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Executive Summary

Radon is a naturally occurring element that, through the progeny released by its radioactive decay, poses risks of lung cancer in humans. The predominant health risk is posed via inhalation from soil gas entering homes. Radon can also enter homes via tap water, where it transfers readily into indoor air and contributes to inhalation risks (and the small fraction that remains in the water may pose low-level risks via ingestion). It is much more cost-effective to provide public health protection by addressing in-home soil gas radon rather than reducing drinking water radon.

In 1999, the U.S. Environmental Protection Agency (EPA) proposed a Maximum Contaminant Level (MCL) for radon in drinking water of 300 pCi/L. Risk assessment and benefit-cost findings developed in this white paper reflect variability and uncertainty and indicate that the radon MCL should be less stringent than proposed — especially in small systems.

Small Systems Bear a Disproportionate Impact

Nearly 95% of the community water systems above the proposed radon MCL of 300 pCi/L serve fewer than 3,300 people (U.S. EPA, 1999b). EPA indicates that households served by these small systems bear over 65% of the national rulemaking’s cost, but receive only 22% of the benefits. Since costs are likely to outweigh benefits, even at the national aggregate level, the risk-cost tradeoffs in small systems are not likely to support a radon MCL as stringent as the level proposed. 

Taking Further Account of Variability Yields Lower Control Tendency Risk Estimates 

For this analysis, a probability distribution was developed for radon risks — using the same basic approaches and data as the National Research Council (NRC, 1999) and U.S. EPA (1999b) — but adding intersubject variability (Crawford-Brown, 2003). This approach yields an estimated median (50th percentile) risk of 6.0 × 10-5 at a lifetime exposure to 300 pCi/L (this is 30% of the risk level of 2.0 × 10-4 used by EPA in 1999). Adding residential mobility to the Crawford-Brown analysis, an estimated lifetime risk of 4.3 × 10-6 is derived for the median person at an MCL of 300 pCi/L (Raucher and Harrod, 2003).

Evidence of Nonlinear Dose-Response Implies Risk May be Overstated 

New evidence raises uncertainty about the linearity of the dose-response model that U.S. EPA (1999b), NRC (1999), and others have used to extrapolate risks from high-level miner exposures to the much lower concentrations associated with in-home radon. Recent laboratory studies indicate that a nonlinear relationship may be more applicable (Monchaux, 2002). The new data suggest the linear extrapolation model may overstate risk by as much as a factor of 100 (Crawford-Brown, 2003).

Accounting for Tobacco Synergies Alters the Risk-Cost Tradeoff Considerably

Synergy exists between tobacco smoking and risks posed by radon exposure. NRC (1999) estimated radon risks to nonsmokers at an order of magnitude lower than risks borne by smokers. U.S. EPA’s (1999b) estimates reflect a weighted mix of these risk factors, but the Agency’s approach attributes to radon a considerable portion of risk that is more suitably assigned to tobacco. For example, the estimated median risk amongst nonsmokers is 2.5 × 10-5 at a lifetime exposure to radon in drinking water of 300 pCi/L. This is 60% lower than the mix of smoker and nonsmoker risk factors EPA applies to the general population.

Monetized Values Assigned to Risk Reductions Should be Adjusted

Subsequent to proposal, EPA revised its benefits estimates to reflect latencies inherent in radon lung cancer risks. The revised EPA benefits are not publicly available at this time, but have been reported to be approximately one-half the level shown at proposal. Analysis performed here indicates that the monetized value of benefits declines by 64% when applying a 7% discount rate and a latency/cessation lag period of 15 years. Longer latencies — as might well apply to radon-associated risks — would lead to larger reductions in the monetized benefits estimates. 

Other relevant factors suggest a further lowering of the value assigned to radon risk reductions may be appropriate. For example, lung cancer cases manifest predominantly in people relatively late in life — thus it may be suitable to make age-based adjustments to the Value of a Statistical Life (VSL) estimates. Also, the Life Years Saved (LYS) per case avoided for the radon MCL are relatively low — 13.7 years per case, which is less than 40% of the LYS that applies to persons of median age.

Incremental Net Benefits Perspective Suggests Less Stringent MCLs 

MCL selection should be based on the incremental net benefits, estimated according to system size. EPA’s national results (as revised post proposal) indicate that incremental net benefits are negative for all MCL options (but are close to zero at 2,000 pCi/L). The risk-cost tradeoffs in small systems will be even less favorable than indicated by the national level findings that are aggregated across all system sizes.
Several factors suggest that an MCL less stringent than 2,000 pCi/L might be suitable. This may be evident when adjusting benefits downward (e.g., to reflect tobacco synergies, the potential nonlinearity in the dose-response function, residential mobility, or low LYS) or adjusting costs upward compared to EPA’s projections [as suggested by many stakeholders and the U.S. General Accounting Office (U.S. GAO, 2002)]. 

The Multimedia Mitigation Program (MMM) option is intended to provide a more cost-effective approach to managing indoor radon risks. Unfortunately, the MMM option appears to have many drawbacks and may not be widely adopted by states (especially given current budget conditions). Absent a viable MMM option, it becomes imperative that the MCL be established at a level that makes sense from a realistic, incremental net benefits perspective for small systems.

