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Abstract: Lung cancer is the leading cause of cancer-related
deaths worldwide. Radon exposure is the second leading cause
of lung cancer, following tobacco smoke. Radon is not only an
independent risk factor; it also increases the risk of lung cancer
in smokers. Numerous cohort, case-control, and experimental
studies have established the carcinogenic potential of radon. The
possibility of radon having a causative effect on other cancers
has been explored but not yet proven. One of the postulated
mechanisms of carcinogenesis is DNA damage by alpha particles
mediated by the production of reactive oxygen species. The latter
are also thought to constitute one of the common mechanisms
underlying the synergistic effect of radon and tobacco smoke.
With an estimated 21,000 lung cancer deaths attributable to
radon in the United States annually, the need for radon mitiga-
tion is well acknowledged. The Environmental Protection Agency
(EPA) has established an indoor limit of 4 picocuries (pCi)/L, and
various methods are available for indoor radon reduction when
testing shows higher levels. Radon mitigation should accompany

smoking cessation measures in lung cancer prevention efforts.

Background

Lung cancer is the leading cause of cancer-related deaths worldwide.
The role of limiting tobacco exposure for lung cancer prevention is
well recognized. Nonetheless, it is important to be aware of other
risk factors implicated in its pathogenesis (Table 1). Radon exposure
is the second leading cause of lung cancer following smoking, and
it has caught the attention of policy makers and scientists across the
globe.! Even in smokers, the risk of lung cancer is greater among
those exposed to radon. Although the initial evidence supporting
the association of radon and lung cancer came from studies involv-
ing mine workers, research in recent years has focused on indoor
radon exposure and its risk to the general population.

Radon finds its place among the top 4 environmental risks to
public health in the United States.? It is believed to cause approxi-
mately 10% of lung cancer cases in the United States each year.?
Aside from increasing the risk of lung cancer in smokers, radon
is an independent risk factor in nonsmokers. Recognition of the
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Table 1. Causes of Lung Cancer®

Tobacco smokers 78% (in women) and 92%

(in men) (RR, 40)
3-15% (RR, 2-10)

Radon

Environmental tobacco smoke | 2-3% (RR, 1.7)
1-2% (RR, 1.96)
1-2% (RR, 1.3)
1-2% (RR, 1.3-2.3)
0.5-1% (RR, 1.45)

1-3% (RR, 1.3-4.0)

Asbestos

Vitamin-poor diet

Air pollution

Silicosis

Genetic

RR-=relative risk.

carcinogenic potential of radon in studies of miners led
to numerous case-control studies that evaluated the risk
of indoor radon exposure. These studies have success-
fully demonstrated that not only is the risk of radon a
very real concern, but it is a universal issue as well. This
review focuses on recent advances in the understanding
of the mechanisms of radon-induced injury, the epide-
miologic evidence implicating indoor radon exposure
in lung cancer causation, and the important preventive
measures that are available.

Radon Exposure

Radon is known to accumulate in closed spaces. An
increased level is seen in underground rock mines, espe-
cially those containing uranium. This concentration is
mainly caused by gas entering directly from the ore, but
radon can also be brought into the mine when it is dis-
solved in water. For indoor radon, diffusion from subsoil
remains the most important source. Other additional, less
significant sources include building materials and radon
dissolved in water. Within the structure of a building,
radon concentrations are highest in the basement, due to
the proximity to the subsoil. People residing near ura-
nium mines have a higher radon exposure. Indoor radon
levels vary throughout the United States, depending on
local conditions (Figure 1).°

Pathophysiology: Mechanisms of
Radon-Induced Injury

Radon-222 is a radioactive gas that forms from the decay
of naturally occurring uranium-238. Uranium-238 is
present throughout the earth’s crust; as such, the pres-
ence of radon is also universal. As a gas, radon is relatively
harmless, and only a small fraction of the inhaled gas is
absorbed. In contrast, radon decay results in solid par-

Generalized Geologic Radon Potential of the United States
by the U.S. Geological Survey

Geologic Radon Potential (Predicted Average Screening Measurement)
Il Low (<2 pCi/L)

