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PREFACE

Radon has been classified as a known human carcinogen and has been
recognized as a significant health problem by groups such as the Centers for Disease
Control, the American Lung Association, the American Medical Association, and the
American Public Health Association. As such, risks from in-home radon exposure have
been a major concern for the EPA. In 1992, EPA published its Technical Support
Document for the 1992 Citizen’s Guide to Radon, which included a description of its
methodology for estimating lung cancer risks in the U.S. associated with exposure to
radon in homes. That methodology was primarily based on reports published by the
National Academy of Sciences (NAS). In one of those reports, known as “BEIR IV’
(NAS 1988), a model was derived for estimating the risks from inhaled radon progeny,
based on an analysis of epidemiologic results on 4 cohorts of occupationally exposed
underground miners. In 1994, the EPA sponsored another study, “BEIR VI”, to
incorporate additional information that had become available from miner cohort and
residential studies. In early 1999, the NAS published its “BEIR VI” report (NAS 1999),
which presented new risk models based on information from 11 miner cohorts. A major
conclusion of the BEIR VI report was that radon is the second leading cause of lung
cancer after smoking.

In light of findings and recommendations in BEIR VI, this report presents a
revised risk assessment by EPA’s Office of Radiation and Indoor Air (ORIA) for
exposure to radon in homes. In response to a request by ORIA, the Radiation Advisory
Committee (RAC) of the Science Advisory Board (SAB) has reviewed the methodology
used in this report for estimating cancer risks from radon. An initial advisory, finalized in
July, 1999 (SAB 1999), found the methodology to be generally acceptable but included
recommendations for some adjustments. The RAC met again in November,1999 to
consider ORIA’s response to their recommendations. The RAC report (SAB 2000)
concluded that “ORIA has produced a credible risk assessment and has responded well
to the recommendations provided by the RAC in its Advisory.” They also offered
additional comments and suggestions. Responses to those comments were provided
in a letter of October 5, 2000 from Robert Perciasepe, Assistant Administrator of the
Office of Air and Radiation.

This report was prepared by EPA staff members David J. Pawel and Jerome S.
Puskin, ORIA, Radiation Protection Division. The authors gratefully acknowledge the
invaluable assistance provided by Christopher B. Nelson, the constructive review
conducted by the RAC, and helpful review comments by Dr. Nancy Chiu and Dr. William
Brattin.

The mailing address for the authors is:
U.S. Environmental Protection Agency
Office of Radiation and Indoor Air (6608J)
Washington, DC 20460

il



ABSTRACT

Background. The U.S. Environmental Protection Agency (EPA) updates its
assessment of health risks from indoor radon, which the National Academy of Sciences
(NAS) has determined to be the second leading cause of lung cancer after cigarette
smoking. This risk assessment is based primarily on results from a recent study of
radon health effects (BEIR VI) by the NAS, with some technical adjustments and
extensions. In BEIR VI, the NAS projected 15,400 or 21,800 excess lung cancer
deaths in the U.S. each year, using two preferred risk models developed from data from
11 cohorts of miners.

Methods. EPA modified and extended the approach used in BEIR VI. First, a single
model is constructed that yields numerical results midway between what would be
obtained using the two BEIR VI preferred models. Second, noting that the BEIR VI
definition of excess risk effectively omits premature deaths caused by radon in people
who would otherwise have eventually died of lung cancer, EPA modifies the BEIR VI
calculations in to include all radon-induced lung cancer deaths. Third, EPA uses more
detailed smoking prevalence data and more recent mortality data for its calculations
than was used in BEIR VI. Fourth, whereas BEIR VI estimated the fractional increase in
lung cancers due to radon, EPA also provides numerical estimates of the risk per unit
exposure [lung cancer deaths per working level month (WLM)].

Results. Based on its analysis, EPA estimates that out of a total of 146,400 lung cancer
deaths nationally in 1995, 21,100 (14.4%) were radon related. Among NS, an
estimated 26% were radon related. Estimates of risk per unit exposure are 5.38x10™
per WLM for the U.S. population; 9.68x10*/WLM for ever smokers (ES); and 1.67x10™
per WLM for never smokers (NS). The estimated risks from lifetime exposure at the

4 pCi/L action level are: 2.3% for the entire population, 4.1% for ES, and 0.73% for NS.
A Monte Carlo uncertainty analysis that accounts for only those factors that can be
quantified without relying too heavily on expert opinion indicates that estimates for the
U.S. population and ES may be accurate to within factors of about 2 or 3.