Introduction

Risk assessment and benefit-cost analysis are inherently challenging exercises, especially for drinking water standards that are intended to protect public health. As widely noted (e.g., U.S. GAO, 2000; Raucher, 2002), many variabilities and uncertainties enter into estimates of how much risk is posed by a contaminant in drinking water. In many instances, conservative (e.g., upper bound) measures or precautionary assumptions are used to ensure that risk estimates are not understated. However, when risk estimates based on precautionary assumptions are applied for the purposes of regulatory analysis and decision-making, the result can be a much overstated level of risk and an associated exaggeration of risk reduction benefits. 

Risk management decisions such as how stringently to set a Maximum Contaminant Level (MCL) need to be informed by risk estimates and benefit-cost analyses that reflect central tendency or best estimates. This white paper examines the proposed MCL for radon in the context of how variabilities and uncertainties are addressed in the quantified risk analyses and the benefit-cost assessments into which they are placed. Also included are other risk management, equity, and economic considerations that enter into the problem of selecting an MCL for radon. 

Recognizing that it is much more cost-effective to provide public health protection by addressing in-home soil gas radon rather than drinking water radon, Congress provided radon-specific provisions in the Safe Drinking Water Act Amendments of 1996 (SDWAA). The statute calls for concurrently setting an MCL and an Alternative MCL (AMCL), where the AMCL is a less stringent compliance standard than the MCL and would be available to water systems that meet other radon risk-reducing obligations. In 1999, the U.S. Environmental Protection Agency (EPA) proposed an MCL for radon in drinking water of 300 pCi/L and concurrently issued an AMCL of 4,000 pCi/L (U.S. EPA, 1999a). 

In accordance with the SDWAA, the AMCL would be applicable to those community water systems (CWS) that develop (or are located in states with) EPA-approved Multimedia Mitigation (MMM) Programs. The AMCL of 4,000 pCi/L would apply to drinking water in return for a systematic MMM program to identify and implement risk reduction efforts focused more efficiently on soil gas radon. However, there is considerable concern that the MMM program approach will not be pursued by many states. This means that the AMCL may not be a viable alternative, thus leaving the MCL as the primary (or only) compliance option for most systems. 

If budgetary and other problems limit the viability of the AMCL, then it becomes especially imperative to determine whether the proposed MCL of 300 pCi/L makes sense as a cost-effective mechanism for protecting public health. This paper examines the risk and benefit-cost aspects of the analyses developed for the proposed radon MCL, and in specific examines how using variability distributions and other empirical insights implies that the MCL should be considerably less stringent than proposed. 

Background on Radon, Regulation, and Risk

Radon is a naturally occurring radioactive compound, originating from underground rock formations that contain uranium. Inhalation exposure to elevated levels of radon gas — and the daughter products of its radioactive decay — poses a relatively high risk of lung cancer (NRC, 1999). Current guidelines for indoor air concentrations of radon recommend levels no higher than 4 pCi/L of air, the national average ambient (outdoor) radon concentration in air. 

The predominant source of indoor air radon is soil gas, and homeowners can measure indoor air concentrations easily and cheaply. Likewise, remediation techniques for reducing indoor radon originating from soil gas are readily available and relatively inexpensive. However, no statutory provisions allow regulatory agencies to mandate or enforce ambient levels of indoor air radon in homes. Many public health officials have expressed chagrin over the apparent public apathy about taking actions to address environmentally imposed radon risks in their own homes, since the risks often are high relative to other environmental hazards and can be reduced inexpensively. 

Lacking statutory authority for mandatory controls, numerous government entities have promoted voluntary efforts by homeowners to monitor for radon and take appropriate remedial actions if elevated levels are detected. Most states have established indoor air radiation programs to help promote radon testing and mitigation efforts, and at the federal level EPA has provided useful guidance materials and technical support. State programs typically involve public outreach and education efforts, information dissemination, training and certification of radon mitigation contractors, and so forth. These state programs are cofunded by federally sponsored State Indoor Radiation Grant (SIRG) monies that match state funds up to a ceiling.

Drinking Water and Indoor Radon

Indoor concentrations of radon can also originate from tap water when it is drawn from radon-laden groundwater sources. When radon enters buildings through the water supply, it readily volatilizes into the surrounding air, and poses the same level of lung cancer risk per unit of exposure as does radon that originates from soil gas. However, the drinking water contribution to indoor air concentrations typically is quite small relative to soil gas: each 10,000 pCi/L in water contributes only an estimated 1 pCi/L to the indoor air concentration. 

Radon concentrations in CWS tend to be considerably below 1,000 pCi/L (with some noteworthy exceptions). Therefore, in most settings the drinking water contribution to the total risk posed by indoor radon is extremely small (e.g., even at 4,000 pCi/L in water, the drinking water contribution to indoor air would be 0.4 pCi/L, or 10% of the current guideline). In addition, removal of radon from drinking water supplies can be quite expensive (see, e.g., Raucher and Drago, 1992; Raucher et al., 1995; U.S. GAO, 2002 ). Therefore it is cost-ineffective to reduce the public health risk posed by radon by addressing the drinking water pathway.