I MODERATE/VARIABLE (2-4 pCi/L) HIGH (>4 pCi/L)

Figure 1. Radon distribution in the United States. Reprinted
with permission from the US Geological Survey.’

ticles that readily settle within the airways. These decay
products, including polonium-218 and polonium-214,
mediate injury by emitting alpha radiation. Alpha
radiation is classified as high linear energy transfer (LET)
radiation, which means that although it has a low pen-
etration distance, it transfers more energy to the target,
thus causing a greater number of ionizing events. This
process leads to more severe cell damage.® Becquerel (1
Bceg=1 disintegration per second) and Curie (1 Ci=3.7 x
10" disintegrations per second) are the 2 commonly used
measurement units of radioactivity; the former is part of
the International System of Units (SI).

Alpha particles are capable of causing severe DNA
damage by a direct hit on the DNA. Evidence also suggests
that DNA injury may be mediated by reactive oxygen spe-
cies (ROS) that are produced in the cytoplasm and sub-
sequently reach the nucleus.” The effect of radon and the
alpha particle is highly complex, and it is suspected that
the extent of damage may exceed what has been predicted
based on alpha particle physics at low doses.® The radia-
tion damage by alpha particles is seen to extend beyond
the directly irradiated cells. This finding is explained by
the bystander effect of alpha radiation, which implies that
the directly hit cell sends out signals to surrounding cells,
resulting in damage and contributing to tumor genesis.’
This effect has been observed to be more prominent at
low doses.'®!! Again, ROS are suspected to be the media-
tors of this effect.'? In 2006, Breier and colleagues tested
this model for the prediction of risk due to indoor radon
exposure, and found it to be suitable in this setting.'?

Experimental studies on animals have clearly dem-
onstrated an increased risk of lung cancer with inhalation
of radon." In addition, nonspecific effects on the lungs
have also been reported. Radon-induced cytogenetic
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damage involves various mechanisms, including base
mutations and chromosomal breaks. This has been sup-
ported by multiple animal and human cell line studies,
including one that found gene deletion to be the most
common effect at this location.® A recent study conducted
on human lymphocytes in vitro also demonstrated the
cytogenetic effect of radon."

There has been a keen interest in identifying the loci
for radon-induced carcinogenesis. Like most cancers,
the pathogenesis of lung cancer involves many pathways
and mutations. Various studies have examined the role
of mutations of the p53 and p16 tumor suppressor loci,
but no particular locus has thus far been proven to be
1619 In addition, there is evidence that
certain proteins mediate radon-induced inflammation,
fibrosis, and carcinogenesis. Of these proteins, RAGE
and S100A6 were found to be upregulated in response
to radon exposure, and have been proposed as potential

predominant.

biomarkers of radon-induced injury.?

Radon and Cancer: The Epidemiologic
Evidence

Radon is classified as a human carcinogen by various US
agencies, including the National Toxicology Program
(NTP), the International Agency for Research on Cancer
(IARC), and the Agency for Toxic Substances and Dis-
ease Registry (ATSDR).'**"2 In addition to the scientific
evidence described above, there is strong epidemiologic
evidence to support the causal association between radon
and lung cancer. The initial evidence emerged from the
observation that many underground miners died of lung
cancer. This finding led to the detailed study of vari-
ous cohorts in miners across many countries, including
Czechoslovakia, France, Australia, the United States,
Canada, Sweden, and China.?% Although most of
these were in uranium mines, the studies from the last 3
countries involved other metal mines. An increased risk
of lung cancer from radon exposure was demonstrated
among these cohorts. The relative risk (RR) was found to
be time-dependent, and decreased when more time had
elapsed since last exposure. Long-term exposure yielded
a greater risk than did short-term exposure, irrespective
of the rate of exposure.”? Data from these miner studies
led to an interest in the risks associated with indoor radon
exposure, and triggered a number of case-control studies
that evaluated residential radon exposure. These studies
enrolled people from the general population who had
been exposed to indoor radon, and compared patients
with lung cancer to lung cancer—free controls. Table 2
shows the radon exposure levels in mines and indoors,
and demonstrates the risk of lung cancer attributable to
radon in smokers compared with nonsmokers.

