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Summary

Lung-cancer mortality (LCM) is elevated in underground miners who chronically inhaled-
mutagenic, cytotoxic a-deca Studies of LCM associations with
residential-radon exposure (y

products of radon gas.
RJtE) levels remain inconclusive, but indicate at least the

plausibility of a negative LCM-RRE assocation over a restricted exposure range. Recently, this
sossibility was investigated using a "cytodynamic 2-stage" (CD2) cancer model developed at
LNL.1 The new model accounts for interrelated kdlmg, regeneration, critical DNA damage,

and possibly incomplete exposure of tracheobronchial stem cells, it also presumes non-
threshold, low-dose linearity for radon-induced critical DNA damage. This model was fit to
combined data on LCM vs. estimated radon ex >osures for (i) white males in 1,601 U.S.
counties 2 (considered controversial because these data exhibit a negative LCM-RRE
association), and (ii) white male Colorado Plateau uranium miners.3 The CD2 fit obtained not
only predicts the combined residential / miner data, but also predicts the inverse dose-rate (IDR)
effect (i.e., the higher risk for a given total exposure of longer duration) observed for radon-
exposed miners, and has parameter estimates that all are realistic when connared to
experimental data.1 As shown in Figure 1, both the nonlinear CD2 and linear BEL 1 IV risk
models predict substantially increased risk above 10 pCi/L, but below this concentration, risks
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Figure 1. CD2 model fit (bold) to combined data on increased relative risk (IRR) for LCM among
Colorado Plateau uranium miners) (data not shown), and on mean IRR for LCM rates vs.
corresponding mean residential 222Rn concentrations for U.S. white males in 1,601 counties
grouped into 15 subsets (data points); also shown are the standard linear (BEIR IV3A) risk2

model (light), and zero IRR (dashed). IRR = 0.8 corresponds to a 5.4% lifetime LCM risk. Due
to IDR effects accounted for, the CD2-predicted residential risk is higher at 20 pCi/L than the
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BEIR IV estimate based only on underground-miner data.
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predicted by the two models diverge dramatically. For 20- pCi/L residential radon exposures-
the approximate househoki concentration implied by the ef11ux design criterion used recently for
DOE's uranium-bearing Nevada Low-Level Waste Facility.5-the CD2 model predicts a

I substantial risk that is larger than that predicted by the BIER IV model (Fig.1). CD2 model
l plausibility thus bears directly on the scientific basis for risk aswa=ments concerning residential

radon exposure and related waste-management issues (e.g., optimal design of uranium-bearing
low-level waste sites).
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| Abstract
i

i Lung-cancer mortality (LCM) is known to be elevated in (even nonsmoking)

underground miners who chronically inhaled the mutagenic, cytotoxic a-decay
i

j products of radon gas. Studies of LCM associations with residential-radon exposure

] (RRE) levels remain inconclusive, but indicate at least the plausibility of " radon

| hormesis" (defined here as a negative LCM-RRE association). The plausibility of

| radon hormesis was assessed here using a "cytodynamic 2-stage" (CD2) cancer

model, which adapts a widely used mechanistic 2-stage (CK2) model to account for

interrelated killing, regeneration, mutation, and incomplete exposure of stem cells

in tracheobronchial epithelium. The CD2 model, a simplified (CD2S) model

positing exposure of all stem cells, and a CK2 model were each fit to published data

on LCM vs. estimated radon exposures for both (1) white males in 1,601 U.S.
'

counties and (2) white male Colorado Plateau uranium miners (the largest U.S.

mining population studied). The former residential data are considered

controversial because they exhibit a negative LCM-RRE association. All three

models used presume non-threshold, low-dose linearity for radon-induced

mutations. The CD2 (but neither the CK2 nor CD2S) fit was found to be consistent

with both the combined residential / miner data and an expected inverse dose-rate

effect among radon-exposed miners. Furthermore, all the estimated CD2 parameter

values are reasonably consistent with available biological data. In particular, the

fraction (~2%) of stem cells predicted to be virtually unexposed is proposed to lie

within ciliated submucosal-gland ducts-beyond the ran'ge of most radon-decay a-

particles. It is concluded that radon hormesis is a plausible prediction of multistage

carcinogenesis theory.

Key Words: Alpha, cancer, cytotoxicity, dose-response models, epidemiology, high-
LET, hormesis, lung, multistage, mutation, radon; risk.
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'Introduction

Radioactive radon gas (222Rn) diffuses through rocks and soil, accumulating in

enclosed areas such as underground mines and homes. Inhaled radon-decay

progeny emit a-particles that are genotoxic and cytotoxic, even at very low doses

(1,2). Radon exposure is known to increase lung-cancer risk (LCR) in experimental

animals (3,4) and in underground miners of uranium, iron, tin, etc., studied in the

U.S. and elsewhere (5-28). The largest study population of U.S. miners involves

Colorado Plateau (CP) uranium miners located in Rocky Mountain areas (AZ, CO,

NM and UT) [see (5,10,14)]. Mine dust and cigarette-smoke particulates may be

important etiologic cofactors in radon-related LCR; e.g. a significant LCR increase

was not observed among 359 Japanese Thorotrast patients, in whom the

administration of the X-ray contrast medium 232ThO2 decades ago caused

subsequent long-term, continuous exhalation of high (mine-equivalent)

concentrations of a-emitting 220Rn (29). The data on underground (including CP)

miners indicate that there is a substantial inverse dose-rate effect for radon-

enhanced LCR in miners: cumulative exposures clearly resulted in higher risk

when incurred over a longer duration (10,13,30). Combined data from 11 studies of

miners also indicate that radon exposures do not materially increase mortality from

cancers in tissues other than lung (31).

Residential radon concentration (RRC) is typically ~2 orders of magnitude less

than historical concentrations in mines (~50 to 800 pCi/L); RRCs in the U.S. have an

average of C - 1.25 pCi L-1 and range from <0.5 to (for >1% of homes) >8 pCi/L;

corresponding exposure rates average ~0.24 WLM y-1 and range from -0.10 to -1.5

WLM y 1 (32-34).1 Estimates of LCR due to RRC are generally based on relative risk

IOne working level (WL) = exposure to any combination of radon progeny in 1 L of
air resulting in 1.3 x 105 MeV of potential a-particle energy (= 100 pCi L-1222Rn with

daughters at ~50% of their equilibrium concentrations in radon gas); I working level
month (WLM) = 170 WL h; I pCi L-1222Rn = 37 Bq m-3 = fof.(10-2 WL pCi1 y)(51.6

WLM WL 1 y-1) = 0.1935 WLM L y-1 pCi-1, assuming fo = 75% (occupancy) and f =

3

360
- .. . .
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(RR) regression (i.e., linear extrapolation) from excess LCR based on studies of

underground miners, and motivate current RRC guidelines such as the U.S. EPA's

4-pCi-L 1 action level (13,23,25,33,36-39). Epidemiological studies have examined the

expectation that LCR and RRC should be positively related. Recent studies reporting

a positive association, and/or claiming consistency with LCR extrapolation from

occupational to residential settings, include: a retrospective mortality study of 752

residents of Fasaw County, New Jersey, exposed to elevated RRCs from industrially

contaminated soil (40); a case-control study involving 433 female cases in New

Jersey reporting some elevated odds ratios of questionable statistical significance (41);
,

and two case-control studies involving 210 and 1,360 Swedish lung-cancer cases,

respectively, indicating significant ~2-fold risk elevations among cases in the highest

examined exposure categories (2 ~4 to 11 pCi/L) (42,43).

In contrast, several case-control and large ecological studies have reported no .

clearly significant positive, and even some significant negative, LCR/RRC

associations. In particular, recent case-control studies involving 308 female cases in

Chinese city of Shenyang,538 cases among nonsmoking females in Missouri, and,

738 male + female cases in Winnipeg, Canada, all found no significant positive

association of LCR and RRC (p > 0.05) (44-46). Interestingly, all three of these studies

report odds ratios that are <1 for most RRC ranges above the smallest considered in

each study. Among related ecological studies, a significant negative correlation was

found between county-average distributions of RRC and lung-cancer mortality

(LCM) for males and for females in all 55 counties of England and Wales (p < 0.01)

(47). Relatively (albeit nonsignificantly) decreased LCM was observed for -3,000

50% (progeny equilibrium) (13,33,35). Cumulative lifetime exposure is calculated
with reference to total lifespan (e.g.,70 y) minus a tumor-latency period (e.g.,5 y; see

Methods). Due to biological and physiological factors, residential exposure may
typically result in a dose to target cells in bronchial epithelium that is K times as
large as the dose caused by the same level of exposure to underground miners; the
estimate K - 70% (33,35) is assumed in this study.

26f
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inhabitants of the Misasa radon-spa area of Japan compared those in a nearby non-

spa area (48). LCR was found to be (again nonsignificantly) inversely related to

radon exposure for males and had no apparent trend for females in 67 counties in

Florida (49), but a significant inverse LCM /RRC association was found for residents

of 37 counties in Washington (50). A similar study of male + female LCR in 427

Norwegian municipalities reported that "no positive trend could be shown with

increasing radon exposure" other than a significantly elevated regression coefficient

for small-cell-carcinoma incidence per se in females (51). Finally, analyses of

county-level data on LCM and RRC covering most of the U.S. population assembled

by Cohen and coworkers indicate a highly significant (p - 0) negative correlation

between RRC and LCM (but not mortality for other types of cancer) for males and for

females, even after adjustment for >50 potentially confounding factors involving

socioeconomic status, smoking prevalence, geography, altitude and climate (52-56).

The corresponding RR-regression slopes were most recently estimated by Cohen to

be discrepant by ~20 standard deviations from corresponding positive BEIR IV

estimates based on linear-no-threshold theory (13). .