Conclusions. The effects of radon and cigarette smoking are synergistic, so that
smokers are at higher risk from radon. Consequently, if projected reductions in U.S.
smoking rates hold up, some decrease in radon-induced lung cancers is expected,
concomitant with decreases in lung cancer, generally; nevertheless, it is anticipated that
indoor radon will remain an important public health problem, contributing to thousands
of lung cancer deaths annually.
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EXECUTIVE SUMMARY

Radon-222 is a noble gas produced by radioactive decay of radium-226, which is
widely distributed in soils and rocks. Radon-222 decays into a series of short-lived
radioisotopes. These decay products are often referred to as radon progeny or
daughters. Because it is chemically inert, most inhaled radon is rapidly exhaled, but the
inhaled decay products readily deposit in the lung, where they irradiate sensitive cells in
the airways, thereby enhancing the risk of lung cancer.

In 1999, the National Research Council of the National Academy of Sciences
published the BEIR VI report, Health Effects of Exposure to Radon (NAS 1999), which
assessed the risks to the U.S. population from radon in homes. The authors of this
study, sponsored by the EPA, had the benefit of extensive new information not available
to the authors of the Academy’s previous BEIR IV report on the risks from radon and
other alpha emitters (NAS 1988). On the basis of epidemiologic evidence from miners
and an understanding of the biologic effects of alpha radiation, the committee concluded
that residential exposure to radon is expected to be a cause of lung cancer in the
population. Based on a statistical analysis of epidemiologic data on 11 cohorts of
occupationally exposed underground miners, the committee developed two preferred
risk models from which they projected, respectively, 15,400 or 21,800 excess lung
cancer cases in the U.S. each year. An analysis of the uncertainties suggested a range
of 3,000 to 33,000 cases per year. The committee concluded that “this indicates a
public health problem and makes indoor radon the second leading cause of lung cancer
after cigarette smoking.”

Both of the preferred BEIR VI models are framed in terms of excess relative risk
(ERR), which represents the fractional increase in lung cancer risk due to a specified
exposure.” To estimate the risk at any given age from a past exposure, one multiplies
the ERR times the baseline lung cancer rate for an individual of that age (and, if
appropriate, sex or smoking category). The lifetime risk from an arbitrary exposure can
be calculated using a specified risk model in conjunction with life-table methods that
incorporate competing causes of death. In both of these BEIR VI models the ERR falls
off with time-since-exposure and with age at risk; nevertheless, because of the
increasing baseline rate of lung cancer with age, the calculated risk from a given
exposure often increases with increasing age.

An important finding in BEIR VI, based on updated and expanded miner data, is
that risk from a given exposure tends to increase when that exposure is more spread

! Exposures are measured in units of working level months (WLM), a measure of potential alpha
particle energy that will be released by short-lived radon decay products per liter of air.
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out over time. For the relatively low exposure rates or long time durations of most
concern for EPA, the risk per unit (WLM) exposure is maximal and increases linearly
with radon exposure.

Another new finding is that the estimated ERR is about twice as high for never
smokers (NS) as for ever smokers (ES). Estimates indicate that radon exposure
accounts for about 1 in 8 ES lung cancer deaths and 1 in 4 NS lung cancer deaths.
However, since ES have a much higher baseline lung cancer rate than NS, the risk of a
radon-induced lung cancer, on an absolute scale, is still much higher than for NS.

Although there is a growing body of data from epidemiological (case-control)
studies showing a correlation between lung cancer and radon exposures in homes,
these results do not conclusively demonstrate an excess risk in homes with elevated
radon and are inadequate as a basis for quantitative risk estimation. Thus, estimates of
risk for indoor exposures must still be extrapolated using models derived from the miner
data. There are a number of important differences between mine and indoor exposures
that must be considered in making this extrapolation.