Safe Drinking Water Act Provisions, 1986 and 1996

Although public health goals can be more cost-effectively addressed by soil gas remediation, the federal SDWA as amended in 1986 required EPA to establish enforceable standards for radon in drinking water. In 1991, the Agency proposed an MCL for radon of 300 pCi/L. The proposed rule created an outcry from the community of drinking water suppliers (and other entities) because of the considerable expense it would impose, especially on the households served by the many small CWS that tend to rely on groundwater sources. It was not just the costs of the proposed rule that caused this outcry, but also the fact that the same monies could achieve much greater public health protection if directed instead to the soil gas portion of indoor radon exposures. The controversy over the proposed radon MCL in 1991 reached Congress, which responded by passing legislation that precluded EPA from finalizing the proposed rule. 

When Congress reauthorized the statute in the SDWA Amendments of 1996, it created special radon rulemaking provisions to promote a more cost-effective approach to public health protection. Specifically, the SDWAA include provisions for a multimedia mitigation approach in which utilities in states with EPA-approved MMM programs (or utilities with approved MMM programs of their own) can comply with an AMCL instead of the MCL. In return for complying with an AMCL that is considerably less stringent than the MCL, the MMM programs would aim to provide equivalent or greater radon-related risk reductions through soil gas-oriented mitigation programs.

MMM Program Provisions and Issues

EPA proposed its new radon rule, with an MCL of 300 pCi/L and an AMCL of 4,000 pCi/L, on November 2, 1999 (U.S. EPA, 1999a). The proposed rule (40 CFR Parts 141 and 142) also provides some detail on how EPA envisions MMM programs should be designed and implemented. The proposal establishes the process by which these MMM programs will be reviewed for approval, and describes four required program elements. 

The Agency has stated that it hopes that states will adopt the MMM program provisions, recognizing that public health protection can best be served through more widespread soil gas remediation rather than through mandated drinking water system treatment. Toward that end, EPA has attempted in its proposal to make the program as straightforward and simple as possible so that states will not be discouraged from pursuing this avenue. Nonetheless, the proposed rule’s MMM program provisions have created considerable concern with numerous states, utilities, and other stakeholders. Among the key issues are concerns over whether states will opt to establish MMM programs, and whether they have the technical, financial, and administrative resources to develop and run MMM programs. States intending to pursue the program will face considerable challenges, even where such states already have active indoor radiation programs. The largest challenges will be in funding, setting, and tracking quantitative risk goals and coordinating multiple bureaucratic divisions or agencies (typically drinking water, public health, and radiation programs are separate entities). 

Given the current budget woes and severe resource constraints facing most states, it seems likely that many (if not most) states may choose to decline the MMM program option. Absent a viable MMM option, it becomes imperative that the MCL be established at a level that makes sense from a realistic, incremental net benefits perspective for small systems.

Regulatory Impact on Small Water Systems 

The radon rule affects predominantly small systems, and the costs borne by small systems are disproportionate to the health benefits received. As shown in Figure 1, EPA’s analysis of the 1999 proposed rule (MCL of 300 pCi/L) indicates the following:

} Roughly 37% of the systems above the proposed MCL serve 100 or fewer people, and the households served by these systems would bear nearly 18% of the national rulemaking’s cost, but receive only about 1% of the national benefits.

} Roughly 75% of the systems above the proposed MCL serve 500 or fewer people, and the households served by these systems would bear over 42% of the national rulemaking’s cost, but receive only 6% of the benefits. 

} Roughly 94% of the systems above the proposed MCL serve fewer than 3,300 people. The households served by these systems would bear over 65% of the national rulemaking’s cost, but receive only 22% of the benefits. 

These percentages may change at different MCLs, and may also be affected when benefit and cost estimates are revised. Nonetheless, the basic result is likely to remain — that small systems will bear a disproportionate share of the regulation’s cost relative to the share of benefits received. 

Analyses performed by EPA and other stakeholders indicate that benefits are likely to be less than costs, even at the national aggregate level (see discussion below). Because compliance costs per household tend to be much greater in small systems than in larger ones (due to economies of scale in treatment), the risk-cost tradeoffs associated with the radon MCL in small systems are not likely to support an MCL as stringent as or in the range of the level originally proposed. 

Variability, Uncertainty, and Risk Assessment for Radon in Drinking Water

The risks posed by radon in drinking water have been studied fairly extensively and are better understood than is the case for most contaminants. There are extensive data on human exposures to radon and the health effects observed. These epidemiological data are not without considerable limitations for interpreting the radon MCL (e.g., they reveal risks associated with very high level exposures to hard-breathing miners in an occupation setting offering limited air exchange, in contrast to much lower exposures in relatively well ventilated homes). Nonetheless, there is at least observable evidence in humans of a link between radon exposures (albeit at high levels under extreme exposure settings) and lung cancer. Therefore, we do not need to rely exclusively on a small number of laboratory-based studies on rats or mice. 