RADON AND LUNG CANCER

Table 2. Radon Exposure and Lung Cancer Risk®*”

Radon | Yearly | Lifetime | Relative | Smokers | Non-
Exposure | (WLM)* | (WLM) | Risk smokers
Mines 1551 1.49
(100
WLM)
Indoor* | 0.2 1020 | 1.3
(100
Bq/m’)
AR for 9-11% |28-31%
Radon
Exposure
Lifetime 6.2% 0.7%
Risk (4
pCi/L)
*Working level is defined as the level of short-lived radon progeny per liter of
air that results in the release of 1.3x10° MeV of potential alpha particle energy.
Working level month refers to the exposure to this concentration for 170 hours.
1‘/\\'6['“%6 C\ln]lllllriVC EXP()\\U'C ‘:l'()nl 11 (_()h(\l‘TS ()flll1dfl'gr()l‘nd miners.

}Based on an exposure level of 1pCi/L.

AR=attributable risk; \\"I.T\/I:\\'()r]\’ing level month.

Indoor Radon Risk: The Case-Control Studies

Pooled results from case-control studies conducted in
North America,*>*” Europe,** and China® demonstrated
increased incidence rates of lung cancer related to residential
radon exposure at levels of 2.7 picocuries per liter (pCi/L)
(100 Bg/m?). One of the early indoor radon case-control
studies corroborating the projected risk from miner data
was based on lung cancer cases diagnosed between 1980
and 1984 in Sweden.” The relative risk estimates for levels
3.8-10.8 pCi/L and those above 10.8 pCi/L were 1.3 and
1.8, respectively. Another case-control study conducted in
Towa from 1993-1997 found an excess odds ratio (OR) of
0.5-0.83 with an indoor radon exposure cut-off of 4 pCi/L
(148 Bq/m?).3* After the Biological Effects Of Ionizing
Radiation (BEIR VI) repor® in 1999, there have been 2
major meta-analyses, both published in 2006, combining 7
studies from North America and 13 studies from Europe.
The North American meta-analysis”’ showed an increase in
lung cancer risk by about 10% per 100 Bq/m? increase in
radon while the European meta-analysis® estimated this
risk to be 8.4% (16% after adjusting for uncertainties) per
100 Bq/m? rise in radon levels. The pooled results of 2 stud-
ies in China revealed similar outcomes,*® with an increased
risk of 13.3% per 100 Bq/m? of measured radon. Follow-
ing these meta-analyses, there have been recent studies
conducted in the United States, specifically in New Jersey
and Massachusetts.’*** The New Jersey study revealed an
increased risk for exposure greater than 75 Bq/m?, but the

results were not statistically significant.>*
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The major limitation of case-control studies is an
underestimation of risk. It arises from various uncertain-
ties,? and is primarily due to dosimetry errors concerning
the actual estimation of exposure. The use of recent indoor
radon exposure as a surrogate for past radon exposure is
one such problem. Krewsky and coworkers tried to obvi-
ate this concern by using long-term alpha detectors for
estimation of exposure as an inclusion criterion for study
in their meta-analysis.”/ Measurement of surface activity
of radon on glass objects present in the subjects’ homes
for the entire duration of the study period can also help
estimate average past exposure.®

Another source of uncertainty is that risk is esti-
mated based on the residential radon levels rather than
the actual bronchial radon dose, which varies among
individuals and is dependent on a number of other
factors, including time spent at and away from home,
exposure at other sites, and the variation of radon levels
in the home. There is evidence that indoor radon con-
centrations vary from day-to-day and season-to-season,
being more in winter and less in summer.*® Despite the
known limitations of case-control studies, direct obser-
vational data in the residential setting is of import as it
has obviated the need for data extrapolation from miner
studies and the errors that arise thereof.