First, due to physical and physiological factors, the alpha particle dose to target
cells in the lung per WLM could be higher or lower in the case of residential exposures
than for mine exposures. Since the risk is presumed to be proportional to dose, a
model derived from the miner data might need to be adjusted to account for these
differences. The BEIR VI risk estimates were based on the premise that the effects of
these differences approximately counterbalanced each other in such a way that no
adjustment was warranted. Doubts about this premise were expressed by Cavallo
(2000). Cavallo correctly noted inconsistencies in portions of BEIR VI relating to how
doses from exposures in mines and homes compare, and suggested that as a result the
BEIR VI report may have overstated risks from residential exposures. More recently,
James et al. (2003) submitted a report which carefully reexamined issues raised by
Cavallo. James et al. reaffirmed that the effects on doses of differences between
homes and mines do approximately counterbalance each other so that no adjustment
would be needed for in-home risk calculations. It follows that the inconsistencies in
BEIR VI noted by Cavallo did not lead to an overestimate of the risks from radon.

Second, other agents in the atmosphere of underground mines, such as arsenic,
silica, and diesel fumes, could modify the lung cancer risk associated with exposure to
radon progeny. BEIR VI cited evidence that the latter two types of exposures were
probably not strong modifiers of risk but that arsenic might be a source of positive bias
in the risk estimates.

Third, the exposure rates in homes are generally lower than the lowest levels for
which we have clear evidence of excess risk in mines. Consequently, assessment of
indoor radon risks requires an extrapolation to lower exposure rates. Although the
miner data and radiobiological data are both suggestive of a constant risk per unit
exposure as one extrapolates downward from the lowest miner exposures, this
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assumption has been questioned. An ecological study has indicated that lung cancer
rates are negatively correlated with average radon concentrations across U.S. counties
(Cohen 1995), suggesting that the risks from very low levels of radon have been
overestimated, or that such exposure levels might even protective against lung cancer.
Biologically based models have also been proposed that could project substantially
reduced carcinogenicity at low doses (for example, Moolgavkar and Luebeck 1990,
Elkind 1994). Numerous critics, including the BEIR VI committee, have discounted the
ecological study results because of methodological limitations, and the biologically
based models remain highly speculative. The BEIR VI committee adopted the linear
no-threshold assumption based on our current understanding of the mechanisms of
radon-induced lung cancer, but recognized that this understanding is incomplete and
that therefore the evidence for this assumption is not conclusive.

In this document EPA updates its assessment of the health risks from indoor
radon, based primarily on the BEIR VI report, with some technical adjustments and
extensions. First, EPA constructs a single model that yields numerical results midway
between what would be obtained using the two BEIR VI preferred models. Second,
noting that the BEIR VI definition of excess risk effectively omits premature deaths
caused by radon in people who would otherwise have eventually died of lung cancer,
EPA modifies the BEIR VI calculations so as to include all radon-induced lung cancer
deaths. Third, whereas the BEIR VI committee assumed that a fixed percentage of
adult males or females were ES, EPA uses age-specific smoking prevalence data.
Fourth, whereas BEIR VI estimated the fractional increase in lung cancers due to radon,
EPA also provides numerical estimates of the risk per unit exposure [lung cancer deaths
per working level month (WLM)] and the number of years of life lost per cancer death.

Based on its analysis, EPA estimates that out of a total of 146,400 lung cancer
deaths nationally in 1995, 21,100 (14.4%) were radon related. Although it is not
feasible to totally eliminate radon from the air, it is estimated that about one-third of the
radon-related lung cancers could be averted by reducing radon concentrations in homes
that exceed EPA’s recommended 4 picocurie per liter (pCi/L) action level (NAS 1999).

It is estimated that 86% of the radon-related lung cancer deaths were in ES,
compared to 93% for all lung cancer deaths. The projected average years of life lost
are higher for the radon-related cases (17 y) than for lung cancer deaths generally
(12 y). Estimates of risk per unit exposure are as follows: 5.38x10™*/WLM (all);
9.68x10*/WLM (ES); and 1.67x10*/WLM (NS). Based on an assumed average
equilibrium fraction of 40% between radon and its decay products and an indoor
occupancy of 70%, the estimated risks from lifetime exposure at the 4 pCi/L action level
are: 2.3% (all), 4.1% (ES), and 0.73% (NS). Although estimated absolute risks are
much higher for ES than NS, estimated relative risks are higher for NS. It is estimated
that among NS about one-quarter (26%) of lung cancers are due to radon compared to
about one-eighth (12%) among ES. It was more difficult to estimate risks for current
smokers. Because of limitations of the data from the miner cohorts, the BEIR VI models
did not specify excess relative risks for current smokers. Estimates of risk for current
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smokers (calculated by presuming that they start smoking at age 18 y and do not quit)
are 1.5x107 per WLM, or over 6% for a lifetime exposure at 4 pCi/L.