Second, the available evidence has been extensively reviewed and carefully interpreted by scientific experts assembled by robust bodies. Most notably, NRC has convened expert panels to review the available data and research, and has published generally credible and objective findings (e.g., NRC, 1999) that can be used with reasonably high confidence. 

Compared to most other contaminants, there are fewer places in the radon risk analysis where precautionary assumptions are used that may significantly affect resulting estimates of risk. Hence, the degree to which the risk estimates (and associated risk reduction benefits) may be overstated is far less for radon than observed for most other contaminants (see, for example, Raucher, 2002). Nonetheless, despite the availability of human data and expert panel reviews of the exposure and risk analyses, there are still several key issues for which scientific uncertainties remain and where intersubject variabilities in risk-associated factors can have an appreciable impact on quantitative estimates. In this white paper, we explore these issues.

U.S. EPA’s (1999b) risk analysis of the proposed rule is based on the findings developed in NRC (1999). The NRC findings indicate that the risks associated with a lifetime exposure to 300 pCi/L radon in drinking water are 2.0 × 10-4 for the “general population.” NRC (1999) also noted that the general population risk is based on the weighted average between the much higher risks borne by smokers and the lower risks radon poses to nonsmokers. 

The NRC interpretation of the epidemiological evidence is generally sound, and does not contain some of the precautionary assumptions that often lead to highly exaggerated estimates of risk in other contaminants. Nonetheless, the risks may still be somewhat overstated, and there are several key issues to consider when interpreting the NRC-based risk results in a risk management (i.e., regulatory) context.
The SDWA Mandate versus EPA “Policy” Regarding Risk Ceilings

Whereas the 1996 amendments to the SDWA calls for setting MCLs based on a balancing of costs and benefits, EPA internal guidelines have been used over the years to set MCLs such that lifetime cancer risk is capped at (or low enough so that EPA can round it down to) 1 in 10,000 (1 × 10-4).
 At proposal, EPA expressed an opinion that it could not justify a radon MCL above 300 pCi/L, because less stringent options would exceed this internal policy risk cap of 1 × 10-4 (U.S. EPA, 1999a). Therefore, EPA proposed an MCL of 300 pCi/L because the NRC-based estimate of total lifetime risk (inhalation and ingestion combined) at that concentration is 2.0 × 10-4. 

Incidentally, the benefit-cost analysis provided by EPA at proposal suggested that at the proposed MCL, national level benefits would be roughly equivalent to costs. However, the EPA analysis may overstate benefits and understate costs. More important, adherence to the statutory directive for setting MCLs such that they ensure a proper balancing of benefits and costs is a more prudent basis for setting regulatory limits than is aiming for an internal policy guideline of a risk ceiling. 

Issues in Interpreting the Risk Estimates

Regardless of whether or not the internal EPA risk cap policy should remain a key consideration in setting the MCL, there are empirical issues about how high lifetime cancer risk levels really are from radon in drinking water. Issues that need to be considered include:

} reflecting variability in the risk to individuals in the population

} isolating radon risks from associated synergies with tobacco smoking risks
} accounting for residential mobility when assessing lifetime exposures and risks

} considering uncertainty in the risk estimation process.

These issues are discussed below, and expanded discussion is provided in several cited materials.

Intersubject Variability in Exposure and Risk Estimates

Using standard (and NRC consistent) approaches and assumptions to develop a probability distribution for radon risks, a set of empirical results was derived reflecting intersubject variability in several key parameters (Crawford-Brown, 2003; provided here as Appendix A). Crawford-Brown introduced intersubject variability for five key variables: (1) the transfer coefficient between water and air; (2) the equilibrium factor of radon progeny relative to radon itself; (3) the indoor occupancy factor (fraction of time a person spends indoors); (4) the dosimetry factor (reflecting breathing rates, deposition fraction, and clearance rate from the lungs); and (5) risk coefficients (using NRC results that distinguish between smokers and nonsmokers).

Using the same basic approaches and data as NRC and EPA to develop his probabilistic estimates, Crawford-Brown (2003) used standard Monte Carlo simulation techniques
 to estimate a variability-based distribution with:

} A median (50th percentile) lifetime risk of 6.0 × 10-5 at 300 pCi/L. Note that this is only 30% of the risk level EPA applied in 1999. 

} A mean risk of 1.7 × 10-4 for the general population, or 85% of the EPA estimate.

As a point of comparison, EPA’s risk estimate is slightly above the 85th percentile of the variability distribution estimated by Crawford-Brown. Table 1 provides a summary of some of the risk findings described above.

