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Introduction

The risks to public health posed by radon in drinking water have been examined by the EPA since at least the late 1970s, with periodic revisions to the risk estimates as more information has been assembled. At present, the most exhaustive review of those risks has been performed by the National Research Council (NRC, 1999a) at the request of the EPA. That review reaches several conclusions with respect to the excess risk posed by radon in drinking water:

} For a non-smoker, defined in the NRC report as a person who has never smoked, the excess lifetime risk of cancer to all organs combined when averaged over males and females is approximately 2.6E-7 per pCi/L of radon in water.

} For a smoker, defined in the NRC report as a person who has ever smoked, the excess lifetime risk of cancer to all organs combined when averaged over males and females is approximately 1.0E-6 per pCi/L of radon in water.

} The excess lifetime risk of cancer to all organs combined when averaged over males and females and the two classes of smoking is approximately 6.7E-7 per pCi/L of radon in water.

The NRC (1999a) risk estimates are essentially identical to those by the EPA in their 1991 Proposed Rule and in their 1994 Revised Analysis. The difference between the NRC and EPA values is in the contribution to risk from ingestion and inhalation. Specifically, the NRC estimates a higher risk from inhalation and a lower risk from ingestion than does the EPA; the sum of these two paths of risk is the same, however, in the three reports.

These results are summarized in Table 1 below to show the NRC’s best estimate of the excess lifetime cancer risk at a variety of possible MCLs, based on their assumption that an individual spends their entire life using water at that MCL and ingests water directly at a mean rate of 0.6 L/day.

The NRC report also indicated the relative contribution of radon in water to the overall cancer risk from radon (which includes radon emanating from soil and rocks). Their analysis showed that the contribution from drinking water is approximately 0.1% of the total risk, demonstrating the need to focus largely on non-water contributions in developing an overall national plan to reduce the risk from radon.

	Table 1. Estimated excess lifetime cancer risk from radon in drinking water at a variety of proposed MCLs as estimated by the NRC (1999a).

	
	100 pCi/L
	300 pCi/L
	500 pCi/L
	1,000 pCi/L
	2,000 pCi/L

	Non-smokers
	2.60E-05
	7.80E-05
	1.30E-04
	2.60E-04
	5.20E-04

	Smokers
	3.00E-04
	9.00E-04
	1.50E-03
	3.00E-03
	6.00E-03

	General population
	6.70E-05
	2.01E-04
	3.35E-04
	6.70E-04
	1.34E-03


The NRC (1999a) report also conducted a limited uncertainty analysis of these risks, suggesting that the total number of cancers induced by radon in water each year might lie between 30 and 340, with a best estimate of approximately 183; the 1994 Revised EPA Analysis yielded a value of approximately 186 per year. Note that the uncertainty distribution is not symmetrical, but can be approximated well by a lognormal distribution with a median equal to approximately 140 and a geometric standard deviation of approximately 1.6. This assumes the upper and lower bounds provided by the NRC represent a 95% confidence interval. A full variability distribution for risk was not performed in the NRC study. 

The present report represents a more complete variability and uncertainty analysis than that provided in the NRC report (NRC, 1999a), as these results are intended for use in a cost-benefit analysis. The following results are based on the goal of providing not only excess lifetime cancer risk in the different populations (non-smokers, smokers and the general populace), but also the allocation of those cancers to specific ages-at-appearance for purposes of the cost-benefit analysis. Following the NRC methodology (NRC, 1999a), both the risk from direct ingestion of radon in water and the risk from inhalation of radon progeny created after the emanation of radon into the air are considered. The total risk from radon in drinking water is then:

(1)


Rtotal = Ringestion + Rinhalation
The following report then addresses four questions:

1. What is the best estimate of the value of Rtotal, assuming an individual is exposed over their lifetime at a given concentration, C, of radon in water?

2. What is the best estimate of the excess cancer risk in each year (from ages 0 through 75), assuming an individual is exposed over their lifetime at a given concentration, C, of radon in water?

3. How does Rtotal and the excess cancer risk in each year of life vary across the US population (expressed as a variability probability density function or PDFv), again assuming individuals are exposed over their lifetime at a given concentration, C, of radon in water?

4. What is the uncertainty (expressed as an uncertainty probability density function or PDFu) in the first two questions?

Since the cost-benefit analysis may use variants of these questions in different combinations, the results of the following analysis are summarized flexibly so they can be used in a variety of ways.

Sections 2 and 3 present the results for the baseline, defined here as the best estimate of the mean probability of cancer in an exposed population. Section 4 then presents the results of the variability analysis, and Section 5 presents the results of the uncertainty analysis. In both Sections 4 and 5, the distributions (PDFv and PDFu) are constructed around the baseline estimates.

Inhalation Risk

The risk from inhalation results from emanation of the radon out of water and into the air of a home. The risk results primarily from inhalation of the radon progeny rather than of the radon itself. Hence, the risk is a function of the extent to which the progeny are able to grow into equilibrium with the radon in air, and the state of attachment of the progeny to aerosols in the home air.