Firm conclusions about radon risk at residential concentrations cannot be

drawn from the studies mentioned above (and others that are smaller, unpublished

in peer-reviewed journals, and/or have less direct focus on RRC/ LCM association

per sc), because of limited statistical power, RRC measurement errors, and possible

unidentified confounders (14,16,57). However, data from these studies clearly

include a multiplicity of nominally or statistically sigitificant negative assocMons,

and so comprise at least a plausible basis for " radon hormesis" (here defined as a

negative LCM-RRE association). " Hormesis," or induced low-dose benefit (e.g.,

arising from stimulated adaptive humoral / immune responses and/or DNA repair),

has been proposed to explain observed or possible reductions in tumors, mortality,

and other endpoints with increasing dose-(58-65). By definition, hormesis

contradicts linear-no-threshold RR-regression models now applied to risk

J61
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| extrapolation for residential radon. Linear models are typically justified as prudent

and mechanistically reasonable in view of radon's demonstrated carcinogenicity and
,

4

i
i ability to cause un- or mis-repaired somatic DNA damage likely to contribute to
i

|
multistage carcinogenesis (13,39). In contrast, proposed hormesis models have been

j nonmechanistic, focused on dose-rate rather than dose-response effects, and/or only
4

j descriptive of possible risk-reduction mechanisms (56,58-65), and are typically

J unoted in risk assessments for radon and other environmental carcinogens.

I A two-stage cell-kinetic model is now used extensively for mathematically
i

| modeling epidemiological and experimental carcinogenesis data (66-76). As applied

j recently in analyses of data on radon- and other radiation-induced tumors in rats

! and humans, such models explicitly incorporate birth and death rates for postulated
i

! premalignant cells (77-79) and cannot predict hormesis because they imply only
.

L positive dose-response slopes (see (70,72)]. However, such models are unrealistic
,

insofar as they ignore: (1) expected dose-induced killing of normal (in additional to

; premalignant) cells via irreparable DNA damage expected by such potent genotoxic
:

j agents as radon-related and similar-energy a-particles (2,80-86) and other high-LET

| radiations used for cancer chemotherapy [see (13,87)]; (2) increased effective
;

f mutation rates expected to arise with increased cell division and/or regenerative
:

hyperplasia associated with Point (1) (52,69,88,89); and (3) the likelihood of some;

i virtually unexposed stem cells involved in tissue regeneration. Points (1)-(2) are
3

reasonably self*vident, but Point (3) is more controversial (reasons for its prima;.

| facie plausibility are discussed in Appendix 1). Point,(3) was never considered

| important in previous radon-related studies, most likely because it does not affect I

risk calculated using linear-no-threshold risk models (which effectively consider f
j only average target-cell dose (s)). But such an unexposed stem-cell population, as
i

well as Points (1)-(2), may all affect radon risks predicted by newer, biologically based'

i

cell-kinetic cancer models. The present study exarnines whether such effects include!

! a prediction of radon hormesis that is plausible, insofar as corresponding predictions

6
|
i
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concerning dose-rate effects, cell turnover, and radon-induced cell killing are in

accordance with available data. To this end, the "cytodynamic 2-stage" (CD2) model

described in Methods was developed to predict how a-radiation from inhaled

radon-decay products ndght influence LCR in a way that reflects Points (1)-(3)

discussed above. 'Ihis model, and two simpler related ones, were fit to combined

U.S. residential (USR) and occupational CP data sets cited above (13,56), using

methods described below. The fits obtained, well as corresponding dose-rate-effect

and cytotoxicity predictions, are characterized in the Results section. The Discussion

section considers how the results obtained bear on the plausibility of radon

hormesis.

Materials and methods

Exposure and Mortality Deta. Data on lung cancer mortality rates for U.S. white

male (USWM) smokers + nonsmokers (SN) and corresponding estimated residential

and occupational radon-exposure levels were obtained from the Cohen and BEIR IV |
,

studies cited (13,55,56). The residential data compiled by Cohen (56) comprise
i
1estimates of relative risk (RR) for LCM in white males adjusted for age and

estimated smoking prevalence by county (vs. USWM rates), and corresponding

mean RRCs for 1,601 U.S. counties (representing ~90% of the U.S. population in

1,729 counties, minus that in the three major retirement states: AZ, CA, and FL).

These USR data are summarized by mean RR values (RRi,i = 1,...,18), and

corresponding values (a.,) of the standard deviation (SD) of each of these means,

for counties within 18 corresponding RRC intervals with means (Cg) ranging from

~0.5 to ~6.5 pCi L-1 (56). For the present analysis, the SD (ai) of each set of ni county-

specific RR values pertaining to RRi was calculated as nf S a ,, using ni and a ,n u

values indicated by Cohen (56) Each RRi value was converted to corresponding
1

cumulative LCM risk (and the latter's SD was obtained from ai) via multiplying by |

BEIR IV's estimated background rate, ro - 0.067, lor USWM SN based on 1980-84 data j

1 |(13). Corresponding average exposure rates Ei(in WLM y-1) were calculated directly

.14V
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from Cp were assumed to be continuous over an expected 70-y lifetime, and were I
;

! not adjusted for possible changes in residence (s) outside counties of death; the latter |
t

changes tend to shift C4 toward E, but are estimated to involve a relatively small
a :

fraction of the U.S. population outside the major retirement states (55,56).

| In addition to the summary USR data described, BEIR IV summary data were |
.

used that estimate RR for LCM in white male CP miners, adjusted for age and birth;

|'

1 cohort and grouped into 7 exposure intervals <2,000 WLM [(13), Table 2A-1]. To i
: 1

! convert to cumulative LCM risk, the RRs and correspo.. ding SDs were multiplied by

! an estimated background risk, ro*, for CP SN. It is expected that ro*<ro based on U.S.
i
j LCM comparisons at regional, state, and county levels indicating persistent,
,

relatively low LCM rates in Rocky-Mountain areas (52,55,56,90-93). A cumulative,

1

j LCM risk of rCPN - 0.063 is implied by LCM data for CP nonsmokers exposed to
i s;2,000 WLM (12). The BEIR IV analysis of smoking- vs. exposure-related effects in

-
j
,

I
j CP miners showed that LCM in all non-/ minimal smokers (0-4 cig./ day, reflecting
,

j ~30% of total person-y) was -9.1-fold higher than that in those who were virtually

j unexposed [(13), Table VII-9]. The corresponding risk estimate for unexposed CP

j nonsmokers, rCPN * rCPN/9.1 - 0.0069, is ~62% of BEIR IV's estimated cumulative*

! LCM risk (rN = 0.0112) for USWM contributing to ro. Interestingly, ~62% is also the
:

j estimate obtained as the product of the ratio (rufi) of U.S. mortality to incidence

| rates for lung cancer, and the ratio (ri(Co/us)) of Colorado to U.S. incidence rates for

; lung cancer, where rufi = 0.81 and rl(Co/Us) = 0.72 are estimated from corresponding
1

age-adjusted (1950- or 1970-standard) rates (94). For virtually unexposed CP miners,1

| BEIR IV's estimated RR for smoking vs. no/ minimal smoking was ~6.0, which is

rather less (by ~50%) than that estimated for USWM [(13), Table VII-9]. A relatively |

.; low RR for smoking was also indicated in earlier CP studies (5,9,10). In the present
i

study, ro* was therefore assumed to be rCPN [(0.30 x 1) + (0.70 x 6)] = 0.031.
'

The midpoint of each BEIR IV exposure range'was assumed to be experienced*

,

by corresponding workers for 7 y starting at age 35, which approximate tyical CP

d6 7
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values (5,9,10,12,13). It was further assumed that the percent of residential exposure

time during non-mining and mining years was 100% and 76% (- [1-(170 h/760 h))),

respectively (13), and that all CP miners had residential exposure to a radon

concentration of 2E [d.(10)].

Models of Carcinogenesis. To simplify model descriptions, dependencies on

time i and exposure rate E(t) are generally suppressed. The CD2 model (Fig.1)

incorporates a 2-stage cell-kinetic multistage model of carcinogenesis [see (72)],

hereafter referred to as a "CK2" model (Fig.1, dotted box), whereby normal stem

cells (S) each with probability 1 (Per cell division) add one to the population of

premalignant (" Intermediate") cells (P), which in turn each tend to proliferate

2 o a malignant cell (M). The CD2 modelclonally and give rise with probability t

adapts this CK2 structure by specifying cytotoxic loss of S cells, either immediately at

| rate kg, and/or at rate kr to a pool (D) of cells that are reproductively dead but

otherwise functionally normal. The CD2 model also posits a reservoir of 100(1-fx)%

resistant / unexposed cells (R), which play an enhanced role in replacing killed S

cells. Each R-cell is assumed with probability pi' to add one to a population of

premalignant (Q) cells, which in turn each give rise with probability #2' to an M cell,

via processes analogous to those independently involving S and P cells. Transitions

from S to P to M and from R to Q to M are assumed to be stochastic, but P- and Q-cell

net-proliferation kinetics could be modeled either deterministically [e.g., (72)] or

stochastically (e.g., (6649)]. For the present study, the transition and clonal-growth

processes ase assumed to be those specified by the "MVK" 2-stage stocha'stic model of

Moolgavkar and coworkers (71,73,77,95). Thus, the production of new malignant

cells by each of the S-+P-+M or R-+Q-+M pathways is taken to be a doubly stochastic
i

" filtered" Poisson process, in which each new premalignant (P and Q) cell undergoes

an independent exponential birth-death process leading to stasis, clonal expansion,

or extinction. Cytodynamic relations among S', D, and R cells in the CD2 model
'

under cytotoxic conditions, and corresponding effects on Q-cell kinetics (involving

9
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i

I
;

i an additional, unitiess parameter, c), are modeled deterministically as described in

! Appendix 2, where other model assumptions are listed. With these assumptions, a

discrete exposure scenario involving N dose rates C(t -tg.i) (where i = 1,...,N, to = 0,i

and tu = t) implies a cumulative tumor-mortality risk by time f+r that is an analytic

| function of eight parameters: m, s,f ,fa, b, rkm, g, and c (see Appendix 2). This

expression was used for modeling without adjustments reflecting maturation, so
j

j estimates approximate lifetime average values for SN.