EPA also reexamines the issue of uncertainty in the risk estimates. Emphasizing
the uncertainty in extrapolating risk estimates from observations on miners exposed to
higher levels of radon than are ordinarily found in homes, BEIR VI derived its preferred
uncertainty bounds (95% confidence limits 3,300 to 32,600) using a constant relative
risk model obtained by a statistical fit to a restricted set of data on miners exposed to
less than 50 WLM — levels that are comparable to lifetime residential exposures. The
sampling errors are large with this limited data base; as a consequence the resulting
confidence range may be overly broad. EPA adopts an alternative approach, deriving
its estimates of uncertainty using the BEIR VI preferred models, with some explicit
consideration of model uncertainties. However, like BEIR VI, EPA was unable to
quantify all the relevant sources of uncertainty. These uncertainties are discussed
qualitatively (or semi-quantitatively) and, for perspective, results of sensitivity analyses
for some of these variables are included. From a Monte Carlo analysis of those
uncertainties that could be quantified, EPA estimates a 90% subjective confidence
interval of 2 to 12 x10™ lung cancer deaths per WLM, for the general population. The
corresponding 90% interval for radon-induced lung cancer cases in 1995 is 8,000 to
45,000. Since the interval would be wider if additional sources of uncertainty had been
accounted for in the analysis, it is plausible that the number of radon-induced deaths is
smaller than 8,000 (but unlikely that it would be as small as 3,300). However, given the
predominant role smoking is known to play in the causation of lung cancer, it is unlikely
that radon accounts for as many as 45,000 deaths or 12 x10™* lung cancer deaths per
WLM. Risk estimates for exposures to specific subgroups, especially children, NS and
former smokers, have a higher degree of uncertainty than estimates for the general
population.

The effects of radon and cigarette smoking are synergistic, so that smokers are
at higher risk from radon. Consequently, if projected reductions in U.S. smoking rates
hold up, some decrease in radon-induced lung cancers is expected, concomitant with
decreases in lung cancer, generally; nevertheless, it is anticipated that indoor radon will
remain an important public health problem, contributing to thousands of lung cancer
deaths annually.



l. Introduction

In 1992, EPA published its Technical Support Document for the 1992 Citizen’s
Guide to Radon, which included a description of its methodology for estimating lung
cancer risks in the U.S. associated with exposure to radon in homes. That methodology
was primarily based on two reports published by the National Academy of Sciences
(NAS), referred to here as “BEIR IV” (NAS 1988) and the “Comparative Dosimetry
Report” (NAS 1991). In BEIR IV, a model was derived for estimating the risks from
inhaled radon progeny, based on an analysis of epidemiologic results on 4 cohorts of
occupationally exposed underground miners. In the Comparative Dosimetry Report,
estimates of radiation dose to potential target cells in the lung were calculated under
mine and residential conditions, respectively. Results were expressed in terms of a
ratio, K, representing the quotient of the dose of alpha energy per unit exposure to an
individual in a home compared to that for a miner in a mine. It was concluded that the
dose per unit exposure was typically about 30% lower in homes than in mines (K=0.7),
implying a 30% reduction in the risk coefficient applicable to home environments from
what would be estimated from miner data.

Subsequently, EPA sponsored another NAS study (BEIR VI), which provided
new risk models and estimates of the K-factor, based on much more complete
information (NAS 1999). Data on 11 miner cohorts were now available, including further
follow-up of the 4 cohorts upon which the BEIR IV model was based. In addition, some
new information had become available regarding exposure conditions in mines and
homes that led to a revised estimate of K. In response to questions raised about issues
relating to the K-factor in BEIR VI (Cavallo 2000), the EPA sponsored a study in which it
was concluded that, under the exposure assumptions employed in BEIR VI, the value
used for the K- factor was appropriate (James et al. 2003).

EPA is now revising its assessment of risks from indoor radon in light of the
findings and recommendations in BEIR VI. The revised methodology includes some
extensions and modifications from the approach in BEIR VI. These extensions and
modifications were made after an advisory review from the Agency’s Radiation Advisory
Committee (RAC). Taken together, these adjustments have only a minor impact on the
estimated number of radon induced lung cancers occurring each year.