Let Cw be the concentration of radon in the water used in a home (units of pCi/L). This radon may emanate into the airspace due to uses such a heating in a water heater, pouring of tap water, cooking, etc. The resulting concentration in the home air may then be determined in one of two ways: through direct measurements of the ratio of the incremental change in air concentration to the incremental change in water concentration, or through modeling of the home air using measured air ventilation rates and home air volume. The former approach is more common, and data are plentiful, and so both the NRC (1999a) and the current report use this approach. The data are summarized by a Transfer Factor (TF), with units of pCi/L of radon in air per pCi/L of radon in water. The concentration of radon in air, Ca, in units of pCi/L, then equals:

(2)
Ca = Cw x TF

The mean value for TC is approximately 1E-4 (NRC, 1999a), and this value is used here for the baseline. As a result, Equation 2 becomes:

(3)
Ca = Cw x 1E-4

with Ca and Cw both in units of pCi/L.

The resulting risk may then be determined in any of three ways. First, it may be estimated from epidemiological studies regressing radon concentration in home air against incidence of cancer. Second, it may be estimated by first calculating absorbed dose in lung tissue following inhalation, and then using estimates of the risk per unit dose determined from the atomic bomb survivors. Third, it may be estimated from the epidemiological studies of miner populations by first calculating the concentration of radon progeny in home air, then calculating working level months (WLM) of exposure, and then using estimates of risk per WLM from the miner epidemiological studies.

Both the NRC (1999a) report and the present report use the third approach, as this provides the most accurate and reliable estimate of the risk due to the large study population and the existence of meta-analyses. The concentration of radon progeny in the home air, expressed in units of Working Levels (WL), may be determined by multiplying the value of Ca for radon by the Equilibrium Factor (EF) and dividing by 100:

(4)
WL = Ca x EF / 100

The current best estimate value for EF is 0.5 (see NRC, 1999a and Crawford-Brown, 1991), and this value is used here:

(5)
WL = Ca x 0.5 / 100 = Ca x 0.005

The exposure may then be determined by multiplying the WL by the number of “working months” WM (defined as a period of 170 hours) during which a person is in the home. For a 75 year lifespan, this equals: 

(6)
WM = 75 x 8760 x OF / 170 = 3865 x OF

where OF is the Occupancy Factor or fraction of a year a person is indoors. The best estimate value for this is 0.7 (Crawford-Brown, 1991), and this value is used here for the baseline case. Multiplying Equation 5 by Equation 6 (to obtain the Working Level Months of exposure, or WLM) yields:

(7)
WLM = WL x WM = Ca x 0.005 x 3865 x 0.7 = Ca x 13.6

Combining Equations 3 and 7 yields:

(8)
WLM = Cw x 1E-4 x 13.6 = Cw x 1.4E-3

Finally, the excess lifetime probability of cancer may be determined by multiplying the WLM of exposure by a risk coefficient, RC (probability per WLM) determined from the mining populations. Since the mining populations were exposed to a slightly different aerosol than that found in the home, and since the breathing characteristics in a home differ from those in a mine (where heavy activity is the norm), the risk coefficient must be multiplied by a Dosimetry Correction Factor (DCF). The resulting equation for excess lifetime probability of cancer, Rinhalation, is:

(9)
Rinhalation = WLM x RC x DCF = Cw x 1.4E-3 x RC x DCF

The current best estimate for DCF is 0.7 (NRC, 1991 and Crawford-Brown, 1991), and the current best estimate for RC (from BEIR VI, NRC 1999b) is 4.8E-4 (probability per WLM). Therefore, Equation 9 becomes:

(10)
Rinhalation = Cw x 1.4E-3 x 4.8E-4 x 0.7 = Cw x 5E-7

where Cw is in units of pCi/L. Note that a value of Cw equal to 300 pCi/L yields an estimated excess lifetime probability of cancer equal to 300 x 5E-7 or 1.5E-4. By contrast, the best estimate from the NRC report (NRC, 1999a) is closer to 1.8E-4; the difference is due primarily to rounding and the fact that RC is taken here from the BEIR VI review.

Two remaining issues concern the differences between smokers and non-smokers, and the distribution of the time-at-appearance of cancers from the radon progeny. Turning first to the issue of smoking, the NRC analysis (NRC, 1999a) provides separate values of RC for smokers (defined as people who ever smoked) and non-smokers (defined as people who never smoked); there is not information available on more refined classifications of smoking. Their analysis indicates that the value of RC for smokers is approximately 1.6 times the value for the general population, or 4.8E-4 x 1.6 = 8E-4 (probability per WLM). The value of RC for non-smokers is approximately 0.39 times the value for the general population, or 4.8E-4 x 0.39 = 2E-4 (probability per WLM). Using these values in Equation 10 yields:

(10)
Rinhalation,general = Cw x 5E-7

(11)
Rinhalation,smokers = Cw x 8E-7

(12)
Rinhalation,non-smokers = Cw x 2E-7

Turning next to the issue of the time course of appearance of cancers, the BEIR VI report (NRC, 1999b) contains a temporal analysis of the cancers in the mining populations. That analysis indicates that the “wave” of increased incidence following a year of exposure to radon progeny consists of three phases: 

1. an initial phase, characterized by a latency time of 10 to 20 years, in which there is no increase;

2. a plateau phase of several dozen years in which the increase in incidence is highest;

3. a second plateau phase until the end of life in which the increase in incidence is about half what it was in the first plateau. 