For comparison, fits were also obtained using two related models. First,a

j simplified CD2 model (CD2S) (Fig.1, dashed box) was used that represents the CD2
:

| model conditional on fx = 0 and bs = b+G(t), where G(t) is defined in Appendix 2.
1

| Second, an even simpler (CK2) model was used representing the CD2S model

conditional on: kr = G(t) = 0, mi(y-1) here independent of cell-division rates, either
i

: (bp-dp) = g + c[1-exp(-sE)] or (bp-de) = g+sE, and b = dp/be with b here

independent of E. The CK2 model with (be-de) = g + c[1-exp(-sE)] is identical to .
,

l'

"Model B" referred to in the 2-stage analysis of individual-level CP data by )

| Moolgavkar (78), conditional on zero values for parameters used there to reflect

| changes caused only by smoking.
i

j Data Analysis. The CD2, CD2S and CK2 models were fit to the combined

! summary USR and CP data described by minimizing x2, the inverse-variance-

) weighted sum of squared differences between data-derived and model-predicted
i

j risks, using Mathematica* (%) to implement calculations of model-specific risks,
!

j corresponding dose-rate effects, and standard procedures (97) for Levenberg-

Marquardt numerical optimization to estimate parameter values and their standard

errors. The effects of dose rate on CP-related risks predicted by each model were

examined by plotting RR as a function of mine-exposure duration, and by

comparing these plots to similar RR data (based on the same~ reference point: RR=1

at ~2 y) appearing in reports by Lubin and coworkers (24,30). All risk calculations for

this purpose used 39.5 y (i.e., the same value. assumed for CP miners) as the

10
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!

midpoint of all exposure durations. Mean lethal dose, Do (in cGy), to radon a-

exposed cells implied by each (CD2 or CD2S) model fit was calculated as Do =

X/(rg s), where X (cGy WLM 1) is biologically effective dose per unit radon exposure.

Target cells in tracheobronchial epithelium receiving the greatest dose are the most

likely to be killed, and thus to play the greatest role in consequent tissue

regeneration. Secretory + basal cells in lobar / segmental bronchi are estimated to

receive a higher dose (~2.5 cGy WLM 1 under typical mining and residential

conditions) than likely targets in bronchioles and alveoli, and at the former site

secretory cells receive about twice the dose to basal cells (35,98). Thus, X =

3.3 cGy WLM-1 was assumed, and an SD estimate for Do was obtained based on the

variance estimates obtained for rk, and s.

Results

Parameter estimates and corresponding goodness-of-fit statistics obtained for

the CD2, CD2S and CK2 fits to combined USR/CP data are summarized in Table 1.

The data and model fits are shown in Fig. 2. As noted in Table 1, the CD2S and CK2

fiM were not improved by increasing the values of e and s, respectively, above zero,

so these parameters were dropped for these fits. Additionally, the CK2 fit was better

! under the linear than the exponential assumption regarding net-growth of

premalignant cells, so the linear assumption was used for this fit. From Table 1 and

Fig. 2, it is evident that the CD2 and CD2S fits are consistent with the data

considered, whereas the CK2 fit is not (p < 104). The inadequate CK2 fit is not due to

an inability of this model to reflect the summary CP data (an excellent fit was

obtained to these data alone). Rather, optimization to the combined USR/CP data

forced the CK2 model to reflect its smallest attainable initial slope consistent with

larger risk values included in the CP data.

In contrast to the positive linear slope predicted by the CK2 fit low exposures,

the CD2 and CD2S fits are more complex. The CD2 fit for USWM SN (Fig. 2a) has a
|

slope that is positive at a hypothetical "zero" exposure level, that decreases to zero at

!



an exposure level corresponding to the smallest mean RRC (~0.4C) reflected in the

USR data, that becomes negative thereafter before increasing once again to zero at a

RRC of ~3.8E (= a 65-y cumulative exposure of ~60-WLM), and that thereafter

becosnes and remains positive. The corresponding predicted LCM risk is -ro (the

USWM background risk) at three different RRC values: O pCi L-1, C, and 8.0C (s

-125 WLM). The slope of the corresponding CD2S fit is initially negative, then

decreases somewhat before increasing to zero at a RRC of ~8C, and thereafter

becomes and remains positive, with a corresponding predicted LCM risk of -ro both

at C and at 40C (a ~630 WLM). CD2 and CD2S dose-response slopes are not

constrained to have the signs indicated by the fits obtained here; rather, they may be

negative, zero or positive depending on rum, as illustrated in Fig. 3.

Figure 4 plots the RR values predicted by each model fit for CP miners exposed

to 300, 600, and 900 WLM over different exposure durations, relative to ,

corresponding risks predicted after a reference exposure time of ~2 y (see Methods).

This figure also compares these RR predictions to the estimates for miners obtained

by Lubin and coworkers based on 11 studies of LCM in underground miners

including the CP miners (24,30). It is apparent from Fig. 4 that the CD2 model

predicts an inverse dose-rate effect similar to that estimated for CP and other

miners, whereas the CD2S model predicts a proportional dose-rate effect rather than

an inverse one. The CK2 model fit jointly to the USR/CP data predicts virtually no

dose-rate effect, but this model is clearly capable of doing so. E.g., all fits were

excellent under the (falsel premise that each USR data point carries only one degree

of freedom, in which case the CD2 and CD2S dose-rate effects were virtually

unchanged, and the inverse dose-rate effect predicted by the CK2 model predicted

RRs increasing to only ~2 at 30 y for a 900 WLM exposure.

Mean lethal dose (Do,i 100% x SD/ Do) values of 18 and 31 cGy (i <5%) are

implied (as described in Methods) by the valueshtimated for rkm and s using the

CD2 and CD2S models (Table 1), respectively.

k
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i

! Discussion

Statistical rejection of the CK2 model fit jointly to Cohen's USR (56) and'

i
'

BEIR IV CP (13) data on LCM risk vs. RRC is not surprising, in view of the facts that
!

! this model is constrained to have positive dose-response slopes and that the
:̂

negative correlation exhibited by the USR data is highly significant (56). This result
.

simply illustrates the fact that while CK2-type models may predict a smaller initial

] dose-response slope than often predicted by linear RR-regression (e.g., fit to CP data),
3

j they are incompatible with the expectation of reduced LCM risk at low doses that is
'

postulated by radon hormesis and by Cohen's interpretation of USR radon data

) (52,55,56). Consequently, this result would be unchanged had a different approach
~

been used to characterize elevated risk in the CP cohort and/or to estimate
!

I parameter values, such as analysis of individual-level CP data using maximum-

i likelihood methods [cf. (78)].

! In contrast, the CD2 and CD2S fits obtained are both consistent with the
.

combined USR/CP data considered, but only the CD2 fit predicts an inverse dose-;

rate effect similar to that observed for CP and other underground miners (10,24,30).

! Consequently, the CD2 model may provide a plausible mechanistic basis for radon

| hormesis, whereas the simpler CD2S model cannot. As has been pointed out (78), a

mechanistic 2-stage model may predict an inverse dose-rate effect because,,

1

! depending on the exposure scenario, the duration of any exposure-induced net i

\
proliferation of intermediate cells tends to have a greater impact than cumulative

risk within this framework. The CD2-implied inverse dwe-rate effects thus arise !

from this model's integration of predicted mutagenic ard mitogenic effects, without
;

j reference to hypothesized biophysical (e.g., cell cycle " window-of-sensitivity")
.

j phenomena peculiar to high linear-energy-transfer radiation (99-101).
!

; The biological plausibility of the CD2 model fit obtained may be further

i assessed by comparing the CD2 parameter estimates to available data. The CD2

estimate for b-1 (~3 months) is consistent with the range of directly or indirectly
.

2 70.
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measured turnover times for normal tracheobronchial epithelial cells in rats (27 to
; '

'j 60+ d) and hamsters (97-159 d) (102-105), the ~3-6-month turnover times previously
.

| assumed for purposes of radon dosimetry (98,106), and the enhanced rate of

bronchial-epithelium renewal expected in persons chronically exposed to irritants
i
; such as dgarette smoke (see Appendix 1). The CD2 estimate of bm (6.5 x 104 y-1) is
1

{ consistent with estimates of ~104-10-7 y-1 made for somatic hpgrt-gene-mutation
i

j rates in human T-lymphocytes (which are considered reasonable estimators of

; somatic human-oncogene mutation rates) (107-110).
,

a

i The CD2 estimate for fx (1.9%) implies that the R-cell compartment
!

| hypothesized in this model is only a small fraction of the major (S) compartment of

| stem cells considered to be involved, which is consistent with relevant histc!ogical
:

| and microdosimetric variabilities (see Appendix 1). For example, this fx estimate is
;

consistent with the hypothesis that R-cells in the major bronchi are stem cells . .

1

i contained in the proximal half of each submucosal-gland ciliated duct descending

j from the surface epithelium, assuming an equal density of stem cells per mm2 of
:

ductal and surface epithelia (see Appendix 1).
-.

| The parameter rw clearly determines the extent of any hormesis predicted by

| the CD2 model (see Fig. 3), by virtue of the fact that rk, and s specify an effective

! mean lethal dose to nuclei of exposed cells in bronchial epithelium (see Methods).
!

