective,* respondents paid an aver-
age of $221 per 100 Bq/m3 reduction in
exposure.

WTP varied directly with level of radon
exposure. As hypothetical exposures rose,
respondents’ likelihood of expressing a
positive bid increased (Table II).
Nevertheless, the probability of actually
having spent any money at levels over

twice the Canadian guideline level still
remained relatively low (59%). A similar
tendency was observed with respect to the
likelihood of having actually spent any
money to reduce actual household radon
levels.

The construct of reaching a stage of risk
reduction provides a more realistic repre-
sentation of possible actions that might be
taken in response to environmental health
guidelines. For each 100 Bq/m3 increase in
radon exposure, the likelihood of advanc-
ing to the next highest protective behav-
iour stage rose by somewhere in the range
of 20 to 44%, providing a basis for esti-
mating the probability of individuals actu-
ally reaching a risk reduction stage at speci-
fied exposure levels. Table III provides
these estimates for revealed and expressed
preferences for the different hypothetical
exposure scenario radon levels.

Figure 3, which shows the likelihood of
having proceeded to Stage 3 (risk reduc-
tion) behaviour depending on the level of
radon exposure, illustrates the point at
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* Follow-up measurements were not conducted. For
this calculation, it was assumed that subslab
depressurization would be 99% effective and the
repairing of cracks and sealing of drain openings,
etc., would be 30% effective.

Figure 1. Sample selection protocol
† Excludes duplicates and apartments
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which it is likely (defined as a 50% proba-
bility of taking action) that individuals
would have acted to reduce exposure. This
analysis suggests that individuals are only
likely to have acted at a radon exposure of
1101 Bq/m3, a level well above the
Canadian guideline of 800 Bq/m3. In con-
trast, however, when presented with hypo-
thetical exposure situations and informa-
tion explaining the guideline, respondents
indicated that they would act at levels of
702 Bq/m3.

Our data further suggest that the incli-
nation to take risk reduction action is
influenced by both the nature of the infor-
mation provided and respondents’ knowl-
edge about radon. Respondents who were
informed of the existence of the lower U.S.
guideline were almost twice as likely (a sta-
tistically significant odds ratio of 1.9) to
indicate they would spend money to
reduce risk at an exposure level
(450 Bq/m3) midway between the U.S.
and Canadian guidelines.

The probability of respondents having
actually acted to reduce risk was consis-
tently less than what they reported they
would do in comparable exposure scenar-
ios. However, when adjustment was made
for the effect of having accurate knowledge
of the health effects of radon, this discrep-
ancy narrows, particularly at exposure lev-
els in excess of the Canadian guideline
(Figure 4). In this regard, it should be
noted that only 21%, of those surveyed
indicated they had been aware of the
guideline, and only 38% could correctly
identify the health concerns associated
with radon exposure. While having such
knowledge was itself a significant predictor
of having taken risk reduction action,
those aware of the Canadian guide-
line were in fact less prone to have acted 
in exposure scenarios approaching
800 Bq/m3.

Increase in radon exposure was a statisti-
cally significant predictor of the likelihood
to make a positive bid when multivariate
analysis was conducted, as was individuals’
expressions of anxiety that their health was
being affected by environmental exposures
in general. Multivariate analysis of the like-
lihood of actually having spent any money
indicated that variables related to the level
of knowledge and attitudes toward risk
generally provided a better explanation of
individual actions than the degree of expo-
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Figure 2. Distribution of willingness to pay by protective behaviour stage for
different environmental health risks
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TABLE I
Mean Amount Spent by Protective Behaviour Stage for Different Environmental Health
Risks ± Standard Deviation

Sewer Ultraviolet Drinking Radon
Stage Back-up Radiation Water

Stage 1: Obtain information $35.69 $2.00 $1.25 $0.00
(± 211.01) (± 6.32) (± 6.70) –

Stage 2: Measure – – – $7.94
– – – (±27.94)

Stage 3: Reduce exposure level* $60.46 $48.85 $77.80 $183.82
(± 173.73) (± 49.61) (± 165.14) (± 670.11)

Stage 4: Virtual risk elimination* $383.04 $175.00 $88.93 $1,462.80
(± 714.17) (± 535.24) (± 89.31) (± 2144.47)

* Examples of preventive actions for reducing the extent of exposure include the following:
Sewer back-up: Move articles from basement; install back-up valve, cut-off valve, sump pump.
UV radiation exposure: Purchase sun screen, protective clothing, alter recreational plans, addi-
tional sun protection.
Drinking water effects: Purchase bottled water, reduce water consumed; purchase/rent portable
or fixed filters or distillers.
Radon exposure: Block drain / seal cracks, avoid basement, subslab depressurization.