To model this temporal pattern in a way that is amenable to variability and uncertainty analysis, the present study uses a simplified temporal pattern that yields the same total excess lifetime risk seen in Equations 10 through 12. A latency time of 15 years is used, which is the midpoint of the range of times found in previous studies. Equations 10 through 12 then are modified as follows:

(10b)
Rinhalation,general,i = Cw x 5E-7 x Fi
(11b)
Rinhalation,smokers = Cw x 8E-7 x Fi
(12b)
Rinhalation,non-smokers = Cw x 2E-7 x Fi
where Fi is the fraction of the lifetime risk from radon occurring at age i (for values of i from 1 to 75). Table 2 shows the values for Fi in these 75 years.

	Table 2. Values of Fi for use in Equations 10b, 11b and 12b. The sum of the values equals 1.

	Age
	Fi
	Age
	Fi
	Age
	Fi

	1
	0.0000
	26
	0.0060
	51
	0.0197

	2
	0.0000
	27
	0.0066
	52
	0.0202

	3
	0.0000
	28
	0.0071
	53
	0.0208

	4
	0.0000
	29
	0.0076
	54
	0.0213

	5
	0.0000
	30
	0.0082
	55
	0.0218

	6
	0.0000
	31
	0.0087
	56
	0.0224

	7
	0.0000
	32
	0.0093
	57
	0.0229

	8
	0.0000
	33
	0.0098
	58
	0.0235

	9
	0.0000
	34
	0.0104
	59
	0.0240

	10
	0.0000
	35
	0.0109
	60
	0.0246

	11
	0.0000
	36
	0.0115
	61
	0.0251

	12
	0.0000
	37
	0.0120
	62
	0.0257

	13
	0.0000
	38
	0.0126
	63
	0.0262

	14
	0.0000
	39
	0.0131
	64
	0.0268

	15
	0.0000
	40
	0.0137
	65
	0.0273

	16
	0.0005
	41
	0.0142
	66
	0.0279

	17
	0.0011
	42
	0.0147
	67
	0.0284

	18
	0.0016
	43
	0.0153
	68
	0.0289

	19
	0.0022
	44
	0.0158
	69
	0.0295

	20
	0.0033
	45
	0.0164
	70
	0.0300

	21
	0.0033
	46
	0.0169
	71
	0.0306

	22
	0.0038
	47
	0.0175
	72
	0.0311

	23
	0.0044
	48
	0.0180
	73
	0.0317

	24
	0.0049
	49
	0.0186
	74
	0.0322

	25
	0.0055
	50
	0.0191
	75
	0.0328


Ingestion Risk

The risk from ingestion is due both to the radon ingested and to the radon progeny formed in the body after ingestion of the radon. As indicated in the most recent NRC report (NRC, 1999a), the risk due to ingestion is significantly smaller than that estimated originally by the EPA (although that is offset by a larger revised estimate of the inhalation risk). In addition, the ingestion risk is dominated by the risk of stomach cancer, for which there is no direct evidence of an association with radon ingestion. Little is added to the assessment of risk, therefore, by further considering the ingestion pathway. Still, for the sake of completeness, this pathway is included here. The risk from ingestion of radon is given by:

(13)
Ringestion = Cw x IR x 365 x 75 x DF x RC

where IR is the Intake Rate of water (L/day); 365 is the conversion from years to days; 75 is the assumed lifespan; DF is the Dose Factor for the stomach (Sv per pCi radon ingested); and RCingestion is the Risk Coefficient for ingested radon (probability per Sv). The best estimate for IR is a mean of 0.6 L/day (EPA Exposure Factors Handbook, EPA, 1998); the best estimate for DF is approximately 1.1E-9 when averaged over the ages of interest here (NRC, 1999a); the best estimate for RCingestion is approximately 4E-3 when averaged over the two genders and all ages (NRC, 1999a). Placing these values into Equation 13 yields: 

(14)
Ringestion = Cw x 0.6 x 365 x 75 x 1.1E-9 x 4E-3 = Cw x 7.2E-8

Note that a value of Cw equal to 300 pCi/L yields an estimated excess lifetime probability of cancer equal to 300 x 7.2E-8 or 2E-5. This is almost identical to the best estimate from the NRC report (NRC, 1999). Combining Equations 10 and 14 yields:

(15)
Rtotal = Cw x 5E-7 + Cw x 7.2E-8 = Cw x 5.7E-7

This yields a best estimate total excess lifetime cancer risk from radon in water at different concentrations equal to the values shown in Table 3.

There is no information on the temporal appearance of stomach tumors from radon, and so only lifetime excess risk can be estimated for ingestion. In addition, differences in risk for smokers and non-smokers cannot be determined. As noted above, however, inhalation is the driver in this assessment.

Inter-Subject Variability

Variability of risk between individuals is estimated here by focusing on the risk driver, inhalation, which accounts for 90% of the total risk. Equation 10 may be expanded to yield:

(16)
Rtotal = Cw x TF x (EF/100) x (75 x 8760/170) x OF x RC x DCF

Each of these terms may vary between individuals, although the differences in RC cannot be determined for subgroups other than smokers and non-smokers. Variability in Cw is not included in this report, as the focus is on risk associated with a given concentration in water. Variability in the other terms is shown below. 