; The Do value (18 cGy, i <5%) implied by the CD2 fit is ~3.5-fold lower than those

(averaging ~65 cGy) made for Chinese hamster ovary and other cell lines exposed to

| radon-derived or radon-simulated a-particles (81,83,84), and ~2-fold lower than that
i

! (39 cGy) made for normal diploid human lung fibrocytes exposed to radon a-
t

j particles (82). This discrepancy could indicate that the s 02 fit obtained is biologically
o

j implausible if radon-induced cell killing (in S and/or P cells) and local tissue

j regeneration were evenly dispersed over the exposed epithelial surface of the
i

] primary target (often considered the segmental bronchi-see Introduction).

However, regional variations in particulate deposition can cause doses that are

14
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|

|

|

|
'

elevated (~1.3-fold) in bifurcation zones, and dramatically elevated (~10- to 50-fold) |

.

in carinal ridges (where bronchi divide), relative to average tracheobronchial

doses-particularly when mucociliary clearance is impaired by cigarette-smoke

exposure (106,111). Radon-enhanced lung carcinogenesis may also primarily affect

those sites receiving such relatively elevated local doses (106,111). The Do estimate

implied by the CD2 fit for average surface epithelium is thus likely to correspond to

a somewhat higher, and hence more plausible, Do value in relatively heavily

exposed bronchirl regions.

It is concluded that raden hormesis (a negative LCM-RRE association) is a

plausible prediction of multistage carcinogenesis theory, based on the finding that
1

eco-epidemiological data suggesting such an effect, as well as data on clearly elevated

LCM in underground miners, are jointly predicted by a mechanistic 2-stage model

that realistically accounts for radon-induced cell killing, cell proliferation, and (non-

threshold, low-dose linear) DNA damage. Consequently, current estimates of cancer

risk posed by household radon exposures appear to be more uncertain than

previous calculations indicate (33,112). In view of the scope of current and planned

reductions in residential radon exposures (38), this conclusion highlights the need

for more rigorous tests of the biological assumptions and epidemiological

predictions of CD2-like models of radon's impact on lung cancer. A more general

form of the CD2 model applied here to radon may pertain to environmental

chemical carcinogens that are both genotoxic and cytotoxic (see Appendix 2); such
,

applications are currently being investigated.
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Appendix 1:
The nramaad of Unexposed Stem Cells in Bronchial Carcinogenesis

'

Lung-cancer in underground miners is considered to arise primarily in upper

tracheobronchial regions, which may reflect historical prevalence of non-

occupational (smoking-related) lung cancer in males (13,23,35,113,114). Radon

microdosimetry has thus focused on the first 4-16 tracheobronchial-airway

generations, where epithelial stem-cell targets traditionally were considered basal- l
l

cell nuclei 2 22 m (averaging ~50 m) below surface epithelium (6,13,37,80,115-123), |

but now are thought also to include nuclei of secretory cells located closer to the

epithelial surface (23,35,98,124-128). Considering the ~10-20-pm layer of cilia / sol +

mucous / gel overlying. tracheobronchial epithelium, all currently hypothesized |

targets are thus typically within the ~47-km and ~71- m ranges of radon-derived

6.0-MeV 21sPo and 7.7-MeV 214Po a-particles, respectively. However, several

considerations indicate it is likely that some target cells are likely to be unexposed. I

Stochastic variation alone in dose delivered to target nuclei at median depths

indicates that most target cells would not be hit after 30 y exposure to the mean U.S.

RRC (127). But human bronchial-epithelium normally contains undulated /

irregular regions with thicknesses varying from the median by a factor of ~1.4 to 3

(115,117,128-130). Both histologic studies and microdosimetric calculations indicate

that 210% of basal cells in radon-exposed normal upper-bronchial epithelium would

be beyond radon-derived a-particle range (117,120,122). The percentage of

unexposed cells would be greater within normally occurring regions of local

bronchial hyperplasia or squamous metaplasia (where basal cells typically stack), and

greater still in regions subjected to chronic cigarette smoke, mine dust, or respiratory ;

dysfunction (13,131-133).

Virtually unexposed stem cells are also likely to exist in the submucosal glands

of human bronchial epithelium. These glands,' involved in regulating airway

surface liquids, have ciliated ducts that emerge from beneath the bronchial surface

16
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throughout tracheobronchial generations 0 to ~&11, predominantly in generations 2

to 5 where their surface density is ~1 mm 2 (130,133-136). They each consist of

numerous serous and mucous tubules that distally terminate at corresponding acini

and proximally all connect to a collecting duct (~800 m long in the main bronchus),

which in turn narrows to form a nonbranching ciliated duct. Each ciliated duct is
i

~350 m in length and ~80 m in external diameter (again in the main bronchus- |

l
smaller dimensions apply to the smaller bronchi), consisting of a 20- to 30- m-thick :

I
epithelial layer that is " identical to and continuous with" the cells of the bronchial

!

surface, including ciliated, columnar, and goblet cells (130,135,137). Virtually all

stem cells that might exist in ciliated ducts would be out of range of inhaled a-

activity deposited in the upper airways if this activity were nearly all trapped and

removed by respiratory surface liquids. The fraction actually removed remains i

uncertain, but is considered to be in the range of 70 to 100% (35), or to be 99.3% (with I

the remainder retained near epithelial basement membranes and from there cleared |

to lymph nodes) (23). While submucosal-duct stem cells have not been identified !
l

experimentally or in histological descriptions, the potential for such cells to exist j

and contribute to cell renewal in bronchial-surface epithelium is indicated by

observations (133,138) that:

(i) many common virally and bacterially caused respiratory diseases involve
extensive, yet efficiently repaired, destruction and denuding of surface
epithelium in the larger bronchi (so it would appear unlikely that all such
repair is effected solely through migration and/or outgrowth of
surrounding undamaged surface-epithelial cells);

(ii) in the case of diphtheria, occasional islets of bronchial mucosa survive
undamaged, and epithelial repair proceeds from these zones if recovery
occurs; |

(iii) squamous metaplastic changes associated with toxic respiratory exposures

frequently extend down into submucesal-gland ducts;
'

(iv) bronchogenic carcinoma tends to spread initially along the bronchus
within the mucosa; and

. dTY
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|

I

(v) small-cell anaplastic (" oat-cell") carcinomas, which arise primarily in the
major bronchi, arise from Kultschitzky-type exocrine cells found both in
bronchial submucosal glands and in bronchial surface epithelium.

The likelihood that stem cells within submucosal-gland ducts normally contribute

to renewal of bronchial epithelium is suggested by the known role of

mucosal/ glandular ducts as a source of progenitor cells for epithelial renewal in

small intestine, epidermis, liver, and mammary tissue (139-142). This likelihood is

further indicated by recent studies showing that a pluripotent stem cell regenerates

both human bronchial epithelium and human bronchial submucosal glands, and

that an antigen specific to both bronchial basal cells and cells in bronchial-gland
i

ducts is also expressed in a variety of lung carcinomas (143-145). |

Appendix 2:
Mathematical Desription of the CD2 as Related Models

In the CD2 model, the fraction fa specifies the ratio R/So, where So is the

normal size of S absent cytotoxicity. The rates 67 and dr (y-1) are mean birth and

death / differentiation rates, respectively, for cell types T = S, D, P, R, and Q. It is

assumed that (br/bs) = (bo/ba) = n, where n is a constant. Under non-cytotoxic

conditions, it is assumed that: a single rate constant, g (y-1), governs net proliferation

of P and Q cells (i.e., br-dp = bg-do = g); bs = bo = b(1-fa) and ha = ds = b; and da b

(so dx = 0), where b-t (y) is the mean R-cell turnover time. For cells of type 7, the

rate of induced reproductive death is assumed to be kr = fxKsErkm, where s (y WLM 1)

and rk. (unitiess) are scaling factors, K = 1 for mining exposures and K = 0.70 for

residential exposures (33,35)1, and fx=1 is assumed for S and P cells. Similarly,

corresponding mutation rates are assumed to be mr = bifmmi(1 + fxKsE), where mi

(with i=1 for T=(S,R), and i=2 for T=(P,Q)) are estimated mean rates (per cell

division, e.g., 1 = fmm1(1+KsE)), and fm is a unitiess factor set to I for USWMs but

18
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i

!

estimated for CP miners. The factor fm represents a potential (e.g., healthy-worker-

! related) contribution to the expectation that ro*<ro, which here is assumed arbitrarily
i

| to involve the relative size of effective mutation rates only (results were virtually
'

unchanged when f.b was used for this purpose rather than f m). Finally, tumors

are assumed to be lethal at time t+r conditional on M(t) 21, where r is an assumed

tumor-latency period.

