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Abstract.

Purpose: Radon risks derive from exposure of bronchio-epithelial
cells to high-linear energy transfer (LET) o-particles. o-particle
exposure can result in bystander effects, where irradiated cells
emit signals resulting in damage to nearby unirradiated bystander
cells. This can result in non-linear dose-response relations, and
inverse dose-rate effects. Domestic radon risk estimates are
currently extrapolated from miner data, which are at both higher
doses and higher dose-rates, so bystander eflects on unhit cells
could play a large role in the extrapolation of risks from mines
to homes. Therefore, we extend an earlier quantitative mechan-
istic model of bystander effects to include protracted exposure,
with the aim of quantifying the significance of the bystander
effect for very prolonged exposures.

Materials and methods: A model of high-LET bystander effects,
originally developed to analyse oncogenic transformation  vitro,
is extended to low dose-rates. The model considers radiation
response as a superposition of bystander and linear direct effects.
It attributes bystander effects to a small subpopulation of hyper-
sensitive cells, with the bystander contribution dominating the
direct contribution at very low acute doses but saturating as
the dose increases. Inverse dose-rate effects are attributed to the
replenishment of the hypersensitive subpopulation during
prolonged irradiation.

Results: 'The model was fitted to dose- and dose-rate-dependent
radon-exposed miner data, suggesting that one directly hit target
bronchio-epithelial cell can send bystander signals to about 50
neighbouring target cells. The model suggests that a naive linear
extrapolation of radon miner data to low doses, without account-
ing for dose-rate, would result in an underestimation of domestic
radon risks by about a factor of 4, a value comparable with the
empirical estimate applied in the recent BEIR-VI report on
radon risk estimation.

Conclusions : Bystander effects represent a plausible quantitative
and mechanistic explanation of inverse dose-rate effects by high-
LET radiation, resulting in non-linear dose-response relations
and a complex interplay between the effects of dose and exposure
time. The model presented provides a potential mechanistic
underpinning for the empirical exposure—time correction factors
applied in the recent BEIR-VI for domestic radon risk estimation.

1. Introduction
1.1. Bystander ¢ffect and radon

By far the largest component of the background
radiation dose equivalent is from domestic radon
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exposure (NCRP 1987). For a variety of reasons,
however, direct epidemiological assessment of the
risks from domestic radon exposure is difficult,
resulting in risk estimates with wide confidence inter-
vals (Lubin et al. 1995b). Consequently, domestic
radon risk estimates are currently based on extrapola-
tion of data from miner studies, largely at consider-
ably higher radon exposures and exposure rates. At
present, a linear extrapolation of the risks from high
to low radon exposures is generally considered to
have the strongest biophysical rationale (NRC 1999).

At an average home radon concentration, few
potential target cells in the bronchial epithelium of a
home resident will be struck or traversed by an o-
particle in, say, 1 year (NRC 1999)—and this obser-
vation remains true even at high domestic radon
levels (figure 1).

This inhomogeneous energy deposition by a-par-
ticles is of potential relevance to the radon problem
because there is convincing evidence, at least i vitro,
that irradiated cells can send out signals that can
result in damage to nearby unirradiated ‘bystander’
cells. The evidence is particularly strong for high-
LET radiation, with a broad variety of endpoints
(summarized, for example, by Sawant et al. 2001b)
including chromosomal damage and oncogenic trans-
formation. Some recent results suggest that bystander
effects can be induced by high-LET radiation even
when the bystander cells have been previously

exposed to low doses of low-LET radiation (Sawant
et al. 2001a).

1.2. Modelling the bystander effect

Brenner et al. (2001) suggested a model for acute
exposure to high-LET particles that incorporated
both bystander effects and the more classical ‘direct
effects’. The basic picture proposed of the bystander
effect was that:

® it is a binary ‘all or nothing’ phenomenon in
which a signal is sent out by cells whose nuclei
are directly hit, but at high-LET more hits to one
cell nucleus do not lead to an increased bystander
response 1in its neighbours;

® the cell population contains, at any given time, a
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Figure 1. Probability of a cell nucleus in the bronchial epithe-
lium not being traversed by an o-particle over 1 year
(based on data in NRC 1999). Solid curves: basal cell
nuclei; broken curves: secretory cell nuclei. Lower
curves (refer to lower horizontal axis) are for exposed
miners; for reference, the mean radon exposure rate
for the Colorado Plateau uranium miners was about
150 WLM year ', for other miner cohorts, about
30 WLM year™ '. Upper curves (refer to upper horizontal
axis) are for domestic radon exposure; for reference, the
mean radon concentration in US homes is around

46 Bc m_3 1.3 pCi l_1 NRC 1999 5 comparable with
1

approximately 0.23 WLM year™ .

small subpopulation of cells that are hypersensitive
in their response to the bystander signal; and

® a cell from this hypersensitive subpopulation is
also very sensitive to direct particle traversals of

the nucleus, such a traversal generally resulting in
cell death.