This document will serve as a technical basis for EPA’s estimates of risk from
radon in homes. It provides estimates of the risk per unit exposure and projects the
number of fatal lung cancers occurring in the U.S. population each year due to radon. It
also provides separate estimates for males and females, and for ever- and never-
smokers. Finally, it discusses the uncertainties in these estimates. It is anticipated that
the methodology and results presented here will be used in developing guidance for the
members of the public in addressing elevated radon levels in their homes. These
results may also be used for regulatory purposes: e.g., to set cleanup levels for radium
in soil or to set maximum concentration levels for radon in drinking water.



Il. Scientific Background

Radon-222 is a noble gas produced by the radioactive decay of radium-226,
which is widely distributed in uranium-containing soils and rocks. The radon readily
escapes from the soil or rock where it is generated and enters surrounding water or air.
The most important pathway for human exposure is through the permeation of
underlying soil gas into buildings, although indoor radon can also come from water,
outside air, or building materials containing radium. Radon-222 decays with a half-life
of 3.82 days into a series of short-lived radioisotopes collectively referred to as radon
daughters or progeny. Since it is chemically inert, most inhaled radon-222 is rapidly
exhaled, whereas inhaled progeny readily deposit in the airways of the lung. Two of
these daughters, polonium-218 and polonium-214, emit alpha-particles. When this
happens in the lung, the radiation can damage the cells lining the airways, leading
ultimately to cancer. (Nuclear decay of radon decay products also releases energy in
the form of beta particles and high energy photons, but the biological damage resulting
from these emissions is believed to be small compared to that from alpha particles.)

Two other radon isotopes — radon-219 (actinon), and radon-220 (thoron) — occur
in nature and produce radioactive radon daughters. Because of its very short half-life
(3.9 s), environmental concentrations of actinon and its daughters are extremely low, so
their contribution to human exposure is negligible. The half-life of thoron is also
relatively short (56 s), and a lower fraction of released alpha-particle energy is absorbed
within target cells in the bronchial epithelium than in the case of radon-222. As a result,
thoron is thought to pose less of a problem than radon-222, but we have rather limited
information on human exposure to thoron, and no direct information on its
carcinogenicity in humans . For the remainder of this document, we shall focus only on
radon-222 and its daughters. Following common usage, the term radon will in some
cases refer simply to radon-222, but sometimes to radon-222 plus its progeny. For
example, one often talks about “radon risk” when most of that risk is actually conferred
by inhaled decay products.

Radon concentrations in air are commonly expressed in picocuries per liter
(pCi/L) in the U.S., but in western Europe, they are given in Sl units of bequerels per
cubic meter (Bq/m®), where a Bq is 1 nuclear disintegration per second. By definition, 1
picocurie is equal to 0.037 Bq; hence, 1 pCi/L corresponds to 37 Bg/m®.

Radon progeny concentrations are commonly expressed in working levels (WL).
One WL is defined as any combination of short-lived radon daughters in 1 liter of air that
results in the ultimate release of 1.3x10° million electron volts of alpha energy. If a
closed volume is constantly supplied with radon, the concentration of short-lived
daughters will increase until an equilibrium is reached where the rate of decay of each
daughter will equal that of the radon itself. Under these conditions each pCi/L of radon
will give rise to (almost precisely) 0.01 WL. Ordinarily these conditions do not hold: in
homes, the equilibrium fraction is typically 40%; i.e., there will be 0.004 WL of progeny
for each pCi/L of radon in air (NAS 1999).



Cumulative radon daughter exposures are measured in working level months
(WLM), a unit devised originally for occupational applications. Exposure is proportional
to concentration (WL) and time, with exposure to 1 WL for 170 h being defined as
1 WLM. To convert from residential exposures expressed in pCi/L, the BEIR VI
committee assumed that the fraction of time spent indoors is 70%. It follows that an
indoor radon concentration of 1 pCi/L would on average result in an exposure of
0.144 WLM/y = (1 pCi/L) [(0.7)(0.004) WL/(pCi/L)] (51.6 WLM/WL-y).

There is overwhelming evidence that exposure to radon and its decay products
can lead to lung cancer. Since the 1500s, it has been recognized that underground
miners in the Erz mountains of eastern Europe are susceptible to high mortality from
respiratory disease. In the late 1800s and early 1900s, it was shown that these deaths
were due to lung cancer. The finding of high levels of radon in these mines led to the
hypothesis that it was responsible for inducing cancer. This conclusion has been
confirmed by numerous studies of radon-exposed underground miners and laboratory
animals.