Cytodynamic relations among S, D, and R cells in the CD2 model are described

here in a general form (relevant to chemical as well as radiation carcinogenesis),

incorporating an additional assumption that the rates of birth (br) and mutation

(mr) of type-T cells are multiplied by (1-fe) for T=[D,S,P) and by (1-fex) for T=[R,Q),

and that death rates (dr) defined there are increased by febr for T=(D,S,P) and by f3xbr

for T=(R,Q), where'f3 (0 s f3 s 1) is a function of dose specifying the extent of

" mitotic" cytotoxicity (e.g., involving intermediate states of DNA-adduct repair that

are lethal if unrepaired prior to mitosis), and where f>x = felfx. By definition, f3 = 1

for D cells. A deterministic, Verhulst feedback-inhibition submodel specifies how bg

increases to ensure that S(t)+D(t) tends toward S(0) = So, under the assumptions that l
'

D cells are " perceived" by R cells as being normal S cells, and that R(t) = R(0) = Ro, =

fgSo for all t (i.e., that the increases in bg to offset R-cell losses are virtually |

" instantaneous" on the time scale considered). Equations (1)-(14) below give

corresponding birth and death rates specifying the general CD2 model:

b(1-fg)(1-f3) (1)bs =

b + k + k, + feb(1-fa) (2)ds = i

b(1-fa)(1-f3) =0 (3)bo =
,

k + b(2-fa) (4)do = i

[b + G(t) + fx(k + kr)]/(1 - 2f3x) (5)ba = i

nbs (6)bp =

be -(g + k + k, + f3nb(1-fa)] (7)dp = i

nh(1-fex) (8)bo =

ba - (g[1 + c(ba-b)(g/b)] + fx(k + kr) + f3x b) , (9)do i n=

where -
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G(t) = G( ) + a(1-([S(t)+D(t)]/So)) (10)
dS(t)/dt (b + G(t))fgSo + (bs-ds)S(t) (11)

=

dD(t)/dt krS(t) + (bcrdo)D(t) (12)
=

G(~) = f(b + fa 1[k + kr + 2feb(1-fg)]) - b (13)i

/ S(~)/So (1 + kr[k + b(2-fa)] 1) 1 (14)= = i

The general CD2S model is specified by Eqs. (2)-(4), (6), (7), and (10)-(12) evaluated

conditional on fa = 0, and with Eqs. (1), (6), (13) and (14) replaced by:

bs 0(1-f>) + G(t) (15)=

dp bp - (g[1 + c(ba-6)(g/b)] + k + kr + f>nb) (16)= i

G(~) = k + kr (17)i

f {1 + h(2(1-f>)].1)/(1 + h) , where h = kr/(b+k ) , (18)= i

respectively. The scaling constant c (unitiess) in Eqs. (9) and (16) specifies in each j

case that the indicated premalignant cells respond to signals that enhance the

normal-cell birth rate by increasing their death rates, where this increase is

proportional to the birth-rate increase over its normal value, b. The parameter
,

u (y.1)in Eq. (10) governs the speed of S-cell replacement.

For application to radon (see Methods), Eqs. (1)-(18) were evaluated with f3 =

f>x = 0, and it was additionally assumed for the CD2 model that:
,

1

(1) fx = 0, given that the limited track length of radon-decay a-particles in
bronchial epithelial tissue is likely to imply that a small fraction (fa) of stem
cells (e.g., those that may lie within ciliated submucosal-gland ducts) are
virtually unexposed (see Appendix 1);

(2) a in Eq. (10) is sufficiently large to ensure that S(t)I E approximates its
respective steady-state value, S(~) (defined above), relatively quickly for all E
values considered, where it is understood that for sequential exposures Ei
during time intervals (ti.i,ti), S(t) above is defined as S (t-t .1) such that4 i

Si(0) = Si.i(~) and So(~)=So, and where analogous relations hold for D;

(3) the rate (k ) of dose-induced immediate (" interphase") cell death is ~0, i.e., isi

negligible compared to kr at the exposure levels considered here;

(4) n = 10, based on values ranging from ~5 to ~20 reported in studies comparing

growth kinetics in a variety of potentially p,r'emalignant proliferative foci and

20
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surrounding normal tissues (146-149);

(5) So = 108 cells, based on an estimate that <108 basal cells are in bronchial
,

regions primarily at risk for radon-induced lung cancer in humans (119), and

the assumption that S cells probably also include other (e.g., secretory) cells
(see Introduction); !

(6) r = 5 y, based on latency values of 2.5 to 10 y (more recently ~5 y) used in
epidemiological studies of lung cancer among underground mining cohorts
(5,10,13,25,31,78); and

(7) mi = m2 = m, based on similar va: .nained initially for separate estimates
of mi and as and the similar quality of fits obtained with and without this
assumption.

Assumptions (2)-(7) and (6)-(7) were also made for the CD2S and CK2 model

applications (see Methods), except that So = 107 cells was assumed for the CKM

model [as in (78)]. Under these assumptions, the models were evaluated using

formulae equivalent to Zheng's analytic solution to the piecewise-continuous 2-

stage stochastic "MVK" (CK2) model, which during each ith interval (using his

notation) involves corresponding rates of mean occurrence (vi), birth (Si), death (S ),i

and mutation ( i) of premalignant cells (150). Dropping the i-subscript, the latter

three rates correspond directly to the rates bp,de, and me, or to the rates bo,do, and

mq, as defined above and in Methods. The expressions used for v in the CD2

(S-+P-+M) and CD2S, the CD2 (R*Q->M), and the CK2 models are fSome, fxSoma,

and Some, respectively, as defined above and in Methods. In the CD2 model,

survival functions Is and In are calculated for independent S->P-+M and R-+Q-+M

processes, respectively, with cumulative risk calculated as 1 -IsIx.

.

* a
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Figure Legends

Figure 1. "Cytodynamic 2-stage" (CD2) model of bronchial-epithelium

carcinogenesis influenced by a-radiation from inhaled radon-decay products. The

model incorporates a mechanistic 2-stage (CK2) framework (dotted box), whereby

normal epithelial stem cells (S) may each with probability #1 (per cell division) give

rise to a premalignant cell (P), which may proliferate clonally and with probability 2

give rise to a malignant cell (M). The CD2 model adds a reservoir of unexposed cells

(R) that play an enhanced role in replacing S-cells lost, e.g., at rate kr to a pool of

reproductively dead cells (D). R-cells may progress to premalignant (Q) and 1

malignant (M) cells via the same processes independently involving S and P cells.

Rates of birth (b) and death / differentiation (d) are specified for each cell type, fa is

the ratio R/S under normal conditions, and bold arrows indicate potential

cytotoxic / mitotic induction. In a simplified CD2 (CD2S) model (within dashed

border),fa is assumed to be 0.

Figure 2. CD2, CD2S, and CK2 model fits made jointly to (a) Cohen's data relating

mean lung-cancer mortality rates for U.S. white males and corresponding mean

levels of residential radon concentration in 1,601 U.S. counties grouped into 15

subsets (56), and (b) BEIR IV lung-cancer mortality data for radon-exposed Colorado ;

Plateau einers (13). Cohen's residential data are reexpressed in (a) as mean lifetime

lung-cancer fatality risk (i 1 SD) vs. corresponding cumulative radon exposure in

WLM. Note that (a) and (b) involve residential (continuous 65-y) and occupational

(residential + 7 y of mining) exposures, respectively.
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Figure 3. Plots of CD2-predicted risk as a function of cumulative radon exposure are

shown for five different rates of reproductive cell killing (k,), with other parameter

values set to those corresponding to the CD2 fit shown in Fig. 2(a). The rate kr is

specified by k, = 0.7sErg , where E (WLM y-1) is radon exposure rate, s (-3.91) is a ;

fitted scaling constant, and the five different rg values used are indicated. The bold

plot is the CD2 fit shown in Fig. 2(a). !

Figure 4(a-c). Relative risk (RR) of lung-cancer mortality in Colorado Plateau (CP)

miners predicted by the CD2 fit shown in Fig. 2(b) is plotted as functions of mine-

exposure duration for cumulative exposures of 300,600 and 900 WLM (solid curves);

corresponding RR predictions based on the CD2S fit are also shown (long-dashed

curves). RR is here relative to risk predicted for the reference duration of ~2 y (solid

point on short-dashed line indicating RR=1) used by Lubin and coworkers (30) in a

similar analysis of combined RR data from 11 studies of underground miners,

including the CP miners. For comparison, the plots above include RR values (open

circles) and corresponding 95% confidence limits (CLs) reported in the latter study

for total exposures of (a) 200-400, (b) 400-800, and (c) >800 WLM (points shown at

durations <35 y). The RR point in each plot for the 235-y duration was obtained

from a similar study (24); the relative deviations of the (unreported) 95% CLs from

this point in each plot were approximated as those reported for the preceding time

point shown. In each plot, the CD2 curve rising above the RR=1 line predicts an

inverse dose-rate effect similar to that indicated by the data shown, whereas the

corresponding CD2S curve falling below the RR=1 line does not. Note that the CD2

and CD2S models were not fit to the data points shown in (a-c); rather, the CD2 fit

obtained to other (U.S. residential and CP) data happens also to be fairly consistent

with the dose-rate-effect data shown above.
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| RADIATION HORMESIS: EVIDENCE FOR RADIATION
j STIMULATION AND SPECULATION REGARDING

MECHANISMSi

1

I LaoNAmo A. SAcAN
Electrual Power Itamasch lasusues, P.O. Dos 10412. Palo Alto, CA 94303. U $.A.

i

j Otereend 7 4nt IMO)
2

: Abueress-lommag radianos a gaaerally baisewed to tw hanaful at au levels of esposure, yet, the scwnt:Ac .