	 SEQ CHAPTER \h \r 1Table 1. Lifetime cancer risks for radon in drinking water based on alternative scenarios and assessments for 300 pCi/L (inhalation and ingestion risks combined)

	Source or basis of risk estimate
	General population
	Never smokers

	1. EPA’s NRC-based estimate (lifetime exposure at 300 pCi/L)
	2.0 × 10-4
	7.8 × 10-5

	2. Median risk estimate (Crawford-Brown’s variability-based interpretation of NRC for lifetime exposure to 300 pCi/L) 
	6.0 × 10-5
	2.3 × 10-5

	3. Mean risk estimate (Crawford-Brown’s variability-based interpretation of NRC for lifetime exposure to 300 pCi/L)
	1.7 × 10-4
	6.0 × 10-5

	4. 95th percentile risk estimate (Crawford-Brown’s variability-based interpretation of NRC, lifetime exposure to 300 pCi/L)
	4.9 × 10-4
	1.9 × 10-4

	5. Median risk estimate with nonlinear dose-response (Crawford-Brown, based on Monchaux, 2002, for lifetime exposure to 300 pCi/L) 
	~ 6.0 × 10-7
	~ 2.3 × 10-7


Separating Radon Risks from Synergistic Tobacco Smoking Risks

NRC (1999) and others have long recognized a synergistic risk between tobacco smoking and risks posed by radon exposure. NRC (1999) developed separate risk estimates for smokers and nonsmokers, with risks to nonsmokers typically about an order of magnitude lower than the risks borne by smokers. 

Note that because of how nonsmokers are defined as “never smokers” in the applicable database, the NRC estimates may understate the difference in risks between smokers and nonsmokers. For example, tobacco contributions to risk also appear in passive smokers, but these individuals are placed in the never smoking category and probably contribute to raising the average risk estimate for nonsmokers. Likewise, those who smoked as few as 101 cigarettes in their lifetime show up in the “smoker” category and probably lower the average estimated risk for that group. 

The EPA and other risk estimates described above all reflect risk to the general population, including both tobacco smokers and nonsmokers. Thus, EPA is attributing to radon some measure of risk that is more suitably attributed to tobacco. When more properly examining radon risks using risk assessment data for nonsmokers (as applied to the entire population), risk results indicate the following:

} The median lifetime risk is 2.3 × 10-5 at a lifetime exposure at 300 pCi/L, over 58% lower than the median general population risk. 

} The mean lifetime risk is 6.0 × 10-5 at a lifetime exposure of 300 pCi/L, roughly 65% lower than the mean general population risk.

Alternatively, if one were to target a lifetime risk level of 1.0 × 10-4, then the nonsmoker-based risk estimates indicate the following:

} An MCL of 1,300 pCi/L would suffice to keep lifetime risk below 1.0 × 10-4, even if residential mobility is not taken into account; i.e., a nonsmoker exposed for an entire lifetime at 1,300 pCi/L would face a median risk of about 1.0 × 10-4.

} The mean nonsmoker risk at a lifetime exposure of 1,300 pCi/L is 2.6 × 10-4 (which EPA would round down to 1 × 10-4). 

} An MCL of 2,400 pCi/l would suffice, even if residential mobility is not taken into account, to derive a mean lifetime risk (4.8 × 10-4) that EPA would round down to 1 × 10‑4.

} An MCL of 4,000 pCi/L would suffice, even if residential mobility is not taken into account, to derive a median lifetime risk of 3.3 × 10-4, which EPA would round down to 1 × 10-4.

This suggested approach of basing regulatory analyses on the risk factor for nonsmokers would be consistent with national antismoking efforts, under which a guiding principle is to force smokers to bear the burden of their own choices relative to using tobacco products.

Accounting for Residential Mobility

Additional variability — beyond what is reflected above — arises from differences in the duration of exposure across individuals. The NRC and EPA estimates are based on an assumption that a person is exposed to radon at a given concentration from birth until death. In reality, the U.S. population is highly mobile. For example, data from the U.S. Census indicate the median length of time a U.S. household remains in one home is 5.2 years (Hansen, 1998). Through their residential relocations, people tend to move in and out of different water systems over the course of their lifetimes, thereby facing a mixture of times during which they may face elevated (or low) radon concentrations, depending on the characteristics of the water system serving them at a given point in their lifetimes.  

By accounting for residential mobility and the distribution of radon levels across water systems, the typical person is likely to have a much lower lifetime radon exposure than the level on which the EPA estimates are based. Thus, the lifetime risk from radon exposure through drinking water is likely to be far lower than that estimated when a lifetime exposure at a fixed level is assumed. 

In interpreting and comparing risk estimates presented here, it is important to recognize that two kinds of risk estimates are developed and discussed in this paper:

} One type of risk estimate is derived as if a person were exposed over their entire lifetime to water containing a given concentration (this is the basis for the EPA/NRC estimates and the Crawford-Brown estimates presented in the sections above). This is a standard risk assessment approach, but it does not reflect realistic lifetime exposure levels and, hence, it does not portray realistic estimates of risks across the real U.S. population.

} The other type of risk estimate pertains to the level of risk in the U.S. population (e.g., the mean or some percentile of the variability distribution) if the MCL were set at some value. This approach recognizes residential mobility as well as the distribution of actual water concentrations in the United States, and also assumes that residents of systems with waters otherwise above the MCL will actually be exposed to waters at 80% of the MCL because of compliance.