This approach produced results consistent with
data then available from n vitro experiments designed
to probe the bystander effect (e.g. Miller et al. 1999,
Sawant et al. 2001b) for oncogenic transformation,
and also with data published since then (e.g. Belyakov
et al. 2001). Broadly speaking, it predicts dose—
response curves for acute high-LET irradiation that
rise rapidly to a plateau at low doses (due to the
bystander effect) and then further increase at higher
doses (due to ‘direct’ effects). Thus, at low doses, the
curve is downwardly curving (figure 2a, solid curve),
a pattern apparent for lung cancer incidence in
animals acutely exposed to radon (Cross 1992,
Gilbert et al. 1996, Monchaux et al. 1999).
(‘Downwardly curving’ for the vyield, ¥, as a
function of dose, D, is taken to mean that for
any sufficiently small doses, Dy and Do,
Y (D~ Dy)/2] > [Y(Dy)+ ¥(Dy)]/2.) This downward

curvature for acute exposure is of potential signific-
ance for dose-rate effects, as will now be discussed.

1.3. Swgnificance of exposure protraction to radon risk

The bystander model discussed above was for a
single acute dose. By contrast, domestic exposure to
radon is protracted over a lifetime, and even miner
exposure 1s typically protracted over several years
(average 5.7 years) (NRC 1999). It is important,
therefore, to extend models of bystander response
from acute to protracted exposure when analysing
the extrapolation of radon risks from higher to lower
exposures.

Before considering a specific model of bystander
response to protracted exposures, it is useful to note
that with some limitations (see below), one can
estimate the effect of protraction in a model-
independent way. To take the simple example of
splitting the dose into two fractions (figure 2), one
can picture the overall response to be the result of
repeating the dose—response relation for each fraction
(Rossi et al. 1982, Brenner and Sachs 2000). Then, if
the acute dose-response relation has an upward
curvature (as in, for example, the ‘classic’ linear—
quadratic  relationship), protraction would be
expected to decrease the response (figure 2b); a
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Figure 2. Potential influence of the shape of the acute dose—
response curve on the effect of protracting the dose, here
by dividing the dose into two fractions. The solid curves
respectively show downwardly and upwardly curving
acute dose-response relations. The dotted curves, for the
second of two fractions, result from rigidly displacing the
initial part of the solid curves; they illustrate how upwardly
curving acute dose-response relations can yield ‘direct’
dose-rate effects (decreasing risk with increasing protrac-
tion), whilst downwardly curving acute dose-response
relations can vyield ‘inverse’ dose-rate effects (increasing
risk with increasing protraction).
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decrease of response with increasing dose protraction
is often called a direct dose-rate effect. On the other
hand, downward curvature in the acute dose—
response relation, which appears to be the scenario
relevant to bystander responses, would imply that
protraction increases the response (figure 2a), giving
an nverse dose-rate effect. Finally, a system whose
dose—response relationship for acute irradiation is
linear would be expected to show little protraction
effect.

The applicability of this repeat rule, that the effect
of protraction approximates repeated applications of
the same initial part of the dose-response curve
(figure 2), depends on how a cell population changes
during a protracted exposure. An acute exposure
preferentially removes more radiosensitive cells from
a heterogeneous population, and the repeat rule will
then hold if, during the irradiation, there is continual
restoration towards the pre-irradiation distribution
of radiosensitivity. For the bystander model briefly
outlined above, this rule would be expected to hold
(Brenner et al. 2001). After an initial acute exposure,
the small proportion of hypersensitive cells (sensitive
both to bystander signals and direct killing) would
be decreased to still lower values due to direct cell
killing or transformation, but over time this propor-
tion should return to its pre-irradiation level due to
normal redistribution effects (Hahnfeldt and Hlatky
1998). If the distribution of cellular sensitivities is
restored on a time-scale shorter than or comparable
with the protraction time, then protraction would
increase response relative to an acute exposure
(figure 2a)—an inverse dose-rate effect.