TF: This variability has been summarized by Nazaroff et al (1987). The distribution is approximately lognormal, with a mean of 1E-4; GSD of 2.9 (the NRC, 1999a, indicates this is 3.5); and median of approximately 6E-5.

	Table 3. Lifetime excess cancer risk from lifetime exposure to radon in water at the indicated concentration. Inhalation is dominated by lung cancer; ingestion by stomach cancer.

	Cw(pCi/L)
	Rinhalation
	Ringestion
	Rtotal

	100
	0.00005
	0.0000072
	0.0000572

	200
	0.0001
	0.0000144
	0.0001144

	300
	0.00015
	0.0000216
	0.0001716

	400
	0.0002
	0.0000288
	0.0002288

	500
	0.00025
	0.000036
	0.000286

	600
	0.0003
	0.0000432
	0.0003432

	700
	0.00035
	0.0000504
	0.0004004

	800
	0.0004
	0.0000576
	0.0004576

	900
	0.00045
	0.0000648
	0.0005148

	1000
	0.0005
	0.000072
	0.000572

	1100
	0.00055
	0.0000792
	0.0006292

	1200
	0.0006
	0.0000864
	0.0006864

	1300
	0.00065
	0.0000936
	0.0007436

	1400
	0.0007
	0.0001008
	0.0008008

	1500
	0.00075
	0.000108
	0.000858

	1600
	0.0008
	0.0001152
	0.0009152

	1700
	0.00085
	0.0001224
	0.0009724

	1800
	0.0009
	0.0001296
	0.0010296

	1900
	0.00095
	0.0001368
	0.0010868

	2000
	0.0001
	0.000144
	0.001144


EF: This variability is controlled by variability in home air exchange rates and aerosol concentration. It has been analyzed by Crawford-Brown (1991) and shown to be characterized by a lognormal distribution with mean of 0.5; GSD of 1.4; and median of approximately 0.47. 

OF: This variability has been summarized by the EPA in their Exposure Factors Handbook (EPA, 1998). The data are approximated by a lognormal distribution with mean of 0.7; GSD of 1.5; and median of approximately 0.64.

DCF: This variability is controlled by inter-subject variability in breathing rate, deposition fraction and clearance rate from lung tissue. It has been analyzed by Crawford-Brown (1991) and shown to be approximated by a lognormal distribution with mean of 0.7; GSD of 2; and median of approximately 0.55. 

RC: The only information on variability in RC is the distinction between values for smokers and non-smokers. This analysis, therefore, focuses on generation of variability distributions for these two groups, using the mean values shown in Section 2 (4.8E-4, 8E-4 and 2E-4 for the general population, smokers and non-smokers, respectively).

Note that Equation 16 is the product of a series of constants and lognormally distributed parameters. As described in Crawford-Brown (2001), the distribution of Rtotal will, therefore, also be lognormal with median equal to the product of the medians (for the distributed quantities; otherwise means are appropriate for the non-distributed quantities). Using the values above, the median value of Rtotal will be: 

(17a)
Rtotal,general,median = Cw x 6E-5 x (0.47/100) x (75 x 8760/170) x 0.69 x 4.8E-4 

x 0.55 = Cw x 2E-7

(17b)
Rtotal,smokers,median = Cw x 6E-5 x (0.47/100) x (75 x 8760/170) x 0.69 x 8E-4 x 

0.55 = Cw x 3.3E-7

(17c)
Rtotal,general,median = Cw x 6E-5 x (0.47/100) x (75 x 8760/170) x 0.69 x 2E-4 

x 0.55 = Cw x 8.3E-8

Again, these are lifetime risks of lung cancer; annual risks can be determined through multiplying the lifetime risk by the values of Fi from Table 2.

The value for the GSD is equal to e raised to the square root of the sum of the squares of the natural logs of the GSDs for the distributed parameters. In this case:

(18)
GSD = EXP[SQR(LN2(2.9) + LN2(1.4) + LN2(1.5) + LN2(2))] = 3.96

This GSD applies to all three risks (general, smokers and non-smokers). The inter-subject variability distributions for the three populations then are as follows, bearing in mind that inhalation risk constitutes the large majority of the risk and may be equated with total risk:

Rtotal,general: lognormal with median of Cw x 2E-7; GSD of 3.96; mean of approximately Cw x 5E‑7 

Rtotal,smokers: lognormal with median of Cw x 3.3E-7; GSD of 3.96; mean of approximately Cw x 8E-7

Rtotal,non-smokers: lognormal with median of Cw x 8.3E-8; GSD of 3.96; mean of approximately Cw x 2E-7 

Specific percentiles of the variability distribution associated with specific values of Cw are shown in Tables 4 through 6.

	Table 4. Percentiles of the variability distribution for total (both pathways) lifetime excess risk from radon in drinking water at different concentrations. The values are for the general population.