The latter approach is used in this section, based on Monte Carlo analysis described by Raucher and Harrod, 2003 (provided here as Appendix B). The analysis is developed by creating lifetime exposure profiles for a probability-based sample of 10,000 individuals. The simulation approach walks each individual through each day of his or her life, summing risks from radon exposure as they occur. It incorporates variability in an individual’s relevant characteristics, such as lifespan, whether they are smokers or not, the size and type of community water systems the individual may live in through  their lives, and the duration of residence in each water system size category and source water type. It also incorporates variability in radon occurrence, based on the size and type of community water system serving the person at any given point in their lifetime. Finally, this simulation accounts for variability in the risk factor itself.  

The residential mobility simulations developed through this approach reflect realistic portrayals of the accumulated lifetime exposures to radon in drinking water, based on extensive data collected on observed residential patterns and other characteristics of the U.S. population. Hence, this approach provides a realistic perspective on the level of radon risk posed to real people.  It provides a much more realistic risk characterization than is derived when risk levels are estimated using the more traditional but limited approach, wherein risks are estimated as if each person in a community with radon in its drinking water were exposed to that level each and every day of their lives, from their birth through to their death. 

By adding residential mobility to the Monte Carlo simulations (and, for the moment, including smoker risk factors into the general population risk levels), we find that lifetime risks associated with a potential MCL of 300 pCi/L amount to the following:

} A risk of 4.3 × 10-6 for the median person. (Note that this is only 7% of the median risk when mobility is excluded, and only 2% of the lifetime risk EPA associates with lifetime exposure at a level of 300 pCi/L.) 

} A risk of 3.5 × 10-5 for the mean of the distribution. (Note that this is 20% of the mean lifetime risk when mobility excluded, and only 17% of the lifetime risk EPA associates with lifetime exposure at a level of 300 pCi/L.) 

} A risk of 1.0 × 10-4 when one reaches beyond the 95th percentile of the distribution. 

Our results embodying residential mobility also indicate that the 1.0 × 10-4 lifetime risk level is reached at very high percentiles in the risk distribution for the entire range of MCL options:

} At an MCL of 500 pCi/L, the 1 × 10-4 risk level is reached beyond the 94th percentile of the population distribution. 

} At an MCL of 1,000 pCi/L, the 1 × 10-4 risk level is reached at the 94th percentile of the population distribution. 

} At an MCL between 2,000 pCi/L and 4,000 pCi/L, the 1 × 10-4 risk level is reached at approximately the 93rd percentile of the population distribution. 

These results, while based on a different exposure premise than the U.S. EPA-estimated risks, provide a far more realistic assessment of the risks posed to Americans by radon in drinking water.  This perspective changes how one looks a given risk threshold (e.g., 1 in 10,000), and in what one expects to be a central estimate (or 95th percentile estimate) of risk. 

Accounting for Both Tobacco Synergies and Residential Mobility 

If we combine the intersubject risk variabilities in the analysis (including differences in lifetime exposures due to residential mobility), and concurrently focus on the risk factors associated with nonsmokers, then we derive the set of risk estimates that are most suitable for policy-making (and benefit-cost) purposes for the radon MCL. When we use the risk levels associated with nonsmokers, and include residential mobility in the assessment such that the risk estimates reflect the distribution of lifetime risks across the U.S. population as if the MCL were set at a given level, then:

} At an MCL of 300 pCi/L, the median lifetime risk would be 4.6 × 10-6 for nonsmokers, and the mean lifetime risk for nonsmokers would be 3.1 × 10-5.

} Even if the MCL were set at 4,000 pCi/L, the lifetime risk for the mean nonsmoker would be 5.2 × 10-5.

Uncertainty in the Risk Estimates: Low Dose Extrapolation Models

Uncertainty arises in the risk estimates, primarily with respect to the dose-response model. All the estimates discussed above (NRC, 1999; U.S. EPA, 1999b; Crawford-Brown, 2003) are based on epidemiological evidence in humans, using data from high dose exposures in miners. NRC and others used a linear model to extrapolate from the high-level miner exposures to the much lower concentrations associated with in-home radon. The linear dose-response relationship appears to fit the high dose data reasonably well, but the human-based empirical evidence does not provide any data with which to directly infer risks at low doses. 

Recent evidence from laboratory studies indicates a nonlinear relationship between risks and exposure to low doses and dose rates of radon progeny in rats that better approximates the exposures to humans from radon in homes (Monchaux, 2002). If the empirically based nonlinear model is applied to extrapolate from the high dose human data to the lower dose levels of regulatory relevance, then the resulting risk estimates are roughly 1% of the levels noted above at low exposures typical of those in the home (Crawford-Brown, 2003). In other word, using the new laboratory based data suggests the linear extrapolation model may overstate risk by as much as a factor of 100 at the radon levels relevant to in-home exposures and the proposed regulation. 

It is important to note that this nonlinear dose-response function closely approximates the linear function at higher exposures when intersubject variability in biokinetic factors is included, and it reproduces the mining data well at these higher exposures. The nonlinear model simply deviates from the linear extrapolation model at very low exposures typical of those in the home.