1.4. Observed inverse dose-rate ¢ffects for protracted
high-LET exposure

In fact, both laboratory and epidemiological evid-
ence strongly suggest that increasing protraction of
exposure to a-particles increases the oncogenic risk.
Of particular interest is that inverse dose-rate effects
have been demonstrated in miners exposed to radon-
progeny a-particles over differing periods. In compar-
isons between different epidemiological studies invol-
ving different average radon-progeny exposure rates,
Howe ¢t al. (1987) and Darby and Doll (1990) inferred
inverse dose-rate effects. Within individual miner
cohorts, inverse dose-rate effects were reported by
Hornung and Meinhardt (1987), Hornung et al.
(1998), Stram et al. (1999), Gilliland et al. (2000),
Sevc et al. (1988), Tomasek et al. (1993), Lubin e al.
(1990), and Xuan et al. (1993). In a joint analysis of
11 cohorts of miners exposed to radon, with data

stratified both by exposure and exposure time, Lubin
et al. (1995a) and BEIR-VI (NRC 1999) clearly

demonstrated the existence of a statistically significant
inverse dose-rate effect.

In parallel to these epidemiological studies, there
have been many laboratory reports of inverse dose-
rate effects for oncogenesis or oncogenic transforma-
tion induced by high-LET radiations (Hill et al. 1982,
1985, Yang et al. 1987, Miller et al. 1988, 1990,
Bettega et al. 1992, Gilbert et al. 1996, Monchaux
et al. 1999).

As discussed above, average domestic radon expo-
sures are much lower than average miner exposures,
to the extent that multiple o-particle traversals in
target bronchial cell nuclei from domestic exposure
will be much less common than for miners. The case
where multiple traversals can occur in one target
differs in an important way from the case where
multiple traversals are very rare: specifically, several
authors (Barendsen 1985, Curtis 1989, Brenner 1993)
have argued that at low doses, a lack of multiple
traversals may preclude any dose-rate effects, inverse
or direct. Subsequent studies, both epidemiological
(Lubin et al. 1995a, Hornung et al. 1998, NRC 1999)
and in animals (Gilbert et al. 1996, Monchaux et al.
1999), have indeed confirmed that inverse dose-rate
effects do decrease as the dose decreases, essentially
disappearing at fluences of around one a-particle per
target cell nucleus. We shall argue that when
bystander effects are taken into account, a similar
situation should hold, provided the concept of ‘one
target’ is appropriately enlarged to include all the
bystander cells that can be signalled from a hit cell.

1.5. Modelling the influence of bystander ¢ffects on domestic
radon risk

We are concerned with the extrapolation of radon
risks from miners (comparatively high dose, signific-
ant numbers of multiple a-particle traversals per
nucleus, relative short exposure time) to the domestic
situation (low dose, almost no multiple nuclear o-
particle traversals, long exposure time). The evidence
discussed here suggests that dose-rate effects must be
taken into account in such an extrapolation. In fact,
the most recent analysis of domestic radon risk, in
the BEIR-VI report (NRC 1999), does make an
empirical correction for dose-rate effects based on a
phenomenological fit to miner data involving a range
of exposure and exposure rates. For example, the
BEIR-VI phenomenological model incorporates an
increase in risk by a factor of about 4 for a radon
exposure of >35 years compared with a typical
miner exposure of, say, 6 years.

The goal in our current work is to provide a
possible quantitative mechanistic underpinning for
these empirical dose-rate-based correction factors —



596 D. J. Brenner and R. K. Sachs

these being a central component of the extrapolation
of radon risk from mines to homes. Specifically, we
extend the bystander model (Brenner et al. 2001) for
high-LET acute exposure to high-LET exposure at
lower dose-rates. The model is comparatively parsi-
monious, involving only four essential adjustable
parameters. As discussed below, it is probably not
appropriate to apply directly model parameters
estimated in the analysis of m vitro data to the i viwo
situation. Therefore, we provide some validation of
this extended model by comparing it with the data
provided by Lubin e al. (1995a) for lung cancer
mortality rates in miners, with data stratified both
by exposure and by exposure time. Finally, we use
this extended model to draw conclusions about the
basis for the complex interplay of dose and dose-rate
(Brenner et al. 1994) in extrapolating radon risks
from mines to homes, providing a mechanistic ration-
ale for the phenomenologically based dose-rate
corrections adopted in BEIR-VI (NRC 1999).