Ibeen for thss assumpnes u weak to mongusesat. ladeed,:hore a a comederable body of endsacs which*

sugests the contrary, naanaly, that low demos of radaanos, under certasa circu===sa-a= may be bene 6aal 1*

i
i The beerstwo a renewed, together with seems suggesend --+ ==

!
*
,

*

! THE RADLATION PARADsGM vitamms, or alcohol, there are qualitatively diferent (
msPonses at low and high doses, with high does

| The great majonty of people, both scientists and being usually harmful and low doses often being
nonomsnusts ahke, share certen assumpoons regard-'

a not only tnie of naturally occurnas
| ing exposure to iommag radiation. Put very amply, 8888t8. 88 in 28 e*amples just and, but with syn-
| it is behaved that radiation exposure: (1) is harmful

*8''''"'**U("' M
| tt all does levels, but (2) is increamagiy harmful at

In sed, examples dagents which an only bannful
high does levels, and (3) there are no efects at low are dif5 cult to God. Stebbing points out that of all

'

i doses which cannot be predaced from se h dose response curves (Fig.1), curve A, charactenstic
efects noted at high does M d an agent wkh @ Wuces bann, is stat %

The maa=F== of this paradage is saplicit in uncommon, and when such a response is exhibited,
! the estunnus d cancer deaths attnbund by

one may question whether the expenment had been'

..ious saane6c organzah and individuals adequately designed to expose an hormeuc curve
j adiation exposum resulung froen low does radi-

--

II'* 88' # I
- an. An example is the r--i-: , ' " ' 7= 8 tables
j of the National Institutes of Health which predict , ,, ,,, ,_ , ,,7 ,, ,,,

cancers at au levels of radiation exposure, without-

i conaderation of a threshold (M Noe Committee. A 17th century reference to the concept now

j 1945). known as honnesis is to be found in the wnungs of

Controversy regarding the health efects of ex- Paracelsus, who stated that "what makes a man ill

posure to low does radiation (LDR) does exist in the also cures him." He also wrote that "the poison is not
;

|
redisuon community, but the controversy is con 6aed in the substance, but in the does."
to rather limited issues; just as biblical or Tahnudic la the 19th century. Hugo Schulz proposed that.

| scholars argue incessantly over manute details of depending on the magnatude of a stimulus, it could |

dogma without quescomns fund ====tal assump- either enhance or diminish physiological activity
tiins, radiation.scantists argue the shape of the (Schulz,1888). Later, another German biologist,
dose-response curve, but rarely quescon the tnad Rudolph Arndt, wrote, "If genuinely weak stimuh
of assumptions desenbod above. The poemble promote the vital acuvity of organs and organisms,
existence of the poemble h== ac I efects of LDR, a poison, when adnumstered in a suf5ciently reduced
i.e. bormesis, for example, is asser mentioned in amount, must exert not a harmful efect but rather a
authontative reviews such as these of the National bene 6cial efect on the substrate of its influence."
Academy of Sciences BEIR enemmstees Ultimately, what came to be called the

These assumptions ated shoes are not unique to Arndt-Schultz " Law" was promulgated. This law
ionizing radiations; toxicoingets generauy aampt states that " weak stimuli accelerate vital activity,
similar assumptions regarding +==acal exposures medium ones promote it, strong ones inhibit it, and

Indeed, regulatory precuces generaDy assume that all very strong ones snuK it out."
agents (with the exception of nutritional agents) are The term " hormesis" is of relauvely recent origin.

harmful at all doess. According to Luckey, hormesis was 6rst used in a

Environmental agents rarely produce a linent m- 1942 publication to desenbe the stimulauon of
sponse in biological systems. Whether it be sunlight, fungal growth by low concentrauons of a naturally
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| owurnns anukuc substance found in tree bark Langeoiry
{ wbsch at higher concentrauons suppresses fungal A number of reports suggest that anal! continuous
j growth. Luckey's book on radiation hormesis de- doses of radiance proloog life. This has been shown
! servedly roosms credit for establishing interest in for inmaacs, in drosophila (Sacher,1963) as wou as .

! radiauon hormesis (Luckey, 1980, 1982). in manas orgnassas (Stabler,1977). |
j The evidence that a wide vanety of synths6c Considerable evidence of loogrvity bormens also +

| and naturally occurnns apats are stimulatory at exims in ====als Some years ago, t.cmas con-
j low doses is now overwhehning. Calabrees and his ducted empenments is which we found that animale
j colleagues have collected evidena of stimulance (of exposed to doess of radiation above background
j some form) from exposure to the following agents: (1) actunny marvind longer than the uneapoesd animals
j chloroform (5 studses); (2) essenual trace elements (5 (Lonne ,t al.,1955). Although the result has been

i studies); (3) pesticides (9 studies); (4) heavy metals (13 repiscated in other specass and in other laboratones.
; studses); (5) polychlonnated biphenyls (3 studies); (6) the og ac..,= of this moult has been in some doubt,
. antikucs (8 studies); (7) hydrocarbons (4 studies); partly because it could not be consistently replicated.
! (8) alcohols and olestes (4 studies); (9) miscellaneous and partly because there was no obvious mechanism
i (14 studies). <t==aaas sted. Use Lorenz work has recently been

I Among the miscellaneous group of agents are reviewed (Congdom 1987).

| radionuclides such as Co-60 (Calabrese et al.,1987). In addition to Efe prolongados from low doses of
; In addition to a lary number of agents which can r=Aasian it has also base demonstrated that shield-

produce sumulation, the number of biologic specame ing from background redsoecovity will redum the;

i which respond to such agents is also very large i fespan of drosophila as well as several other specaos
j (Stebbms,1982): (1) bactena; (2) yeasts and other (Pleas and Geien,1973).
! fungi; (3) protozoa; (4) cell culture; (5) multicedular p.A...aa resembles several other chemical assets

! invertebrates; (6) invertebrate larvae; (7) vertebrates. in its abdity to praises survival at very low exposure
In spite of this contrary evidence, the assumption levels. Haesensa has analysed data from carcmogeo-,

of harm from exposure to environmental agents at eli esis teenas audies showing that in aanmals exposed
exposure levels is widely accepted, but is probably to test assets, many of which were shown te
more Armly entrenched in public thinking and in caressossenc. these was a agasacant increase
regulatory decimon-mahng for radiation than for hfespas of the exposed ammals,in compenson with
any chenucal agent. One reason for this was the the uneaposed asumals (Hassuman,1983). |
early identiacation of a linear relationship between Rosenhams and his aan=mgn== have also collected
radiation exposure dose and mutation rates. Early data frosi a nusiber of studies demonstrating in- I-
in the history of radiation biology, the genetsc efects ceased survival of sammals chrooscauy apaaani to I-

of radiation exposure were of greater concern than agents, such as procesas, nonnaDy thought to be
were somatic efects. When MQ11er and others harmful (Bozenbausa et al.198M).
ident 8ed a linear response of drosophila to radiation. In addition to observances in laboratory animals,
that dose-response relationship was imputed for all there are some provosmtise observations in humans.
efects. One sech dass set is the work of Sir Ibchard Dou who

Secondly, in the 1940s there was proposed a theory has studsed mortahey amoeg Bntish radiologists.
which suggested that the radiobiological efects were Matamasks has also reported a de8 cit in mortality
due to radiation " bullets" hitting a genetic target. it among C . . particularly radiologists below
was also believed at the time that cellular DNA was the ses of $5, aner which mortahty rates rise above
entremely stable, and that any damage, such as that those of other phyescians (Matanoekt,1987).
resulting from exposure to such radiation bullets,
would leave irnparable harm. As descnbod below, we C8'"' I'89""'87
now know that DNA is under constant attack by a The most tha:fy studied consequena of radi-
number of mutageme agents, both environmental and stion esposun is an incmased nsk of cancer. Muluple
also those resulting from metabohc processes, and studies os esposed human populadoes as well as in
that the cell has a number of enzymes which are able laboratory ananals make it clear beyond any doubt
to repair and maintam the integnty of the DNA that emposure to high doses of rediation tocreases the

nsk of cancer Whether esposures in the range of
(Kirkwood 1989).

occupational doess, i.e. less than 5 rad per year, are
carcmogense or not is a matter of controversy. Esti-

HOa%tETIC EFRCT5 OF LOW LEVEL mADIAT10N IN mates of cancer risk at these low levels of exposure
COMPLEX OaGAN15%ts are drawn from high dose expenences (parucularte

Several biological e6ects in whole orgamsms.are Japanese studies) by the use of mathemaucal m.
considered as possible hormetic erTects of LDR. They These estamates are quite unstable, varymg ts
are. (1) mcreased longevity;(2) a reducuon in cEncer factor of ave, and do not exclude zero IJablon.1988).
freqaency;(3) meressed growth and fertthty of both Nevertheless, direct observauons of populations

plant or arumal orgarusms. e1 Posed to low doses of radiauon often show
a

.. . . _ . _. - _ __ -
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I reduction in the rates of expected cancer. For impines a knynes influence. 3 bach is known to
:ouuaucus nampia is his recent review of four such studies, exismi w many mu pomuons and w at least
een shown Mde ands standardiand mortality rauos (S.M.R.s) of $s re dim'e de

#
as wen u 75,95,85 and 73 (Mole,1987). These diferences from

which does not involve the pneuc matenals of the
expected vahaos are highly sigm6 cant statistically. irradaaied sperm cell. If the pneuc matenals of the

inesis tho The pneral explanations for the low frequency of Frm cell 8m involv'd. 't fonows, at least over ttus
ateru c:n. cancer in such studies is the socalled " healthy rans of doses, that for certain hereditary dacts of
i:t ammals worker,, efect, i.e. the assumed health advantage radsauon the response curve must be nonhneer and

the beneat' must predonunate over the barm' whereackground . of employed populations when compared with the dose is sufBciently low."
ed animals | unselected national populations. However, there are
t has been other reasons to believe that a real protective efect
boratones. . of low levels of radiation against cancer may be $8EC' M 8M5
ame operaung. Some examples:,