The most important information concerning the health risks from radon comes
from epidemiological studies of underground miners. In these “cohort” studies, lung
cancer mortality is monitored over time in a group of miners and correlated with the
miners’ estimated past radon exposure. The BEIR VI committee analyzed results from
11 separate miner cohorts, each of which shows a statistically significant elevation in
lung cancer mortality with increasing radon exposure. Summary information on the
epidemiologic follow-up of the 11 cohorts is provided in Table 1.

Table 2 summarizes information on the miners’ exposure and the excess relative
risk (ERR) per unit exposure in each cohort. The ERR represents the multiplicative
increment to the excess lung cancer mortality beyond background resulting from the
exposure. From Table 2 it is clear that there is heterogeneity in the estimates of the
ERR per unit exposure derived from the various studies. Some of this heterogeneity is
attributable to random error, and some to exposure rate or age and temporal
parameters discussed below. There is, however, unexplained residual heterogeneity,
possibly due to systematic errors in exposure ascertainment, unaccounted for
differences in the study populations (genetic, lifestyle, etc.), or confounding mine
exposures.



Table 1: Miner cohorts, number exposed, person-years of epidemiologic
follow-up,and lung cancer deaths (NAS 1999).

Type Number Number Number

of of of person- of lung

Study Mine Workers years cancers
China Tin 13,649 134,842 936
Czechoslovakia Uranium 4,320 102,650 701
Colorado Plateau?® Uranium 3,347 79,536 334
Ontario Uranium 21,346 300,608 285
Newfoundland Fluorspar 1,751 33,795 112
Sweden Iron 1,294 32,452 79
New Mexico Uranium 3,457 46,800 68
Beaverlodge (Canada) Uranium 6,895 67,080 56
Port Radium (Canada) Uranium 1,420 31,454 39
Radium Hill (Australia) Uranium 1,457 24,138 31
France Uranium 1,769 39,172 45
Total 60,606 888,906 2,674

@ Exposure limited to <3,200 WLM.
® Totals adjusted for miners and lung cancers included under both Colorado and New Mexico
studies.



Table 2: Miner cohorts, radon exposure, and estimates of excess relative risk
per WLM exposure with 95% CI (NAS 1999).

Mean

Mean duration Mean ERR/WLM
Study wLMm? (y) WL %
China 286.0 12.9 1.7 0.16 (0.1-0.2)
Czechoslovakia 196.8 6.7 2.8 0.34 (0.2-0.6)
Colorado Plateau 578.6 3.9 11.7 0.42 (0.3-0.7)
Ontario 31.0 3.0 0.9 0.89 (0.5-1.5)
Newfoundland 388.4 4.8 4.9 0.76 (0.4-1.3)
Sweden 80.6 18.2 0.4 0.95 (0.1-4.1)
New Mexico 110.9 5.6 1.6 1.72 (0.6-6.7)
Beaverlodge 21.2 1.7 1.3 2.21 (0.9-5.6)
Port Radium 243.0 1.2 14.9 0.19 (0.1-1.6)
Radium Hill 7.6 1.1 0.7 5.06 (1.0-12.2)
France 59.4 7.2 0.8 0.36 (0.0-1.2)
Total 164.4 5.7 2.9

@ Weighted by person-years; includes 5-year lag period.

lll. Previous Methodology for Calculating Risks

EPA’s previous methodology for calculating the risks from indoor radon
exposures was described in the Technical Support Document for the 1992 Citizen’s
Guide to Radon (EPA 1992). That methodology made use of the risk model derived in
the 1988 National Academy of Sciences’ BEIR IV Report, based on a statistical analysis
of results from four epidemiologic studies of radon-exposed underground miners (NAS
1990). The preferred model in the BEIR IV Report expresses the excess relative risk
(ERR) of lung cancer death at age a, as a function of past exposure:

. ERR(a) = 0.025 pa) (W, + % W,) (1)

where y(a) is an age-specific adjustment to the relative risk coefficient, as follows:



Ha)=1.2whena<55y
=1.0whenb5y<a<65y
=04 whena =65y

W, is the cumulative exposure received 5-15 y before age a, and W, is the cumulative
exposure up to age a-15. Thus, the model incorporates a fall-off in the ERR with age at
expression and, independently, with time-since-exposure.