2. Materials and methods
2.1. General approach

The number of normal cells ‘activated’ by radi-
ation damage will be modelled, where an activated
cell 1s one that has an increased probability that one
or more of that cell’s progeny will progress to cancer.
We view such activation events as parts of the chain
of events in the carcinogenesis process, which can
also occur endogenously, providing a rationale for
modelling relative, rather than an absolute risk.
‘Activation’ here does not necessarily correspond to
the same step as in standard multistep models (e.g.
Moolgavkar and Knudson 1981, Yakovlev et al. 1997,
Luebeck et al. 1999); indeed, it could refer to an early
or later event in the carcinogenesis process.

2.2. B a9 (Bystander and Direct) model for acute
high-LET exposure in vitro

The earlier model for bystander effects induced by
acute high-LET exposure (Brenner et al. 2001) was
suggested by results (Miller et al. 1999, Sawant ¢t al.
2001b) of experiments using a single-cell, single-
particle microbeam irradiator (Randers-Pehrson et al.
2001) designed to probe the systematics of the
bystander phenomenon. The endpoint of the experi-
ments was i viro oncogenic transformation by o-
particles. The following model assumptions were
discussed and motivated in detail by Brenner et al.

(2001)

(1) A distinction is drawn between cells that are
directly hit, i.e. have an o-particle traverse

their nucleus, and bystander cells which are
not directly hit. The vyield, 7, is due to a
superposition of bystander and direct effects:

r=28+9 (1)

(2) A cell that is directly hit sends out a bystander
signal to its £ nearest neighbour cells, where £
is treated as an adjustable parameter. The
model does not attempt to analyse the nature
of this bystander signal.

(3) At any instant, a small subpopulation of cells
is hypersensitive to the bystander signal
Specifically, suppose a cell is hit directly by an
a-particle. Then any hypersensitive cells among
the £ nearest neighbours will be activated, but
no other bystander cells are activated.

(4) For cells that are not hypersensitive, activation
can only be by direct hits, and the yield for a
Poisson-distributed number of particles with
average N per cell nucleus is given by a
standard linear formula, independent of dose-
rate:

9 =uN (2)
where u is another adjustable parameter.

(5) If a hypersensitive cell 1s hit directly by an o-
particle, it will be killed rather than activated.

These assumptions gave a reasonable fit to n wvitro
data (Brenner et al. 2001); it was pointed out, there,
that the assumptions when applied to a protracted
exposure would be expected to lead to an inverse
dose-rate effect because, over the course of the
protracted irradiation, the number of hypersensitive
cells would be expected to be replenished by endo-
genous processes. We describe here an extension to
the model quantifying these dose-rate effects.

2.3. Extension of the # a9 model to protracted exposure

As discussed, we consider only the radiation-
dependent stages of the carcinogenesis process. It
will be assumed that the picture just outlined, includ-
ing equations (1) and (2), carries over to the n vivo,
low exposure-rate situations of present interest. As
above, it is assumed that the target cell population
includes a small subpopulation of hypersensitive cells.
The extended model focuses on how the number of
these hypersensitive cells, # ({), changes as a function
of time, ¢, during irradiation.

It 1s assumed that in the absence of irradiation,
the number, # , of hypersensitive cells is kept at a
dynamic equilibrium, ¢, by a balance between cell
production and cell loss. Production (e.g. from suit-
able progenitor cells and/or by cells changing pheno-
type from normal to hypersensitive) is taken to be at
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a constant rate, r; endogenous losses (e.g. by cell
death or by phenotypic change from hypersensitive
to normal) are taken to occur at rate p# , where p
is a rate constant. It follows that r=pé&.

During irradiation, two additional effects tend to
deplete the hypersensitive subpopulation: killing and
activation. According to the picture carried over
from the m vitro model: first, killing of hypersensitive
cells occurs at the rate # () X AP(), where A4 is the
cross-sectional area of a target cell nucleus and ¢ is
the a-particle flux density (proportional to dose-rate);
second, activation of hypersensitive cells occurs at
the rate &# (1) X A¢({), since on average each hyper-
sensitive cell is among the £ nearest neighbours of &
different cells. The assumption here that cells hyper-
sensitive to the bystander signal for oncogenic activa-
tion are also hypersensitive to killing by direct hits 1s
not essential to the results; dropping the assumption
would give quite similar results as far as the present
data are concerned. The assumption was included
for consistency with the earlier i vitro model where
it plays a more important role.