	Cw (pCi/L)
	1%
	5%
	10%
	50%
	70%
	90%
	95%
	99%

	100
	1.1E-06
	2.4E-06
	4.0E-06
	2.0E-05
	4.0E-05
	1.0E-04
	1.6E-04
	3.6E-04

	200
	2.2E-06
	4.8E-06
	8.0E-06
	4.0E-05
	8.0E-05
	2.0E-04
	3.3E-04
	7.2E-04

	300
	3.3E-06
	7.2E-06
	1.2E-05
	6.0E-05
	1.2E-04
	3.0E-04
	4.9E-04
	1.1E-03

	400
	4.4E-06
	9.6E-06
	1.6E-05
	8.0E-05
	1.6E-04
	4.0E-04
	6.6E-04
	1.4E-03

	500
	5.5E-06
	1.2E-05
	2.0E-05
	1.0E-04
	2.0E-04
	5.0E-04
	8.2E-04
	1.8E-03

	600
	6.6E-06
	1.4E-05
	2.4E-05
	1.2E-04
	2.4E-04
	6.0E-04
	9.8E-04
	2.2E-03

	700
	7.7E-06
	1.7E-05
	2.8E-05
	1.4E-04
	2.8E-04
	7.0E-04
	1.1E-03
	2.5E-03

	800
	8.8E-06
	1.9E-05
	3.2E-05
	1.6E-04
	3.2E-04
	8.0E-04
	1.3E-03
	2.9E-03

	900
	9.9E-06
	2.2E-05
	3.6E-05
	1.8E-04
	3.6E-04
	9.0E-04
	1.5E-03
	3.2E-03

	1000
	1.1E-05
	2.4E-05
	4.0E-05
	2.0E-04
	4.0E-04
	1.0E-03
	1.6E-03
	3.6E-03

	1100
	1.2E-05
	2.6E-05
	4.4E-05
	2.2E-04
	4.4E-04
	1.1E-03
	1.8E-03
	4.0E-03

	1200
	1.3E-05
	2.9E-05
	4.8E-05
	2.4E-04
	4.8E-04
	1.2E-03
	2.0E-03
	4.3E-03

	1300
	1.4E-05
	3.1E-05
	5.2E-05
	2.6E-04
	5.2E-04
	1.3E-03
	2.1E-03
	4.7E-03

	1400
	1.5E-05
	3.4E-05
	5.6E-05
	2.8E-04
	5.6E-04
	1.4E-03
	2.3E-03
	5.0E-03

	1500
	1.7E-05
	3.6E-05
	6.0E-05
	3.0E-04
	6.0E-04
	1.5E-03
	2.5E-03
	5.4E-03

	1600
	1.8E-05
	3.8E-05
	6.4E-05
	3.2E-04
	6.4E-04
	1.6E-03
	2.6E-03
	5.8E-03

	1700
	1.9E-05
	4.1E-05
	6.8E-05
	3.4E-04
	6.8E-04
	1.7E-03
	2.8E-03
	6.1E-03

	1800
	2.0E-05
	4.3E-05
	7.2E-05
	3.6E-04
	7.2E-04
	1.8E-03
	3.0E-03
	6.5E-03

	1900
	2.1E-05
	4.6E-05
	7.6E-05
	3.8E-04
	7.6E-04
	1.9E-03
	3.1E-03
	6.8E-03

	2000
	2.2E-05
	4.8E-05
	8.0E-05
	4.0E-04
	8.0E-04
	2.0E-03
	3.3E-03
	7.2E-03


	Table 5. Percentiles of the variability distribution for total (both pathways) lifetime excess risk from radon in drinking water at different concentrations. The values are for smokers only.