In extrapolating risk estimates from mine to home exposures, EPA, NAS and
others have assumed that the risk is proportional to the dose to target cells lining the
airways of the lung. Thus, in order to estimate risk from home exposures, the right-
hand side of Equation 1 is multiplied by a factor K, which is equal to the ratio of the dose
per WLM exposure in homes relative to mines. Numerous parameters affect estimates
of the dose per WLM and, therefore, K. These include breathing rates, location of target
cells in the lung, mucus thickness and mucocilliary clearance rates, the size distribution
of aerosol particles to which radon decay products are attached, the relative
concentrations of radon decay products, and the proportion of decay products existing
as an unattached (ultrafine) fraction. The BEIR IV committee concluded that K was
reasonably close to 1 and recommended that Equation 1 be applied for the case of
residential exposures. A subsequent NAS committee examined this issue in greater
depth and determined that a best estimate for K was about 0.7 (NAS 1991).
Accordingly, EPA adopted the following risk model for residential exposures (EPA
1992):

ERR(a) = 0.0175 pa) (W, + % W,) (2)

The risk of a radon-induced lung cancer death at age a was then calculated as
the product of ERR(a) times the baseline lung cancer mortality rate at age a. With the
aid of life-table techniques (EPA 1992), the average risk to a member of the 1989-91
life-table population was found to be approximately 2.24x10* per WLM. Using this
value in conjunction with an estimated annual average exposure in the U.S. of 0.242
WLM/y, the number of radon-induced lung cancer deaths each year in a population of
250 million was estimated to be 13,600. In that report, EPA employed a correction that
subtracted off the estimated radon-induced lung cancer deaths occurring at each age
from the reported lung cancer mortality. This “baseline correction” had the effect of
reducing the population risk estimate by about 10%.

Consistent with the limited evidence available at the time of the BEIR IV Report’s
publication, the model assumed a multiplicative interaction between smoking and radon
exposure; consequently, the ERR was independent of smoking status. Also, while there
was some indication of an increased risk at low exposure rates and longer exposure
durations in the Colorado Plateau miners, these effects were not consistent across the
four cohorts analyzed. As a result, the BEIR IV committee assumed that the risk was
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not explicitly dependent on exposure rate or duration.

Soon after publication of BEIR 1V, the International Council for Radiological
Protection (ICRP) published ICRP Report 65 (ICRP 1993), which relied on essentially
the same data as in BEIR IV. ICRP’s risk projection model was also a relative risk
model that depended both on time-since-exposure and age at exposure, but not
exposure rate or duration.

IV. BEIR VI Risk Models
A. Statistical Fits to the Miner Data

In 1998, the NAS published a new report, BEIR VI, that updated the findings on
radon risk presented in BEIR IV. Two preferred models were developed by the BEIR VI
committee based on a combined statistical analysis of results from the latest
epidemiologic follow-up of 11 cohorts of underground miners, which, in all, included
about 2,700 lung cancers among 68,000 miners, representing nearly 1.2 million person-
years of observations. Both preferred BEIR VI models, like the preferred model in BEIR
IV, incorporate a 5-y minimum latency period and a fall-off in the ERR with age at
expression and time-since-exposure, but the BEIR VI models provide a more detailed
break-down of the risk for ages over 65 y and times since exposure greater than 15 y.

Unlike what was found with the more limited BEIR IV and ICRP analyses, the
BEIR VI committee was able to conclude that the ERR per WLM increased with
decreasing exposure rate or with increasing exposure duration (holding cumulative
exposure constant). To account for this “inverse dose rate” effect, the committee
introduced a parameter dependent on the radon-daughter working level (WL)
concentration or, alternatively, the duration of exposure. Respectively, this gave rise to
the two alternative preferred models — the “exposure-age-concentration model” and the
“‘exposure-age-duration model.” For brevity, these will generally be referred to here as
the “concentration” and “duration” models.