Assembling these observations gives the two main
equations of our model for protracted exposure. The
rate of change with time of the hypersensitive cell
number is:

A /dt=p(¢é —H ) — (k+ 1)H Ad(i) (3)
The rate at which bystander cells are activated is:
dB /dt=kx Ad()) (4)

The differential equation (3), with initial condition
A (0)=¢, can be integrated to obtain . ({) (see
appendix). For a constant dose-rate, the flux density,
$, is a constant. In this case, inserting the resulting
form of . ({) into equation (4) and integrating gives
the number, #, of activated bystander cells at time
T (see appendix):

B =[k/(k+ 1)]€ {h/(1+2)+ [/ (1+ )]
X [l—exp(—h—1h/y)]} (9)
where

h=(k+ 1)4¢T, y=h/pT (6)

The variable £ is dimensionless and proportional to
total dose or total cumulative exposure. It has a
useful intuitive interpretation, as follows. Since a
hypersensitive cell can be influenced by hits on its
own nucleus or the nuclei of £ neighbours, consider
a supracellular ‘collective target’ consisting of A+ 1
cell nuclet and, therefore, having total cross-sectional
area (k+ 1)A. The total number of a-particles that
hit this supracellular collective target at a constant
particle flux density ¢ (i.e. at a constant dose-rate)

during the radiation period 7 is thus 2= (k+ 1)A$T.
The variable y is the corresponding collective-target
hit-rate, 4/ T, made dimensionless by rescaling with
the hypersensitive-cell replacement rate constant, p.

2.4. Applying the model for protracted exposure

Combining equations (1), (2), (5) and (6) gives a
model with four adjustable parameters: y, ¢, £ and p.
The model was fitted, using standard maximum-
likelihood methods (Press et al. 1986), to the combined
data reported by Lubin e al. (1995a) for lung cancer
mortality rates in 11 different cohorts of radon-exposed
underground miners. The data are stratified by expo-
sure and duration of exposure, and are adjusted for
attained age, cohort and other concomitant factors.

It is assumed that excess relative risk is proportional
to the yield of activated cells, i.e. ERR=¢(#+ ).
The proportionality factor, ¢, does not act as a further
adjustable parameter because it is merely a multiplic-
ative factor for g and ¢, 1.e. only the combinations
¢t and ¢€ are relevant to the data.

Applying the model requires estimating the total
number of o-particle hits, N=A¢T, on a target cell
nucleus for a given cumulative exposure (WLM).
Based on the analysis reported in BEIR-VI (NRC
1999), it was assumed that a cumulative exposure of
100 WLM results in N~ 1 a-particle traversal per
target cell nucleus; this value is for target bronchial
basal cell nuclei, with a cross-sectional area of about
25 um®. The figure of 0.01 hits/WLM implies that
60 years of exposure in a house with a radon
concentration of 100Bq m™* results in N~ 0.3 par-
ticles traversals per basal cell nucleus (there will be
turnover of the cells during this time). A total of
1 WLM roughly corresponds to a dose of about
5mGy 100 keV um~ ' a-particles in these target cells,
but conversions of WLM to Gy (or to Sv) will not
be needed in our calculations.

3. Results

We have fitted the extended # ¢ model described
above to the combined data of Lubin et al. (1995b)
for lung cancer mortality rates in 11 cohorts of
radon-exposed underground miners, stratified both
by cumulative exposure and by duration of exposure,
and adjusted for attained age, cohort and other
concomitant factors. The results are shown in
figure 3. The estimated parameters were £=49.8 (the
number of bystander cells signalled by one hit cell
nucleus), p=24.3 year ' (the rate constant for
replacement of hypersensitive cells), ¢ =0.092 (the
contribution of bystander effects to the ERR if all
hypersensitive cells initially present were activated by
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Figure 3. Fit of the extended B a¥ model described here to the data of Lubin et al. (1995a) for lung cancer mortality rates in 11

cohorts of radon-exposed underground miners, stratified both by cumulative exposure (in WLM) and by duration of exposure,
and adjusted for attained age, cohort and other concomitant factors. Note the different vertical scales in the upper and lower
panels. The inverse dose-rate effect (increasing risk with increasing time) is clearly significant at high WLM, but less so at

low WLM.