	Cw (pCi/L)
	1%
	5%
	10%
	50%
	70%
	90%
	95%
	99%

	100
	1.8E-06
	3.8E-06
	6.4E-06
	3.2E-05
	6.4E-05
	1.6E-04
	2.6E-04
	5.8E-04

	200
	3.5E-06
	7.7E-06
	1.3E-05
	6.4E-05
	1.3E-04
	3.2E-04
	5.2E-04
	1.2E-03

	300
	5.3E-06
	1.2E-05
	1.9E-05
	9.6E-05
	1.9E-04
	4.8E-04
	7.9E-04
	1.7E-03

	400
	7.0E-06
	1.5E-05
	2.6E-05
	1.3E-04
	2.6E-04
	6.4E-04
	1.0E-03
	2.3E-03

	500
	8.8E-06
	1.9E-05
	3.2E-05
	1.6E-04
	3.2E-04
	8.0E-04
	1.3E-03
	2.9E-03

	600
	1.1E-05
	2.3E-05
	3.8E-05
	1.9E-04
	3.8E-04
	9.6E-04
	1.6E-03
	3.5E-03

	700
	1.2E-05
	2.7E-05
	4.5E-05
	2.2E-04
	4.5E-04
	1.1E-03
	1.8E-03
	4.0E-03

	800
	1.4E-05
	3.1E-05
	5.1E-05
	2.6E-04
	5.1E-04
	1.3E-03
	2.1E-03
	4.6E-03

	900
	1.6E-05
	3.5E-05
	5.8E-05
	2.9E-04
	5.8E-04
	1.4E-03
	2.4E-03
	5.2E-03

	1000
	1.8E-05
	3.8E-05
	6.4E-05
	3.2E-04
	6.4E-04
	1.6E-03
	2.6E-03
	5.8E-03

	1100
	1.9E-05
	4.2E-05
	7.0E-05
	3.5E-04
	7.0E-04
	1.8E-03
	2.9E-03
	6.3E-03

	1200
	2.1E-05
	4.6E-05
	7.7E-05
	3.8E-04
	7.7E-04
	1.9E-03
	3.1E-03
	6.9E-03

	1300
	2.3E-05
	5.0E-05
	8.3E-05
	4.2E-04
	8.3E-04
	2.1E-03
	3.4E-03
	7.5E-03

	1400
	2.5E-05
	5.4E-05
	9.0E-05
	4.5E-04
	9.0E-04
	2.2E-03
	3.7E-03
	8.1E-03

	1500
	2.6E-05
	5.8E-05
	9.6E-05
	4.8E-04
	9.6E-04
	2.4E-03
	3.9E-03
	8.6E-03

	1600
	2.8E-05
	6.1E-05
	1.0E-04
	5.1E-04
	1.5E-03
	2.6E-03
	4.2E-03
	9.2E-03

	1700
	3.0E-05
	6.5E-05
	1.1E-04
	5.4E-04
	1.1E-03
	2.7E-03
	4.5E-03
	9.8E-03

	1800
	3.2E-05
	6.9E-05
	1.2E-04
	5.8E-04
	1.2E-03
	2.9E-03
	4.7E-03
	1.0E-02

	1900
	3.3E-05
	7.3E-05
	1.2E-04
	6.1E-04
	1.2E-03
	3.0E-03
	5.0E-03
	1.1E-02

	2000
	3.5E-05
	7.7E-05
	1.3E-04
	6.4E-04
	1.3E-03
	3.2E-03
	5.2E-03
	1.2E-02


	Table 6. Percentiles of the variability distribution for total (both pathways) lifetime excess risk from radon in drinking water at different concentrations. The values are for non-smokers only.

	Cw (pCi/L)
	1%
	5%
	10%
	50%
	70%
	90%
	95%
	99%

	100
	4.3E-07
	9.4E-07
	1.6E-06
	7.8E-06
	1.6E-05
	3.9E-05
	6.4E-05
	1.4E-04

	200
	8.6E-07
	9.9E-06
	3.1E-06
	1.6E-05
	3.1E-05
	7.8E-05
	1.3E-04
	2.8E-04

	300
	1.3E-06
	2.8E-06
	4.7E-06
	2.3E-05
	4.7E-05
	1.2E-04
	1.9E-04
	4.2E-04

	400
	1.7E-06
	3.7E-06
	6.2E-06
	3.1E-05
	6.2E-05
	1.6E-04
	2.6E-04
	5.6E-04

	500
	2.1E-06
	4.7E-06
	7.8E-06
	3.9E-05
	7.8E-05
	2.0E-04
	3.2E-04
	7.0E-04

	600
	2.6E-06
	5.6E-06
	9.4E-06
	4.7E-05
	9.4E-05
	2.3E-04
	3.8E-04
	8.4E-04

	700
	3.0E-06
	6.6E-06
	1.1E-05
	5.5E-05
	1.1E-04
	2.7E-04
	4.5E-04
	9.8E-04

	800
	3.4E-06
	7.5E-06
	1.2E-05
	6.2E-05
	1.2E-04
	3.1E-04
	5.1E-04
	1.1E-03

	900
	3.9E-06
	8.4E-06
	1.4E-05
	7.0E-05
	1.4E-04
	3.5E-04
	5.8E-04
	1.3E-03

	1000
	4.3E-06
	9.4E-06
	1.6E-05
	7.8E-05
	1.6E-04
	3.9E-04
	6.4E-04
	1.4E-03

	1100
	4.7E-06
	1.0E-05
	1.7E-05
	8.6E-05
	1.7E-04
	4.3E-04
	7.0E-04
	1.5E-03

	1200
	5.1E-06
	1.1E-05
	1.9E-05
	9.4E-05
	1.9E-04
	4.7E-04
	7.7E-04
	1.7E-03

	1300
	5.6E-06
	1.2E-05
	2.0E-05
	1.0E-04
	2.0E-04
	5.1E-04
	8.3E-04
	1.8E-03

	1400
	6.0E-06
	1.3E-05
	2.2E-05
	1.1E-04
	2.2E-04
	5.5E-04
	9.0E-04
	2.0E-03

	1500
	6.4E-06
	1.4E-05
	2.3E-05
	1.2E-04
	2.3E-04
	5.9E-04
	9.6E-04
	2.1E-03

	1600
	6.9E-06
	1.5E-05
	2.5E-05
	1.2E-04
	2.5E-04
	6.2E-04
	1.0E-03
	2.2E-03

	1700
	7.3E-06
	1.6E-05
	2.7E-05
	1.3E-04
	2.7E-04
	6.6E-04
	1.1E-03
	2.4E-03

	1800
	7.7E-06
	1.7E-05
	2.8E-05
	1.4E-04
	2.8E-04
	7.0E-04
	1.2E-03
	2.5E-03

	1900
	8.2E-06
	1.8E-05
	3.0E-05
	1.5E-04
	3.0E-04
	7.4E-04
	1.2E-03
	2.7E-03

	2000
	8.6E-06
	1.9E-05
	3.1E-05
	1.6E-04
	3.1E-04
	7.8E-04
	1.3E-03
	2.8E-03


Note: The values reported by the NRC (1999a) lie at approximately the 75th percentile of the variability distributions discussed above. A spreadsheet constructed in Crystal Ball and allowing calculation of risks in any specific year of life is appended as variable.xls. 
Uncertainty Analysis 

Two primary sources of uncertainty are considered here: uncertainty in parameter values appearing in the model and uncertainty introduced by a lack of full understanding of the appropriate mathematical form of the exposure-response relationship for inhaled radon progeny. 