Exposure/Response Relationship

Based on these studies, an important aspect in predicting
lung cancer risk is the relationship between radon expo-
sure and lung cancer incidence. Knowledge of this rela-
tionship is important when predicting risk at lower levels
of radon exposure, such as that which occurs indoors.
The BEIR IV report constructed various theories
for the possible exposure/response relationship, sug-
gesting it can be linear, quadratic, curved, threshold, or
hormetic. A linear, non—threshold curve (Figure 2, Curve
A) was selected, based on data encompassing properties
of alpha particle-induced carcinogenesis, extrapolation
from miner data, and evidence from case-control studies
available at the time.? Although this theory has since been
corroborated by most studies, researchers agree that the
existence of a threshold level—below which cancer risk
is negligible—cannot be ruled out entirely.® Recently,
much interest has been generated by the theory of hor-
mesis (Figure 2, Curve E), which posits that low levels of
radiation exposure are thought to have a protective effect.
In the case of radon, this theory refers to a protective effect
of low-level radon exposure against lung cancer in smok-
ers. A possible explanation is that this low-dose exposure
may eliminate the smoke-injured cells by stimulation of
apoptosis and immunity.”’ Figure 2 illustrates the possible
exposure/effect relationships discussed above.*

Radiation-related cancer risk

Dose

Figure 2. Possible extrapolations of radiation-induced cancer
risks at very low doses of radiation. Curve a, linear; curve b,
increasing slope; curve ¢, decreasing slope; curve d, threshold;
curve ¢, hormetic. Reprinted with permission from Brenner
DJ et al. Cancer risks attributable to low doses of ionizing
radiation: assessing what we really know. Proc Natl Acad Sci
USA.2003;100:13761-13766.%

Histopathology of Radon-Associated Lung
Cancer

The histopathology of lung cancer associated with radon
exposure has produced great interest among epidemi-
ologists. Unfortunately, a prototypical histologic subtype
association has not been found.? Various studies, includ-
ing both miner and indoor radon studies, have suggested
27283941 Qpe pos-

sible explanation for this association is that radon and its

a preponderance of small cell subtypes.

decay products deliver the maximum radiation dose to
the central zone of the lung.? Nevertheless, it is important
to acknowledge that all histologic subtypes have been
described in association with radon, including squamous

cell carcinoma and adenocarcinoma .44

Synergistic Effects of Radon and Smoking

More radon-related lung cancers occur in individuals who
smoke. This association has been described as submulti-
plicative.? Following exposure to 4 pCi/L (148 Bq/m?) of
radon over a lifetime, 7 out of every 1,000 nonsmokers
would develop lung cancer, compared with 62 out of
every 1,000 smokers.” Moreover, this relationship may
not be limited to active smokers alone, as a synergism
between second-hand smoke and radon exposure is also
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suspected to increase lung cancer risk.* This combined
effect may be due to the fact that the radon dose required
for injury is modified by changes in morphologic and
physiologic parameters in smokers.> In support of this
theory, a recently published study found that the effective
dose of inhaled radon progeny was amplified 2 times in
heavy, long-term smokers, a result of impaired muco-
ciliary clearance and changes in ventilation.” In addition,
particulate matter from tobacco smoke may increase the
amount of attached radon progeny, impacting the dose of
alpha energy delivered to the cells.

Another explanation for this synergism is that carcin-
ogens from tobacco smoke and radioactive alpha particles
may act together or at different stages in the carcinogenic
pathway.? Although many common mechanisms may
exist, inflammation is one such process, as both of these
carcinogens are known to cause lung inflammation.%
Another mechanism is ROS-mediated injury. Although it
is well known that tobacco smoke produces ROS, recent
evidence suggests the possibility of ROS generation by
alpha particles, as discussed above. In a related study, Bon-
ner and associates found an increased frequency in lung
cancer occurrence in a population subset that lacked both
genes for the GSTM1 subtype of the enzyme glutathione
S-transferases (GST) and were exposed to either radon or
second-hand smoke. Since GST is an important enzyme
in the body’s defense against oxidative stress, this finding
supports oxidative injury as a common mechanism for
these 2 carcinogens.” An important implication of the
synergism between smoking and radon in the occurrence
of lung cancer is that many radon-related deaths can be
prevented by quitting smoking.