If has n a WW %mm h a
,

mechanistn wancer rates among atomic bomb survivors who explanatory theory should provide a basis for under-
udy been received the lowest doses of radiation, i.e. be. standing the underlying mechanism; i.e. how does it

tween I and 9 rad appear to demonstrate a work? Two diNerent mechanisms have been pro-,

sw doses of significant defcit of cancer in comparison with posed; one relates to the ceUular response to potenual
that shield. the uniexposed surwnns populations of the two injury, and the second, to "ceu-r=l=~m+at repair",
mduce the Japanese ciues (Fremlin,1987). or " altruistic ceu suicide"
tk species -Populations living around nuclear installations

m Great Bntain have recently been studied Atsponst ro sub lerhal cellinjury
'tical apets because of the concern that exposures which
w exposure result from proxirmty to such faciliues increases Simply stated, radiation efects are thought to'

result from several diferent ada-s; the arst
caremoyn. cancer. In fact, the study showed that, ahhough

relates to the production of oxypn rs&cals, and the
als exposed childhood leukemia rates were inexplicably second to damap to DNA. Both of these mechan-
m o be lugher than among those hving more distally,

isms can be used to explain protective :ffects of low
verall cancer rates were lower than expectedir in doses of radation.

ia ith (Forman er al.,1987).
A free radical is any chemical speces that contains-m studies of cancer rates among populations

linns m geographic areas where background one or more unpaired electrons, i.e. electrons presentso conected .

straung in- radauon is lugW than rionnal, cancer rates singly in atomic or molecular orbitala. Examples are j

exposed to tend to show an inverse relauonship with back. superoxide, hydropn peroxide, and hydroxyl. In |
high concentration, free radicals are thought to pro-

iught to be gr und radiation; the higher the background <

radiauon, the lower the cancer rates. Such stud. duce tissue damap, through interacuons with fatty {. .,

acids in ceu membranes, and with DNA. Some ]q ammah. ies have been conducted in China (Wei er al.,

iri humans. 1986). in India (Nambi and Soman,1987) and in diseases are thought to result from excessive exposure ;

to free radicals (Halliwell,1987). Such has been the
rd Dou who the IJmted States (Fnyno er al.,1973).

convenuonal wisdom (" free radical formation is
radiologists. bad").

'

m artality I"'##'#' I'#*'* ""# "F'*#"''"." Recent studies now suggest, however, that low
igists below A third area of radiation bormesis is the stimu- concentrations of free rascals may be bene 6 cal and
s nse above lation of growth and ferulity in both plants and even necessary to ceu growth, as shown by several
987). . ammals. There have been for several decades reports investigators (Murreu er al.,1989; Cerutti er al.,1989

! in the literature which demonstrate that LDR can and Sohal er al.,1989).
produce a staculatory efect. Luckey has provided an Protection against the eKocts of free radicals pro-,

mcc of radi- important review of this literature (Luckey,1980). vided by a number of anuotidants, including the,

:er. Muluple i
Miller has recently reviewed the plant literature enzyme, superoxids dysmutase, and certain metal

as well as m (Miller,1987) and concludes that this efect may be ions. Reactions amongst these agents, ondants and,

3 any doubt the result of kiting of the terminal menstemic unues, antioxidants, are complex, and are just being
mere:ses the resulting in the increased growth of flowers and fruits. explored. The extent of tissue damage is the result of
he range of There are also many reports of increased ferulity the balance betwien the free radicals generated and
xr yett, are fonowmg LDR. One recent example is a study by the antioxidant protective defense system.
osersy. Esti- Canadian workers suggestmg an increase in fertility These observations suggest a possible explanauon
of exposure and survival of trout embryos ferulized with irradi- for protection resulting from LDR or other

rucularly the ated sperm (Newcombe.1973). agents which produce free radicals; if radiauonticci xleh Newcombe's interpretauon of increased surviv- stimulates the synthesis of anuoudants (an "up-
ar a

ability of these irradiated embryos was as fouows: regulauorq), then the net result could be a general
*#"I'# '" E" '# " " " I

". beneficial' dect of the lower doses to sperm. on th,More unexpected was the finding of an analogouspopulanons Femendern and Victor Bond, working at the Jubch
ften show d ''

surmal of embryos after they had been formed his Nuclear Research Center, have showr that one such

; Joe
.
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antionadant, thymidine kinase, is increased by LDR penmental animals to nonliving antigens and certain
|(Feinendegen,1987). infections. This conclusion has also been reached with I

A second possibic protocuve mechamsm is respect to a wide range ofinfecuons in man but may
suggested by the observauons on the eficiency of not be jusu6ed in all cases because of inadequate
DNA repair mecharusms. Wolfe and co-workers have controls." Unfortunately, research on the efects of
observed that extremely low exposures to iomzmg LDR on immunity largely ended before a sophisu.
radiations apparently "up-regulate" the repair cated understanding of the immune system esisted, |
process, resulting in an increased resistance of cells la more recent decades, e7penmental attention has i

treated in this manner to be subsequent high dose been directed towards the role of radiauon enhaarad I

exposures. That such a phenomenon might also immunity on resistance to transplanted tumors. What
operate m humans is suggested by the observation of now appears to be demonstrated is that the suppres-
Austnan workers (Tuschi er al., t980). They have sor Tcells are more senative to radiation than are
noted that persons employed in radium mines used effector T cella. Therefore,if the radiation expososure |
for therapy have increased DNA repair efilciencies. is appropnately tamed and in small dose, there is an ;

enhanced immune response which results in a sup.# '"d#'N " N '" O pression of transplanted tumor cell growth in animala
in 1906, Bergome and Tnbondeau noted that the (Anderson er al.,1988). There is also at least one

effecuveness of radiauon is greatest on those cells report which suggests that small doses of radiation
which are most pnmiuve and are most acuvely may inhibit the growth of advanced lymphomas in
reproducmg. Why should this be so? Sohei Kondo human pauents (Chafey er el.,1976).
has suggested that, since DNA replication is rarely
perfect, the efect of DNA damage would be greatest mm
in cells which frequently reproduce smce in such
tissues the effects of deletenous damage would In cloems, I should like to emphamas that I am not |

rapidly result in ampli6 cation of induced errors arguang that the case for hormems requires that low I

(Kondo, 1988). The surest way of preventing doses of radianon always be h=aandal Indeed, if
these errors in replicating cells then, would be for nontoxic or stunulatory efects do occur at low doses, -

"altrussuc suicide" or programed death of these such efects need not exclude the co existence of toxic
injured cells. Such a strategy might also explain death efects at low doess; both might co e]ust. Further-
rather than implantation ofinjured fetuses. Through more, they might interact in a mannar which is
means which are not entirely understood, the death impoemble to predict, and in soone indmduals, one of
of cells stimulates the proliferauon of pnmitive stem these might predominate while in another, the other
cells. There is considerable evidence that this stimu. efect could predonunate.
lation "up regulates" the reproductive process, that I have no dif5culty in accepting the existence of an
is, results in a greater rate of cell producuon than agent which amultaneously creates a hazard and a
would have occurred in the absence of cell destrucuon beneet. We have several examples of agents which are
(Fabnkant,1987). associated with both efects. Nickel, chronuum and

One means through which altruistic cell suicide selenium are three examples of agents which are
could enhance the health of snammalian species necessary to nutntion and are known caremosens. So
involves the tmmune system, that complex system of too are the thyroid and the female sex hormones.
cells and serum factors which is increasingly bemg What is the future of hormanas a concept which is
found to parucipate in responses to not only infec- viewed as a novelty, as bems outade of normal
tious dia==aa but also to cancer and many of the conventional wisdom? In his book, The Structure of
chrosse diseases meluding heart disease and diabetes. Scienryic Aeoolutioar, Thomas Kuhn (1970) says;

" Normal science often suppresses fundamnatal novel-
@ess of LDA on rAe ammine system ties because they are a===aartly subverave ofits basic

Early in the study of iontzing radisuon, it was commitments? . Nevertheless, so long as those com-
recognued that the immune system is particularly mitments retain an element of the aAntrary, the very
radiosensiuve to high doses, but it was also recog- nature of normal research ensures that novelty shall
ruzed early on that low doses of radiation enhanced not be suppressed for very long." Iike Professor
immuruty. In the early literature, expenmentation Kuhn, I too have confidence that if radiation horme-
was largely directed towards the effects of LDR on sis exists, that in spite of the powerfulinfluence of the
resistance to bactenalinfection m laboratory arumals radiauon paradigm, the truth shall eventually prevail.
as well as m man. For example, in a review of the if the absence of sumulatory or hormetic effects
literature reported in 1951. Taliaferro noted a num- should be confirmed and the paradigm thus strength-
ber of reports m which expenmental arumals could be ened, we will have gaaned in that compansons with
shown to be more resistant to infecuon with bactena attemative models will have strengthened our aware-
(Taliaferro,1951). He concluded that "small amounts ness of our underlyms assumpoons. If hormesis is
of X rays, often admmistered locally, someumes en- conarmed, we will have improved the robustness of
hance anubody formation and the immunity of ex- our radiauon model.

Jo/
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ADMINISTRATIVE SESSION

- AGENDA -
|

Presentation
Time

I. Introduction - Dr. Garrick 5 min.
II. Conclusions of March 26, 1996 Meeting 30 min.

- Letters, Reports, etc.
- Need for further subcommittee

Meetings on March 26th topics
,

lIII. Future Meetings 30 min.
- Need
- Suggested Topics

,

'

IV. Charter and Protocol for Joint Subcommittee 25 min.

.
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ADMINISTRATIVE SESSION

- STATUS REPORT -
Draft Protocol

A draft Protocol was sent to each Subcommittee member on February
29, 1996, for comment. Comments were received from three
members: Dr. Steindler, Dr. Kress, and Dr. Powers.

Suggested changes were as follows:

Dr. Kress:

Dr. Kress recommended [page 4] that the Chairmanship of the
Subcommittee alternate annually and that Dr. Garrick remain
the Chairman during the first year. He also recommended
that membership n2L change depending on the subjects to be
discussed.