What is the measure of risk for which the uncertainty is to be estimated? Candidates are the mean risk in the population at a given value of Cw, or any specific percentile of the variability distribution (including the 50th or median). All of these values are proportional, however, once the GSD for the variability distribution is specified. For example, if the value of OF is underestimated by 10% due to uncertainty, the risks associated with all percentiles in Tables 4 through 6 will also be underestimated by 10%. As a result, a generic uncertainty distribution is developed here that can be applied to the mean or to any percentile of the variability distribution shown in Tables 4 through 6.

Crawford-Brown (1991) has summarized data that may be used in estimating the uncertainty in the mean value for the key parameters appearing in the calculations of risk in Sections 2 and 3. These parameter values are the Transfer Factor (TF); the Equilibrium Factor (EF); the Occupancy Factor (OF); the Dosimetry Correction Factor (DCF); and the Risk Coefficient (RC). They are discussed separately below. In each case, the methodology employed in Crawford-Brown, 1991, is adopted, in which the probability density function for the uncertainty is described by a lognormal distribution characterized by a mean, median and GSD. The mean in all cases is the best estimate value employed in Sections 2 and 3.

TF: The NRC (1999a) suggests the uncertainty in the mean value of TF is on the order of 10% to 20%. The primary data on which this uncertainty may be estimated are provided in McGregor and Gourgon (1980) and Hess at al (1990). The standard error of the mean for these samples is on the order of 20%. However, the samples are not a truly randomized sample of housing types in the U.S., and the uncertainty is likely to be slightly larger. Crawford-Brown (1991) recommended a GSD of 1.5 as an upper bound. For the present assessment, a GSD of 1.3 is used as the midpoint between the upper and lower bound estimates of uncertainty. The uncertainty distribution is approximately lognormal, with a mean of 1E-4; GSD of 1.3; and median of approximately 9.7E-5.

EF: This value is not reviewed quantitatively by the NRC (1991a). The value has been measured directly in a wide variety of homes throughout the US (see the data summary in Crawford-Brown, 1991) using generally reliable methods. The standard error of the mean for these data sets is on the order of 10% to 30%. For the present assessment, a GSD of 1.2 is used as the midpoint between the upper and lower bound estimates of uncertainty. The uncertainty distribution is approximately lognormal, with a mean of 0.5; GSD of 1.2; and median of approximately 0.49.

OF: This value is not reviewed quantitatively by the NRC (1991a). The value has been measured in large samples, as summarized in the EPA Exposure Factors Handbook (EPA, 1998). The standard error of the mean is on the order of 10% to 20%. For the present assessment, a GSD of 1.15 is used as the midpoint between the upper and lower bound estimates of uncertainty; this is identical to that determined by Crawford-Brown (1991) in a previous assessment of uncertainty based on data prior to the EFH values. The uncertainty distribution is approximately lognormal, with a mean of 0.7; GSD of 1.15; and median of approximately 0.69.

DCF: This value is not reviewed quantitatively by the NRC (1991a). The uncertainty in this factor is controlled by two considerations. First, the differences between mining and home populations with respect to breathing characteristics and states of radon progeny attachment to aerosols are not fully characterized. Second, value of DCF depends on the assumed locations of target cells in the lung epithelium, which has not been fully resolved (see the discussion in BEIR VI, NRC 1999b). The uncertainty is at least as large as the uncertainty introduced by the inability to specify precisely the target cells and to estimate differences in deposition fractions between the two populations. These two issues combined indicate an uncertainty on the order of 30% to 50%. For the present assessment, a GSD of 1.4 is used as the midpoint between the upper and lower bound estimates of uncertainty. The uncertainty distribution is approximately lognormal, with a mean of 0.7; GSD of 1.4; and median of approximately 0.66.

RC: The NRC (1999a) relied on the uncertainty analyses performed in the BEIR VI (NRC, 1999b) and EPA reports, indicating a GSD of approximately 1.3. It includes uncertainty in the conditional slope factor (i.e., uncertainty in the value of RC conditional upon adopting the BEIR VI exposure-response model). It also reflects uncertainty due to the fact that the value for RC may be obtained either from the mining studies or from direct measurements in home air. This uncertainty, however, does not include uncertainty introduced by a lack of full understanding of the appropriate mathematical form of the exposure-response relationship for inhaled radon progeny. Nor does it include uncertainty introduced by the possibility of un-accounted for confounding in the epidemiological studies (the mine atmospheres are complex mixtures).