TABLE II
Influence of Living Area Radon Level on Decision 1) to Have Spent Any Money or 
2) to Express a Positive WTP Bid to Reduce Radon Exposure

Dependent Variable Radon Exposure Odds Ratio* Probability
Level of Spending of Spending

or Bidding or Bidding

Revealed preference bids per 100 Bq/m3 1.18** 90.4%
(payment actually made) Predicted at:

at 1800 Bq/m3 12.75 59.0%
at 900 Bq/m3 2.98 25.2%
at 450 Bq/m3 1.44 14.0%
at 225 Bq/m3 reference 10.2%

Expressed preference bids at 1800 Bq/m3 5.79*** 90.4%
(payment offered) at 900 Bq/m3 2.93*** 82.6%

at 450 Bq/m3 1.52*** 71.1%
at 225 Bq/m3 reference 61.9%

* Generalized Estimation Equation parameter estimates; Odds ratio for expressed preference pre-
sented in relation to acting at exposure of 225 Bq/m3; Odds ratio for revealed preference present-
ed in relation to each increase of 100 Bq/m3

** p<0.01 *** p<0.001 
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sure. However, when the likelihood of pro-
ceeding to the stages of taking risk reduc-
tion action was used as the dependent vari-
able, there was indeed a significant associa-
tion with the actual level of radon expo-
sure.

DISCUSSION

Agencies responsible for ensuring that the
population is protected from environmen-
tal health risks can use a variety of policy
instruments to achieve their objectives.22

Interest in alternatives to “command and
control” regulatory interventions has
encouraged consideration of public policy
interventions based on voluntary risk
reduction actions.23 It has even been sug-
gested that it would be more appropriate
to support individuals making “informed
choices” rather than to regulate require-
ments for reducing risk.24 Nevertheless,
despite the population health implications
of such interventions, few studies of their
effectiveness have been undertaken, and
those conducted to date have focused pri-
marily on their impact on raising aware-
ness rather than pursuing recommended
behaviours.25

Contingent valuation studies, which
provide a basis for estimating likely behav-
iour in relation to the cost of risk reduc-
tion actions and awareness of risk, are of
particular relevance when considering sce-
narios that rely on voluntary risk mitiga-
tion actions. Consideration of stages of risk
reduction action, as had been suggested for
use in previous economic analyses of radon
mitigation behaviour,26 provides a particu-
larly useful basis for analysis.

The evidence presented in this study
suggests that the Canadian radon exposure
guideline, as it has been implemented, has
not been effective in stimulating action to
reduce exposures occurring in the vicinity
of the guideline. Those at risk do not
appear to have been inclined to take action
until exposures are substantially higher
than the recommended level. This finding
is of particular interest in light of the fact
that the Canadian radon guideline is
notably higher than similar guidelines
established in other countries.

When respondents were provided with
information on the health risks of radon,
however, the level at which they indicated
they would act was just above 700 Bq/m3,

an action level consistent with the Canadian
guideline. This suggests that the likelihood
of achieving the guideline’s policy objective
of encouraging health-protective behaviours
would be increased through effective pro-
motion of the awareness of radon risks.

When the Canadian radon exposure
guideline was adopted, it was acknowl-
edged that there was relatively little eco-
nomic data to consider its policy implica-
tions. Research conducted following adop-
tion of the guideline, however, has provid-
ed evidence that the cost-effectiveness per

life year saved is attractive relative to other
environmental health risks.27-29 These results
further indicate that targeting of interven-
tions to areas of higher exposure, such as
Winnipeg, provides a more cost-effective
strategy for enhancing population health.

This study indicates that individuals
respond rationally to radon risk, with their
likelihood of acting directly associated with
their level of exposure, and also influenced
by other factors such as general levels of
anxiety concerning environmental health
risks. Accordingly, if information was bet-
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TABLE III
Influence of Living Area Radon Level on Reaching Protective Behaviour Stage –
Revealed and Expressed Preference

Dependent Variable Stage 1 Stage 2 Stage 3 Stage 4
(Obtain Information) (Measure) (Reduce exposure) (Virtual elimination)

or more or more or more

Revealed Preference
Odds ratio* 1.28 1.20 1.23 1.44
Probability of reaching stage

@ 1800 Bq/m3 98.9% 83.4% 80.7% 67.7%
@ 900 Bq/m3 90.7% 48.7% 38.9% 7.1%
@ 450 Bq/m3 76.0% 29.3% 20.9% 1.5%
@ 225 Bq/m3 64.4% 21.4% 14.3% 0.7% 