Improved Approaches for Quantifying and Valuing Risk Reduction

Ultimately, the estimated risk levels discussed above are used to estimate quantitative health outcomes relevant to the risk reduction and cost analysis. U.S. EPA (1999b) has estimated the number of cancer cases avoided under various MCL options, applying the NRC-based risk factors noted above. Based in part on the discussion provided above, additional quantitative measures of risk reduction can be considered. 

Isolating Radon Risks from Smoking Synergies

The manner in which smoker-related risks are handled affects the quantified risk reduction results appreciably. When nonsmoker risk factors are applied to the entire exposed population, the total number of estimated cancer cases due to radon in drinking water declines to roughly one-third of the level estimated when tobacco risks are embedded in the results. Further:

} About 84% of the EPA’s estimated number of excess lung cancer cases are smokers.

} Over 80% of the smokers’ cancer cases due to the mixture of radon and smoking in the radon analysis are actually attributable to tobacco use (i.e., fewer than 20% of the lung cancer cases are due to radon per se). These results are based on using the risk factors developed by NRC for smokers and nonsmokers.

Note that the cancer cases noted above for smokers reflect the excess risk due to radon exposures, but this excess exists only because people have placed themselves at significantly higher risks from radon through their choice to smoke tobacco. Thus, the broader policy question this issue raises is whether society should have to pick up the tab, through compliance costs borne from national regulations on radon in water supplies, for the increased sensitivity of these smokers due to their own choice to smoke.

Using a Life Years Saved Perspective 

Another informative way to characterize the risk reductions is to consider the number of Life Years Saved (LYS). Because lung cancer cases tend to occur relatively late in life (e.g., 97% of cases occur in people age 50 and over), the LYS from a radon MCL will be relatively low compared to other rulemakings that affect earlier in life risks. 

} For the rule as a whole, LYS per fatal case avoided is 13.7 years.

ú Estimated LYS for smokers affected by the radon rule is 12.5 years.

ú Estimated LYS for never smokers affected by the radon rule is 20.1 years.

} The LYS for radon are relatively low. For example, 13.7 years is less than 40% of the LYS as applies for risks that manifest in persons at or near median age (for which LYS are 35 to 40 or more years). 

Uncertainty in Risk Model for High to Low Dose Extrapolation

As noted above, EPA’s estimates of excess cancer cases are based on risk estimates derived from the linear extrapolation from high to low doses. If instead, the recent low dose insights from Monchaux (2002) are applicable, then the estimated number of cases avoided decline by a factor of as much as 100. 

Incorporating Age and Timing in the Valuation of Risk Reduction Benefits 

U.S. EPA’s (1999) monetization of risk reduction benefits is based on the Agency’s review of the empirical literature on the Value of a Statistical Life (VSL). EPA’s estimates at proposal used an unadjusted central estimate of VSL. At proposal, EPA did not account for time lags between incurred compliance costs and the ultimate realization of risk reduction benefits (i.e., to reflect latencies and cessation lags). We have been told that EPA has subsequently developed estimates of revised benefits that accounted for the latencies inherent in radon-related lung cancer risks. The revised EPA analysis has not been made available for public review, but we understand that EPA’s revised benefits estimates were approximately one-half the level shown in the proposed rulemaking package.
 

Accounting for latency and cessation lags has an appreciable impact on the monetized benefits. For example, using a 7% discount rate and applying a latency/cessation lag period that phases into effect between 10 to 20 years after a change in exposure levels, the monetized value of benefits declines by 64% (i.e., the monetized benefits of the reduced cases of premature fatality are 36% of what they would have been otherwise). Longer latencies — as might well apply to radon-associated risks — would lead to larger reductions in the monetized benefits estimates. 

It also is notable that the risk endpoint manifests predominantly in people relatively late in life (i.e., 67% of lung cancer cases arise in people between age 60 and 79). Therefore, an insightful interpretation for the benefit-cost analysis would entail using age-based adjustments to VSL. Another, related interpretation of VSL would be to account for the relatively low LYS expected per case avoided (which, as noted above, is less than 14 years).

Incremental Net Benefits as a Basis for MCL Selection

National Level Results

Ultimately, MCL selection should consider the incremental net benefits across a range of options, and should also consider how incremental net benefits might differ across system size categories (e.g., see Raucher, 2001). EPA’s national level results, based on information we have received about EPA’s update estimates as of late 2000 (which we believe reflect latency and discounting, but do not account for differences across system size categories), are summarized in Table 2. These results indicate that, even using EPA’s national level results based on largely unadjusted risks and values:

} EPA’s incremental net benefits are negative for all MCL options (but are close to zero — i.e., “break-even” — at 2,000 pCi/L).

} Incremental net benefits are maximized in the MCL range at or near 2,000 pCi/L.
 

Several factors additional or adjustments might suggest an MCL less stringent than 2,000 pCi/L:

} Adjusting for variability in risk, LYS, and tobacco synergies reduces monetized benefit values appreciably relative to EPA’s estimates.

} Costs may well be higher than EPA projected [as noted by many stakeholders and U.S. GAO (2002)].