Dr. Powers:

Dr. Powers recommended [page 5] that the Subcommittee devote
some time at its first meetings to strategic planning to
include issues that do not now appear but may arise in the
near future. He did not have substantive changes to the
draft Protocol.

Dr. Steindler:

Dr. Steindler's comments (page 6] began by suggesting that
such a formal documents may not be needed. He made several
other suggestions about the signature for letters, which by-
laws would govern, etc. and concluded that the experience of
the first meeting would be valuable in making some of these
decisions.

Tooics for Future Meetinos

Members were asked for suggestions for topics for future
meetings. The following topics have been suggested:

1. Risk Harmonization
2. Probabilistic Risk Assessment
3. Expert Judgment
4. Rebaselining/ Strategic Planning (the NRC initiative)
5. Excess Weapons Plutonium Disposition, as waste or fuel

Dr. Powers suggested (page 5] that new issues be determined by
devoting some time at the Subcommittee's first meetings to
strategic planning, to identify issues that do not now appear but
may arise in the near future.

3
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The purpose of the Joint subcoesmittee is to review a limited
number of topics that are, or could be, of interest to both the
ACRs and the ACNN. thus avoiding dual reviews and conserving NRCstaff and Committee resources.

The Joint Subcommittee will also
members from both committees. review subjects thr.t oculd benefit from the combined expertise of

,

3

It is anticipated that the Joint Subcommittee will consider
issues under discussion or development at NRC oufficiently in
advance to influence the direction of those issues.
The proposed Protocol for the Joint ACRS/ACNW Subcosmittee is asfollows:

1. .. . ...

:

wgy- -- - W A- m_- ~ - g - , m. 4 ,, . ..,

w e trE _ ;,,
4

u. .aera.
II. Membarahip

3

Members of the subcomunattee, in addition to Drs. Krese andGarrick, are:
Willian shack (ACRS)Dr. Robert L. Seele, Dr. Deha Powers, and Dr.
Members are expected to setand Dr. Martin Steindler (ACWW) .the dates and agendas for
meetinge and to determine subjecte for review by the
subcommittee and for referral to the F.ull Couumittees.- . n .__.a - . _ _ - _ -. . - -; _ x x m x m ,-_ _ _ , _ . . . " . - = _ _ _ _.rww W_+ _

3_ . _ _
_ _ _ .

Other Members of both committees are invited to attendsubcommittee meetir.ge and to participate fully in all
discussione and draft letter-writing. activities. It Monters ofboth Committees are invited to suggest topics forsu h ittee review.

III. Stati

i
The Nuclear Reactore tranch, the Nuclear Waste Branch,
the Operatione Support Branch will work together as a teamand
to support the Joint Subcommittee. The staff for the firstJoint Subcommittee meeting will consist of R. Summere. N.Dudley, and M. Larson.
sranch, will be responsible for drafting * * m3R. Summare, Operatione Support,

notices, scheduling and coordinating the meetinge, '=iater
==

publishing 2n-M e,
minutes, draIt letters,and ensuring that statue reports.and other documentation are

\ ' Uwn&
sk sw 9 A sewA A at%4~4/ em -has. A4fwya
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To: Roxanne Summer

e A- e e. ..

From: Dana A. Powers

1

! Subject: Protocol for the Joint ACRS/ACNW Subcommittee
1

i

} I have examined the draft protocol you prepared for the meetings of the
{ joint ACRS/ACNW Subcommittee and I have no substantive comments on the

draft. In my work with the U.S. Department of Energy, I am pan of a team that is;

i again trying to rewrite the rules for dealing with radioactive wastes from the
,

j defense programs. Our current approach is to adopt a performance base
'

; for any revised rule. A major issue we face is the definition ofincidental waste
that NRC will adopt when it considers regulation of Department of Energy
repositories. In view of the ongoing interest in extemal regulation of the

| Department of Energy, possibly by the NRC, it would appear useful if thejoint
1 Subcommittee could devote some time in its first meetings to strategic planning to

include issues that do not now appear but may arise in the near future..
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OCT-13-1995 04:00 STEINDLER 7082413750 708 241 3"50 P.01

FBI COVER SHEET

PRIORITY: HIGH/ MEDIUM / ROUTINE DATE: 3/1/%
TIME: 12:15AM

PAGES INCLUDING COVER: 1

TO: Roxanne Summers @ FAX 301415 5422
ACNW T2 E5 X7371

FROM: MARTIN J. STEINDLER Phone (H) 708 241 37505
Phone (O) 708 252 4314+
Fax (O) 708 252 5528-
FAX.....(H) 708 2413750#

MESSAGE:
Concerning your fax on the Protocol for the joint ACNW/ACRS

meeting:
-I find it hard to believe that we need such a formal document for a

session between groups that are suposed to work for the same
Commissioners.

-Re item V: If the operation of the subcommittee is such as to involve
both committees or members thereof, why not foward to the Commission a
letter signed by both the the co-chairs? Is it likely that consensus will be
too difficult to attain? How can the members of the Committee NOT writing
the letter provide compelling input to the advice given to the Commission 7
1 wonder if all letters should not be joint letters. .

-It sounds as though the members will review topics and not the
entire subcommittee. Is this right? It should not be.

-In light of DOE and NRC activities on excess weapons plutonium
disposition and the fact that this stuff is supposed to be waste or fuel,
should this not be a topic for the subcommittee?

-Since the ACNW is outvoted, should not there be some provision for
' protection of the minority'? Also, do Roberts Rules of Order apply? Are the
ACNW by-laws governing or are the ACRS by laws governing? (or does any
of this matter)

-Let's see how it goes before we cast this in concrete.

Address is 1524 ChSi ago Ave, Downers Grove IL 60515-3450. Fax number#
is the same as the phone number. (See below at #)
* Address is Argonne National Laboratory, Chemical Technology
Division, Building 205, Argonne, IL 60439-4837
e-mail address: steindler@ cat.anLgov
No unattended reception. Call and talk to us before sending.
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DRAFT PROTOCOL FOR JOINT ACRS/ACNW SUBCOMMITTEE

PURPOSE

The purpose of the Joint Subcommittee is to review a limited
number of topics that are, or could be, of interest to both the
ACRS and the ACNW, thus avoiding dual reviews and conserving NRC
staff and Committee resources. The Joint Subcommittee will also
review subjects that could benefit from the combined expertise of
members from both Committees.

; It is anticipated that the Joint Subcommittee will consider
' issues under discussion or development at NRC sufficiently in

advance to influence the direction of those issues.

The proposed Protocol for the Joint ACRS/ACNW Subcommittee is as
follows:

I. Chairmanshio

The two Co-Chairmen are Dr. Thomas S. Kress, Chairman, ACRS,
and Dr. B. John Garrick, Vice Chairman, ACNW. The first

,' meeting will be chaired by Dr. Garrick. Subsequent
meetings, if any, will be chaired alternately by Dr. Kress
and Dr. Garrick.

'

II. Membershio

Members of the Subcommittee, in addition to Drs. Kress and
Garrick, are: Dr. Robert L. Seale, Dr. Dana Powers, and Dr.
William Shack (ACRS); and Dr. Martin Steindler (ACNW).

i

Members are expected to set the dates and agendas for '

meetings and to determine subjects for review by the
Subcommittee and for referral to the Full Committees.

|
Membership on the Subcommittee is subject to change '

depending on the subjects to be discussed.

Other Members of both Committees are invited to attend
Subcommittee meetings and to participate fully in all
discussions and draft letter-writing activities. Members of
both Committees are invited to suggest topics for
subcommittee review.

III. Staff

The Nuclear Reactors Branch, the Nucisar Waste Branch, and
the Operations Support Branch will work together as a team
to support the Joint Subcommittee. The ataff for the first
Joint Sul ommittee meeting will consist of R. Summers, N.
Dudley, and H. Larson. R. Summers, Operations Support
Branch, will be responsible for draf ting Federal ' ecister
notices, scheduling and coordinating the meetings,
publishing agendas, and ensuring that status reports,
minutes, draft letters, and other documentation are

i
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completed on schedule. After the Subcommittee determines
the subjects for review, a team member will become
responsible for each subject. Each team member will prepare
agenda items, coordinate presentations, and draft minutes of

jthe subjects for which they are responsible. 1

IV. IQpics for Review |

Members and staff of both Full Committees may propose topics
for Joint Subcommittee consideration, but Members of the
Joint Subcommittee will make the final decision on topics
for its review. Suggested topics include, but are not
limited to: spent fuel storage, health effects of low-level
radiation, decommissioning, and risk-based regulations,
including the use of PRA and expert judgment. The Co-
Chairmen will decide which Members and staff will be
assigned responsibility for each topic. Several memoranda
are available for guidance in this process.

V. Letter Writina

When the Subcommittee determines that c :opic on the agenda
should be the subject of a letter to the Commission, its
members will generally refer the matter either to the ACRS
or to the ACNW. In rare cases, a joint letter may be
preferred. A draft letter will be prepared by the
Subcommittee Member (s) assigned to the subject. The drafts
will initially be reviewed by the Subcommittee, prior to
going to the full Committee (s). Members of one Full
Committee may participate fully in the letter-writing
process of the other Full Committee on a topic referred by
the Subcommittee, but they may not vote on the final letter.

,

VI. Aaenda

The Agendas will be prepared by the Staff Team, based on
guidance from the Subcommittee Co-Chairmen.

VI. Minutes

R. Summers will be the Technical Secretary for the Joint
Subcommittee and will be the person responsible for
producing the final Minutes. Staff Team members will
prepare draft minutes for portions of the agenda assigned to
them. Minutes will be certified by the Co-Chairman who
chaired the meeting.

$