bystander signals), and ¢u=0.25 (the contribution of
direct effects to the ERR if the average hit number
for a target cell nucleus is 1). Here ¢ is the equilib-
rium number of hypersensitive cells in the absence
of radiation, and pu is the number of non-
hypersensitive cells activated by direct hits when each
target cell nucleus is hit by an average of one o-
particle—Dbut, as discussed above, only the combina-
tions ¢ and ¢y can be estimated from the data.
The estimated parameters were used to extrapolate
the miner data to lower doses, and for a 60-year
exposure. The results are shown in figure 4a: for the
comparatively short miner exposures (solid curve; for
illustrative purposes, we used 6 years, the average
time of miner exposure in the data), the dose—
response relation is linear at very high doses (where
the direct effect dominates). It can be seen, however,
that at intermediate doses, where the bystander
response starts to become important, the 6-year
exposure (solid) curve become non-linear. At these
intermediate doses the risks from a 60-year exposure
(dotted line) are larger than those for a 6-year
exposure (solid line)—the inverse dose-rate effect. At
still lower doses, dose-rate effects become small, so
the 6- and 60-year exposures produce the same risk.
Figure 4a also shows a linear extrapolation of the
miner data (Lubin et al. 1994) in which the effects of

dose-rate are ignored. It can be seen that ignoring
dose-rate effect and simply using a linear extrapola-
tion from the miner to the domestic situation would
result (using our estimated parameters) in an under-
estimation of the low-dose radon risk by about a
factor of 4.5. This underestimation is comparable
with the corresponding empirically estimated factor
in BEIR-VI (NRC 1999) of about 3.7.

For comparison, plotted in figure 4a are results
from domestic radon case-control studies as meta-
analysed by Lubin and Boice (1997). The spread and
uncertainties of the results are such that they are
consistent with both the current mechanistically
based low dose-rate/low-dose extrapolation, the
BEIR-VI phenomenological low dose-rate/low-dose
extrapolation, and also the ‘naive’ low-dose extra-
polation from miner data that ignores the effect of
dose-rate. Thus, it is unlikely that further comparison
with the results of domestic radon case-control studies
will be informative in this regard. It is important,
however, to note that these data typically represent
above-average cumulative radon exposures and that,
assuming low-dose linearity, most radon-related
deaths will be at still lower cumulative exposures.

Figure 4b shows the proportion of the overall risk
that, using our estimated parameters, can be attrib-
uted to bystander effects rather than to direct effects.
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Figure 4. a. Model fits and extrapolations to low doses and dose-rates: In this log—log plot, any linear (no threshold) response appears
as a straight line at 45°, with the response per unit dose specified by the height in the log—log plot (rot by the slope). Solid curve:
excess relative risk computed with the parameters fixed by miner data (see figure 3) and assuming a fixed exposure of 6 years, the
average for the miner data (NRC 1999). Dotted line: corresponding prediction for a 60-year exposure; note the inverse dose-rate
effect relative to the 6-year exposure, at high but not at low doses. Dashed line: linear (no threshold) extrapolation of miner data
to low doses (Lubin et al. 1994), in which doses-rate effects are not accounted for. Note this ‘naive’ extrapolation underestimates
the low-dose risk estimate in which dose-rate has been accounted for, by about a factor of 4. For comparison, data are shown
from domestic radon case-control studies (typically representing cumulative radon exposures above the overall domestic average),
as meta-analysed by Lubin and Boice (1997); for visual clarity, only the top halves of the error bars are shown. b. Proportion of
the total risk estimated to be due to bystander effects, using the same (best-fit) model parameters as in figure 4a.
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At low doses, bystander-induced damage dominates
the risk. With increasing dose, the proportion of the
risk due to bystander effects decreases, though more
slowly for long compared with short exposure times,
as long exposure allows for replenishment of cells
that are hypersensitive to bystander signals. At very
low doses, the fraction of the overall risk that is
attributable to bystander effects becomes independ-
ent of dose and dose-rate; it is simple to show that
this fraction is 1 — u/ké, which, using our parameter
estimates, is about 0.95.

The specific parameter estimates derived for the
model parameters seem reasonable: k=~ 50 cells for
the number of bystander cells signalled by a hit cell
is consistent with the large values found  vitro (e.g.
Belyakov et al. 2001). The replacement rate constant
of p=~2 per month is comparable with the estim-
ated l-month cell cycle time for the target cells
(Adamson 1985).