Crawford-Brown (1991) has analyzed the mining data sets using a variety of biologically plausible exposure-response models, including the linear, multistage and distributed threshold (Weibull) models. These models produce a spread of values on the order of a factor of 4 when extrapolated to low levels of exposure such as in the home following use of water containing radon. In addition, recent data from Monchaux (2002), produced from detailed studies of rats exposed at both low total exposures (comparable to exposures in the home) and low exposure rates (low WL, comparable to the levels of radon found in home air). This is in contrast to the epidemiological studies, which were restricted to high exposures and exposure rates. The data from Monchaux (2002) are shown in Figure 1. Note the distinct non-linearity at low exposures (the data become linear at higher exposures). For the present study, these data were fit with both a linear model (solid line) and quadratic model (dashed line). The ratio of the predictions of the quadratic model over the linear model at exposures typically produced by water-borne radon in the home (on the order of 1 WLM from Equation 8) then was estimated. It is found to be approximately 0.007, or approximately a difference of a factor of 100. This indicates that the lower end of the risk coefficient may be as much as a factor of 100 below that produced by the best estimate linear slope factor. 


This model uncertainty is in addition to the GSD of 1.3 mentioned above. Taking these two components into account, a GSD of 3 is assumed here for the value of RC at the very low exposures in the home based solely on the epidemiological data. The uncertainty distribution conditional on use of the epidemiological data then is approximately lognormal (the inclusion of non-linearity from Figure 1 is discussed later), with mean values shown in Section 2 (4.8E-4, 8E‑4 and 2E-4 for the general population, smokers and non-smokers, respectively); GSD of 3; and median of approximately 2.6E-4 (general population), 4.4E-4 (smokers) and 1.1E-4 (non-smokers).

Note that Equation 16 is the product of a series of constants and lognormally distributed parameters. As described in Crawford-Brown (2001), the uncertainty distribution of Rtotal will, therefore, also be lognormal with median equal to the product of the medians (for the distributed quantities; otherwise means are appropriate for the non-distributed quantities). The value for the GSD is equal to e raised to the square root of the sum of the squares of the natural logs of the GSDs for the distributed parameters. In this case:

(19)
GSD = EXP[SQR(LN2(1.3) + LN2(1.2) + LN2(1.15) + LN2(1.4) + LN2(3))] 



 = 3.3

This GSD for uncertainty applies to all three risks (general, smokers and non-smokers). The inter-subject variability distributions for the three populations then are as follows, bearing in mind that inhalation risk constitutes the large majority of the risk and may be equated with total risk:

Rtotal,general: lognormal with median of Cw x 2.5E-7; GSD of 3.3; mean of approximately Cw x 5E‑7 

Rtotal,smokers: lognormal with median of Cw x 3.9E-7; GSD of 3.3; mean of approximately Cw x 8E-7

Rtotal,non-smokers: lognormal with median of Cw x 9.8E-8; GSD of 3.3; mean of approximately Cw x 2E-7 

These distributions may be applied to all percentiles in Tables 4 through 6 by “normalizing” the distributions to a mean of 1. These normalized uncertainty distributions are:

Rtotal,normalized: lognormal with median of 0.5; GSD of 3.3; mean of 1. 

As an example of how to use this distribution, consider Table 4, the row corresponding to 100 pCi/L, and the column corresponding to the 99th percentile. A lifetime excess cancer risk of 3.6E-4 is indicated as the “best estimate” for this percentile of the variability distribution. Using the normalized uncertainty distribution, the uncertainty in this risk would be characterized by a lognormal distribution with median of 0.5 x 3.6E-4, or 1.8E-4; a GSD of 3.3; and a mean of 1 x 3.6E-4, or 3.6E-4. Exactly the same procedure may be used for all other values in Tables 4 through 6.

We return now to the issue of the inclusion of non-linearity from Figure 1 based on the recent rat data. To begin, consider two issues. First, the rat data were produced using exposures that are much closer to those in the home than experienced by the human populations underlying the mining epidemiological data considered in developing RC in Section 2. This reduces the need for large extrapolations (several orders of magnitude) from the mining data. Second, the rat data are not based on direct measurements in humans, although there are striking similarities between the values of RC for rats and humans in other studies (see the discussion in NRC, 1999b). As a result, it is not clear how to weight the newer rat data into the overall pool of data from the human epidemiological studies. 

What this suggests is that the uncertainty distribution for Rtotal,normalized is bi-model. One mode is the lognormal distribution above with a median of 0.5; GSD of 3.3; mean of 1. The other is a “spike” or Dirac delta function with a value of Rtotal,normalized of 0.01 (i.e., 1% of the value of the risk calculated using mean values based on the human studies at high exposures). The precise PDF then depends on the relative weights assigned to the two modes. If only the non-linear rat data are used, the risks estimated under the previous sections is too high by a factor of 100 for the inhalation exposures (which dominate the risk). In that case, the risk will be controlled by the ingestion risks shown in Table 3. If only the human data are used, the risks are those defined in earlier sections, and the uncertainty is exactly as described previously in this section. Intermediate assumptions could be produced by providing weights to the two modes.
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Figure 1. The data of Monchaux (2002) for lung cancer in rats exposed at total exposures (WLM) and exposure rates (WL) close to those produced in homes. The solid line is the fit of a linear model, and the dashed line is the fit of a quadratic model.
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