Risk Beyond Lung Cancer

Most clinical studies have failed to find a causal association
between inhaled radon and diseases other than lung can-
cer; dosimetric studies have shown that the dose of radon
received by the lungs far exceeds that received by any other
organ. Some miner studies have suggested an association
with benign lung disease, especially pulmonary fibrosis.*®
Although it was suspected that radon exposure might be
linked to other malignancies (Table 3), no causal associa-
tion was demonstrated in these miner studies. The discov-
ery of higher incidences of childhood acute lymphoblastic
leukemia in areas with higher indoor radon exposure has
raised the possibility of a weak association (RR <2). Studies

with more statistical power are needed for confirmation.**°

Radon Mitigation

The EPA estimates that 21,000 lung cancer—related
deaths in the United States every year are attributable

RADON AND LUNG CANCER

Table 3. Radon and Potential Cancers®¢"¢?

Hematologic: leukemia, Hodgkin lymphoma
Gastrointestinal: Stomach, liver, pancreas
Kidney

Extrathoracic airways: larynx, trachea

Skin: basal cell carcinoma, squamous cell carcinoma

to radon.”® As a guidance tool for initiating mitigation
measures, it has set an action level for homes and schools
of 4 pCi/L (148 Bq/m?®), as averaged over a year. The
average radon exposure in occupied living areas is 48 Bq/
m?®. However, in 2005, 7 million housing units had radon
levels greater than 4 pCi/L (148 Bq/m?).’! In addition,
it has been determined that decreasing residential radon
levels to below 4 pCi/L (148 Bq/m?) would eliminate
merely one-third of the lung cancer cases attributable to
radon annually? Thus, there has been a drive to lower
the intervention level. The World Health Organization
recently decreased its recommended maximum residential
radon level to 2.7 pCi/L (100 Bq/m?).>* The most recent
President’s Cancer Panel report recommends decreasing
the current EPA action level to below 4 pCi/L.>?

Radon mitigation protocols begin with the measure-
ment of radon concentration in buildings. It is recom-
mended that all occupied spaces below the third floor
undergo radon measurement. Those areas with a radon
level exceeding the cut-off (action level) warrant reduc-
tion measures. Radon testing devices include both passive
tools that do not need electrical power to function and
active devices. Further, the testing may be done over a
short-term period within 90 days or over a long-term
period greater than 90 days. Long-term detectors are
recommended because they provide a value close to the
annual average of radon concentration, while taking into
account the day-to-day and seasonal concentration varia-
tions in indoor air. In general, radon reduction measures
encompass techniques that help prevent indoor radon
entry and remove any radon that has already entered
indoor air.”* These methods are further classified as pas-
sive or active, based on the use of a mechanical assist
device in the latter. In order to be considered effective,
a radon reduction measure should decrease levels by
more than 50%. A combination of techniques may be
effective in decreasing levels by up to 90%. Active soil
depressurization is the most commonly used technique
in the United States, and has been found to be the most
effective radon reduction measure by the EPA. Further-
more, the efficacy of any measure also depends on the
individual characteristics of the building to which it is
applied. Table 4 compares radon reduction methods in
new construction, as compiled by the EPA.»
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Table 4. Comparison of Radon Reduction Methods Compiled by the EPA%

Maximum Possible

Method Installation Cost | Operating Cost | Reduction Comments

Natural ventilation: Minimal High to very high | Up to 90% or more | Useful immediate step for radon
lowest floor level reduction

Forced ventilation: More controlled than natural
Crawl space Minimal Moderate Up t0 90% or more | ventilation

Lowest level/basement Low to moderate | Very high Up to 90% or more

Heat recovery ventilation Air intake and exhaust must be
ducted units: equal. Lower radon reduction is
Crawl space Low to moderate | Moderate Up to 90% or more | expected for houses with moder-
Lowest level/ basement Moderate to high | Low to moderate | 50-75% ate to high air exchange rates

Wall mounted units

Low to moderate

Low to moderate

No data available

Covering exposed earth Moderate to high | Low Site specific Required to make other methods
work

Sealing cracks and Minimal to high | Nominal Site specific Required to make other methods

most openings work

Drain-tile suction Moderate Low Up to 90% or more | Best when drain suction is in
a continuous unblocked loop
around the house

Sub-slab High Low Up to 90% or more | Best with good suction aggregate
or highly permeable soil under
the slab

Block wall ventilation High Low Up to 90% or more | Only for houses with hollow-block
basement walls. Noticeable cracks
and openings should be sealed

Prevention of house Low to moderate | Low Site specific and Effectiveness is time dependent

depressurization depends on season

House pressurization Moderate to high | Moderate Up t0 90% Most effective when a tight seal

is maintained

EPA=Environmental Protection Agency.