} Applying the nonlinear low dose extrapolation insights from Monchaux would reduce benefits by a factor of 100. 

Benefit-Cost Tradeoffs in Small Systems

All of the discussion above pertains to national level estimates of costs and benefits. For small systems, the incremental net benefits are likely to be significantly negative for any of the MCL options considered at proposal. Table 3 provides a summary of EPA’s benefit and cost results from Table 2, but with a simple adjustment to approximate the shares of the national benefits and costs that U.S. EPA (1999b) indicated would be realized by small systems (as displayed earlier in this paper, in Figure 1). 

	Table 2. National-level radon rule benefits and costs, as updated by EPAa (millions 1997$ per year)

	MCL option
(pCi/L)
	Total benefitsb
	Total 
annualized costsc
	Incremental

	
	
	
	Benefits
	Costs
	Net benefits

	4,000
	10.6
	37.1
	10.6
	37.1
	-26.5

	2,000
	26.6
	61.1
	16.0
	24.0
	-8.0

	1,000
	54.9
	117.0
	28.3
	55.9
	-27.6

	700
	95.2
	166.0
	40.3
	49.0
	-8.7

	500
	138.0
	236.0
	42.8
	70.0
	-27.2

	300
	226.0
	378.0
	88.0
	142.0
	-54.0

	100
	438.0
	767.0
	212.0
	389.0
	-177.0

	a. Derived from briefing materials reflecting EPA analysis, from late 2000.
b. Discounted at 3% interest rate to reflect latency of, presumably, 20 years.
c. Annualized at 3% interest rate.


	Table 3. Benefits and costs in systems of 3,300 or less personsa (millions 1997$ per year)

	MCL option
(pCi/L)
	Total benefitsb
	Total annualized costsc
	Incremental

	
	
	
	Benefits
	Costs
	Net benefits

	4,000
	2.3
	24.1
	2.3
	24.1
	-21.8

	2,000
	5.9
	39.7
	3.5
	15.6
	-12.1

	1,000
	12.1
	76.1
	6.2
	36.3
	-30.1

	700
	20.9
	107.9
	8.9
	31.9
	-23.0

	500
	30.4
	153.4
	9.4
	45.5
	-36.1

	300
	49.7
	245.7
	19.4
	92.3
	-72.9

	100
	96.4
	498.6
	46.6
	252.9
	-206.2

	a. Disaggregation of national-level results from Table 2. Assumes 65% of national costs and 22% of benefits assigned to small CWS, based on data from U.S. EPA (1999) as depicted in Figure 1.
b. Based on 3% discount rate.
c. Annualized at 3% interest rate by EPA.


The results in Table 3 are a rough, preliminary approximation of potential benefits and costs in small systems. More refined analysis is required to develop more accurate estimates. Nonetheless the results available reveal a likely outcome in which:

} All MCL options yield negative incremental net benefits.

} The greatest incremental net benefits are at MCL options of 2,000 pCi/L and above.

Note that the EPA-based findings in Tables 2 and 3 apparently account for latencies and associated discounting of monetary benefits, but do not reflect other factors and adjustments as described in this paper. By accounting for the issues discussed throughout this paper, including tobacco risks and overall variability in the risk estimates, the results developed in Tables 2 and 3 undoubtedly would provide even more compelling evidence to support an MCL for radon well above the level proposed — especially in small systems. 

Conclusions
The preceding analysis indicates that the proposed MCL for radon does not appear to make economic sense in terms of the public health benefits received for the expense. This is especially true in the small systems that will bear the predominant share of national costs. Further, equal health protection can be attained at much lower cost by controlling soil gas radon. Finally, given that NRC (1999) reports that radon in water contributes only approximately 0.1% of total radon cancer risk, perhaps another approach makes sense, especially for small systems. The MMM option in the statute and proposed rule was intended to help provide a more cost-effective approach to managing indoor radon risks. Unfortunately, the MMM option may not be widely adopted by states (especially given current budget conditions). Thus, it becomes more imperative that the MCL be established at a level that makes sense from a realistic, incremental net benefits perspective for small systems.
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Figure 1. Percentage of national regulatory benefits and costs for radon, by system size (at MCL = 300 pCi/L).


Source: Derived from U.S. EPA, 1999b.
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1. In some locations, governmental entities have imposed rules for radon testing, notably when real estate changes ownership. However, even in these instances there are no enforceable requirements for remediation. 


�. In the past, EPA has considered lifetime risks of 4.9 × 10-4 or below to be consistent with their target risk ceiling of 1 × 10-4, based on rounding risks down. 


3.  Monte Carlo analysis involves computer simulation wherein key input values are drawn from probability distributions to develop a probability-weighted set of results, with the computerized draws repeated many times (e.g., 10,000) to reflect the expected probability distribution of final outcomes. 


�. The EPA adjustment is based on a 3% discount rate and a latency period (as best we can infer from the math) of 20 years. 


�.There is also a “dip” in the national-level incremental net benefits findings near 700 pCi/L, possibly due to the occurrence analysis adding a disproportionate share of large systems at or near that MCL option.
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