Expressed Preference
Odds ratio **

@ 1800 Bq/m3 5.8 7.9 5.4 2.6
@ 900 Bq/m3 2.9 3.7 3.4 1.7
@ 450 Bq/m3 1.5 1.6 1.5 1.1 (ns)

Probability of reaching stage
@ 1800 Bq/m3 90.4% 84.4% 69.3% 38.9%
@ 900 Bq/m3 82.6% 71.9% 58.5% 25.9%
@ 450 Bq/m3 71.1% 53.0% 39.2% 15.9%
@ 225 Bq/m3 61.8% 40.7% 29.5% 11.9% (ns)

* Odds ratio expresses increased likelihood of reaching a stage for each 100 Bq /m3 increase in
radon exposure; Generalized Estimation Equation parameter estimates; All odds ratios p<0.0001 

** Odds ratio expresses the increased likelihood compared to that at 225 Bq/m3; 
Generalized Estimation Equation parameter estimates; All odds ratios p<0.0001 except where
noted by (ns)

Figure 3. Probability of reducing radon risk (Stage 3) – expressed vs revealed
preference
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ter communicated, it could be presumed
that it could effectively be applied volun-
tarily. Similarly, the use of incentives could
be considered as a further way to influence
voluntary actions.

Since the introduction of the Canadian
residential radon exposure guideline in
1988, scientific data on radon and lung
cancer has continued to accumulate. A
review of the health effects of exposure to
radon recently conducted by the U.S.
National Research Council concluded that
radon in U.S. homes is responsible for
some 10-15% of all lung cancer cases in
that country.1 This estimate is based on a
combined analysis of lung cancer rates in
over 60,000 underground miners from
eleven different epidemiologic studies con-
ducted around the world, including urani-
um miners in northern Ontario and fluo-
rospar miners in Newfoundland.3

Extrapolation of the miner data to the
lower exposure levels of exposure encoun-
tered in residential settings in fact produces
risk estimates that are compatible with
those based on a meta-analysis of eight
large scale case-control studies of residen-
tial radon exposure and lung cancer.2

CONCLUSIONS

In light of the recent BEIR VI review of
the health effects of radon confirming ear-
lier evidence of lung cancer risks associated
with exposure, it may be opportune to
reconsider the Canadian residential expo-

sure guideline, which remains one of the
highest of any country maintaining such a
guideline. However, if such a re-examina-
tion is undertaken, attention should not be
restricted to reviewing the guideline’s
numerical value. Given our current under-
standing of public attitudes towards radon
risks, consideration should be given to
implementation of a broader risk manage-
ment strategy for residential radon risks
that could promote action to reduce risk
through more effective risk communica-
tion, particularly in areas of high exposure.
Guidelines, after all, are not ends in and of
themselves, but rather a means of promot-
ing risk reduction and enhancing popula-
tion health.
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Figure 4. Influence of being informed on the probability of reducing risk (Stage 3).

0

10

20

30

40

50

60

70

80

90

0 200 400 600 800 1000 1200 1400 1600 1800 2000

Radon Exposure (Bq/m3)

%
 in

di
ca

tin
g 

th
ey

 w
ou

ld
 a

ct

Revealed Preference Revealed Preference with KNOW Expressed Preference

RÉSUMÉ

Contexte : Cette enquête avait pour but de déterminer l’efficacité des directives d’exposition concernant le radon
dans l’air intérieur des maisons au Canada dans les décisions individuelles en matière de protection de la santé. 
Méthode : Les propriétaires de maisons situées dans une région à haute teneur de radon dans l’air des résidences
(Winnipeg, au Manitoba) ont fait l’objet d’un sondage au sujet des mesures qu’ils ont prises pour réduire les
niveaux d’exposition au radon et des montants dépensés à cet effet. Les 507 répondants ont été interrogés une
deuxième fois pour expliquer leurs réponses à des scénarios hypothétiques. La régression logistique a été utilisée
pour modéliser les décisions liées à la réduction du risque en fonction de l’exposition et d’autres variables
explicatives.
Résultats : Les propriétaires de maisons les plus susceptibles d’avoir agi étaient ceux dont les teneurs en radon
étaient supérieures à 1 100 Bq/m3, soit bien au delà de la directive canadienne de 800 Bq/m3. Cependant, après
s’être familiarizés avec cette dernière, les répondants ont indiqué qu’ils agiraient désormais lorsque les teneurs
atteindraient 700 Bq/m3.
Interprétation : Nos résultats laissent entendre que les directives d’exposition concernant le radon dans l’air
intérieur des maisons au Canada, dans leur application actuelle, ne semblent pas inciter les propriétaires de
maisons à réduire les teneurs en radon.
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