The numerical values of ¢ and ¢y are harder to
interpret because ¢, which cannot be estimated using
the current approach, encapsulates the entire process
of tumour development with its many unknown
features. As we now argue, however, the ratio € /u
is a measure of the relative importance of the
bystander to the direct effect at low doses, and as
such can be directly compared with the correspond-
ing value derived from analysing i vitro data. It is
assumed that k> 1, as appears to be the case both
vivo and wm wvitro, so there will exist low doses such
that N1 and NMk>1. At such a dose, the number
of cells activated by the bystander effect is essentially
¢, and the number of cells activated by the direct
effect is essentially wVN. Consequently, at this dose,
the ratio of the bystander contribution to the direct
contribution to the overall risk is ¢ /uN. Thus, the
ratio ¢ /u is, in this sense, a measure of the relative
importance of the bystander effect at low doses and
can be compared directly with the corresponding
quantity estimated from an analysis of in wvitro data
(using the notation described in Brenner et al. 2001,
this 1s the ratio ¢/v). In fact, from the miner data,
our estimates above give ¢ /u= ~0.4 hits per nuc-
leus, whereas analysing i vitro data (Brenner et al.
2001) we estimated /v = ~4 hits per nucleus, about
10 times larger. Such a difference, corresponding to
a relatively smaller role for the bystander effect
vivo than wn vitro (provided the signalled neighbour
number £ is not too small), would not be surprising
in view of the many differences between the two
situations.

4. Discussion

Radon risks derive from exposure of bronchio-
epithelial cells to high-LET o-particles. o«-particle

exposure can result in bystander effects, where irradi-
ated cells emit signals resulting in damage to nearby
unirradiated bystander cells. This can result in non-
linear dose—response relations, and inverse dose-rate
effects. Domestic radon risk estimates are currently
extrapolated from miner data, which are at both
higher doses and higher dose-rates, so bystander
effects on non-hit cells could play a large role the
extrapolation of risks from mines to homes.
Therefore, we have extended an earlier quantitative
mechanistic model of bystander effects to include
protracted exposure with the aim of quantifying the
significance of the bystander effect for very prolonged
exposures.

The model considers radiation response as a super-
position of bystander and linear direct (# a7 ) effects.
It attributes bystander effects to a small subpopul-
ation of hypersensitive cells, with the bystander con-
tribution dominating the direct contribution at very
low acute doses but saturating as the dose increases.
Inverse dose-rate effects are attributed to replenish-
ment of the hypersensitive subpopulation during
prolonged irradiation. The essential features of the
argument are summarized in figure 5, which uses a
number of over-simplifications but illustrates most of
the key implications of the model.

The main conclusions of this analysis are as follows.

® At high doses, the model predicts saturation effects
and inverse dose-rate effects in the bystander
response. At sufficiently low doses, in agreement
with general microdosimetric arguments, the pre-
dicted response is linear in dose and independent
of dose-rate.

® Parameter estimates based on applying the model
to dose- and dose-rate-dependent miner data
suggest that a single directly hit target bronchial
basal cell can send bystander signals to about 50
neighbouring cells.

® The model parameter values obtained from this
analysis of epidemiological data, in as much as
they can be compared with parameter values
obtained from i witro analyses, are significantly
different. Thus, model parameters estimated from
analysis of i witro studies cannot necessarily be
applied to the m wvivo situation, as attempted, for
example, by Little and Wakeford (2001).

® The high-dose saturation and inverse dose-rate
effects in the bystander response suggest that a
linear extrapolation from miner data, which does
not properly take into account dose-rate effects
would underestimates the domestic radon risk by
about a factor of 4—a value comparable with the
empirical estimate applied in BEIR-VI (NRC
1999) on radon risk estimation.
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A: very low dose & high dose rate
=
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E: high dose & high dose rate