Mathematically, the ERR in the two models can be represented as:

- 3
ERR = 18 (WS—M + 915—24 WT5—24 + HE’S* W25+) (ﬁage 11“'{Z ( )

where: f is the exposure-response parameter (risk coefficient); the exposure windows,
Ws_14 W50, @and w,g,, define the exposures incurred 5-14 y, 15-24 y and 225 y before

the current age; and 6 ,;,, and 0,5, represent the relative contributions to risk from
exposures 15-24 y and 225 y before the attained age. The parameters @,

define effect-modification factors representing, respectively, multiple categories of
attained age (@, ) and of either exposure rate or exposure duration (y*). The values
for these parameters are summarized in Table 3.

and y,
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Table 3: Parameter estimates for BEIR VI models (NAS 1999).

Duration Model Concentration Model
B %100 0.55 B %100 7.68
Time-since-exposure
0 15.24 0.72 0.5 24 0.78
055 0.44 05, 0.51
Attained age
D o5 1.00 D 55 1.00
Dss.64 0.52 D564 0.57
D574 0.28 Dgs.74 0.29
D754 0.13 D, 0.09
Duration of exposure Exposure rate (WL)
Y<s 1.00 V<05 1.00
V514 2.78 Yo.5.1 0.49
Y 15-24 4.42 Y13 0.37
Y 25-34 6.62 Y35 0.32
Y 35+ 10.2 Y515 0.17
Y 15+ 0.11

B. Extrapolation from Mines to Homes

The analysis of the miner studies provides models for estimating the risk per unit
exposure, as a function of age-at-expression, time-since-exposure, and exposure rate
or duration. However, exposure conditions in homes differ from those in mines, with
respect to both the physical properties of the inhaled radon decay products and the
breathing patterns in the two environments. Using the terminology employed in the
NAS “BEIR IV” and “Comparative Dosimetry” reports (NAS 1988, 1991), the risk per unit
exposure in homes, (Risk), /(WLM),, can be related to that in mines,

(Risk),, /(WLM),,, by a dimensionless factor, K,
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(Risk), /(WLM),

K=
(Risk). /(WLM)._

In extrapolating from mine to residential conditions, it is assumed that the risk is
proportional to the alpha particle dose delivered to sensitive target cells in the bronchial
epithelium. Then, K can be written as the ratio of the estimated doses per unit exposure
in the two environments:

(Dose),, /(WLM),
K=

(Dose),, /(WLM),,

Previously, the NAS estimated that the dose from residential exposures was
typically 30% lower than from an equal WLM exposure in mines (NAS 1991); hence,
EPA applied a K-factor of 0.7 in calculating the risk in homes based on the models
derived from miner studies (EPA 1992).

In BEIR VI the NAS derived a revised estimate of K equal to 1. The most
important changes in assumptions from the previous report was a reduction in the
breathing rate for miners and an increase in the size of particles associated with mine
exposures. However, in BEIR VI, the K-factor was defined in terms of radon gas rather
than radon daughter exposure (NAS 1999, Appendix B). This value appeared to have
been misapplied in projecting risk from radon exposure in homes (Cavallo 2000). Under
the sponsorship of EPA, James has reexamined the issue and concluded that, under
the exposure assumptions employed in BEIR VI, a “best estimate” of K — as properly
defined by the equation above — is in fact approximately 1 (James et al. 2003). Hence,
the risk projections made for residential exposures in BEIR VI do not require
modification (James et al. 2003, Krewski et al. 2002). Nominal estimates of risk for
residential exposures in this report are therefore also calculated using a value of K
equal to 1.

C. Smoking

The BEIR VI committee had smoking information on five of the miner cohorts,
from which it concluded that there was a submultiplicative interaction between radon
and smoking in causing lung cancer. That is, the ERR per WLM was higher for never
smokers? (NS) than for ever smokers (ES), although the absolute risk per WLM was still
much higher in the latter, given their much higher rate of lung cancer. The data on
never-smoking miners are rather limited, and there is considerable uncertainty in the

*Never smokers are defined as those persons who had not yet smoked 100
cigarettes; ever smokers include all those who had smoked 100 cigarettes or more.
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magnitude of the risk among this group. As a best estimate, the BEIR VI committee
determined that the NS should be assigned a relative risk coefficient (8) twice that for
the general population, in each of the two models defined above. For consistency, the
value of 8 for ES in the respective models was adjusted downward by a factor of 0.9
from that for the general population.

D. Calculation of Attributable Risk and Lung Cancer Deaths

The two NAS preferred models described above can be used to estimate lung
cancer risks in any population for which radon exposure rates and vital statistics can be
specified. As will be seen