Based on their review of the existing mitigation
measures in various countries, Rahman and colleagues
recommended that radon reduction efforts begin with
passive measures to reduce radon entry from the soil. If
such methods fail, sub-slab depressurization would be
effective and economical for smaller buildings. For larger
buildings, increased ventilation in combination with heat
exchange methods would be a viable alternative.*

Various studies have analyzed cost-effective detec-
tion and prevention strategies.””*® In a review of mea-
sures in the United Kingdom, Gray and coworkers con-
cluded that, since even low to moderate concentrations
of radon can cause lung cancer, the most cost-effective
policy is to apply basic anti-radon measures in all new
dwellings, instead of the 2-step strategy of detection and
mitigation.”® The cost of radon mitigation in existing
dwellings clearly exceeds that of using radon-resistant
construction for new dwellings. The EPA’s guidelines for

radon reduction include promotion of radon awareness,
use of testing and mitigation measures in existing dwell-
ings, and construction of radon-resistant new dwellings.
Cessation of smoking is another important, cost-effec-
tive measure to reduce a fraction of radon-related deaths.
A recent analysis by Mendez and associates revealed that
quitting smoking will decrease the radon-related risk of
lung cancer by a factor of 2.9 This reduction will still
leave approximately 10,000 lung cancer deaths per year
that are solely attributable to radon, hence the impor-
tance of radon mitigation measures.

Guidance for Health Care Providers

Although there is overwhelming evidence that supports
the carcinogenic potential of radon, lack of awareness
in the general population is a major deterrent in the
effective implementation of radon mitigation measures.
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Education guidance for health care providers should

include the following:

*  Because radon is the second-leading cause of lung cancer
(after tobacco exposure), it deserves a mention in cancer
prevention strategies discussed during office visits.

*  Most radon-related lung cancer cases occur in smok-
ers; thus, discussions should begin with tobacco
cessation advice.

e Once high levels of radon are detected, corrective
measures should be implemented as soon as possible.

e Further information regarding the availability of
detectors and correction measures in the United
States can be found at the EPA website, at http://
www.epa.gov/radon/pubs/citguide.html.*

o The WHO Handbook on Indoor Radon is a product of
the WHO International Radon Project and describes
residential radon exposure from a public health perspec-
tive. It can be downloaded at http://whqlibdoc.who.
int/publications/2009/9789241547673_eng.pdf.

¢ In the absence of a clear association between radon
and other malignancies, protection standards con-
tinue to be based on lung cancer risk.

Conclusion

Radon is a naturally occurring carcinogen associated with
lung cancer. An estimated 21,000 lung cancer deaths per
year in the United States are attributable to radon. Initially,
radon was thought to be a hazard only to miners, but the
risk to the general population due to indoor radon expo-
sure is now well recognized. There is strong experimental
and epidemiologic evidence to support this risk. However,
predictive measures for risk at low levels of exposure, such
as that associated with indoor radon, are still based on a
presumed exposure/response relationship. There is some
scientific and epidemiologic evidence supporting a linear
non-threshold exposure/response relationship, but it
remains to be proven beyond doubt. Much advancement
has been made in the understanding of the mechanisms of
radon-induced injury over the years, and it will continue
to be an area of future research. US public policy for radon
control as recommended by the EPA encompasses measures
to improve radon awareness, detection, and mitigation. A
systematic approach toward radon mitigation using exist-
ing measures can be strengthened by continued research
for more cost-effective measures that would ensure a more
universal application. Furthermore, ongoing analysis of
the existing methods for efficacy, longevity, and cost will
help improve and sustain the quality of life measures in the
future. Given that lung cancer continues to be the leading
cause of cancer-related deaths globally, efforts for radon
mitigation should go hand-in-hand with implementation
of smoking cessation strategies.

RADON AND LUNG CANCER
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