=
e

F: high dose & low dose rate

=
e

Figure 5. Cartoon illustrating the main results regarding the interplay of risk between dose and dose-rate: the small boxes represent

collective, supracellular targets, defined by the property that a hit on any target cell nucleus in the collective target results in a
bystander signal to all cells in that collective target. Estimates suggest about 50 target cells per collective target, but for visual
clarity, each collective target is shown as containing just two cells. In a few cases, a collective target may contain a hypersensitive
cell, shown here as solid. The average number of a-particle hits is labelled ‘D’ to emphasize its proportionality to dose, and the
bystander response is labelled ‘R’. (A hypersensitive cell in a hit collective target will, according to the model, be killed if its
own nucleus is hit, and activated if any other nucleus in the collective target is hit; since the estimated odds are about 50:1,
that activation, rather than killing, occurs, R is taken simply to represent the yield of activated cells.) (A) Dose that is ‘very low’
in the sense that most collective targets are not hit, and the chance for two a-particle hits in one collective target is negligible.
(B) To illustrate the effect of dose-rate on very low dose risks, the same very low dose was split into two separate fractions. The
pattern of hypersensitive cells can change between fractions, but it is seen that a very low total dose will produce the same
average response, R. Thus, at very low doses, inverse dose-rate effects are negligible. (C, D) Dose is twice as large, but it
remains low in the sense that the chance of two hits per collective target is negligible. In agreement with general microdosimetric
arguments, the response is also doubled, i.e. it is linearly proportional to dose, and dose-rate effects remain negligible. (E) At a
high acute dose, the chance of more than one o-particle per collective target is no longer negligible and this panel represents
the case where an average of four hits occurs per collective target (the actual distribution of hits, approximately Poisson, is
represented here for simplicity by exactly four o-particles in each collective target). For acute doses, four a-particles in one
collective target are no more effective, in terms of the bystander response, than one a-particle; the bystander response, therefore,
increases less rapidly than linearly with dose because of ‘saturation’— some of the o-particles are ‘wasted’. (F) If the high dose
is split into two fractions separated by a time interval (long enough for hypersensitive cells to be replaced), the response is
doubled, i.e. there is an inverse dose-rate effect at high doses. Overall, comparing (E) with (B) shows that a linear extrapolation
of risk from a high acute dose to low dose and low dose-rate may underestimate this risk, in this schematic case by a factor of
4, due to saturation and to inverse dose-rate effects in the bystander response.

It is important to stress that we have in no sense
‘proven’ the relevance of bystander phenomena to
low-dose radon risks. Rather, we have described a
mechanistic model that is parsimonious in its number
of parameters (four parameters, making the model
potentially highly testable), and which is consistent
with a large body of epidemiological and laboratory
data.

In conclusion, bystander effects represent a plaus-
ible quantitative and mechanistic explanation of
inverse dose-rate effects by high-LET radiation,
resulting in dose-response relations that are non
linear and which feature a complex interplay between
the effects of dose and exposure time. The model
presented here provides a potential mechanistic
underpinning for the empirical exposure—time

correction factors applied in BEIR-VI (NRC 1999)

on domestic radon risk estimation.
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Appendix

Details are given on the solutions of the differential
equations, and intuitive interpretations of the central
equations of the model (5 and 6).

The general solution of equation (3) is essentially
that for a simple compartmental model with just one
compartment:

H (T )= (0)+

.
f exp{—p(T—1)+ (k+ DA[D()—D(T )] }dt
0
where @ is the o-particle fluence, i.e. the time integral
of the particle flux density, ¢. For a constant
o-particle flux density, ®()=¢¢t, this expression
becomes:

HAT)=[E/U+) {1y exp(=h=h/p)}  (7)
where
&= (0)

Here, £ and y are given by equation (6). % is the total
number of particles that hit a supracellular collective
target and it is proportional to dose; y is the corres-
ponding dimensionless particle number rate, propor-
tional to dose-rate.

The factor ¢ /(14 ) has the following interpreta-
tion: if the o-particle flux density, ¢, is constant
(corresponding to a constant dose-rate), and is
applied for a long period, the number of hypersensit-
ve cells will settle down to ¢ /(14 ») (which 1s <¢)
as a result of a new dynamic balance between
production of hypersensitive cells (due to endogenous
processes) and their disappearance (due to endogen-
ous processes as well as to being activated or killed
by radiation).

For the bystander yield we get from equations (4)
and (7):

% :kAf A ()dt=[k/ (k+ 1)]€ {h/ (14 )

+ /() T —exp(=h=h/p)]}  (8)
Equation (8) implies that, as expected from our
intuitive picture, # (A, ») is a decreasing function of y
when /4 is fixed, i.e. there is an inverse dose-rate
effect. To prove this formally, we differentiate

and introduce the auxiliary variable x=~#4(1+ )/,
obtaining 0% /0y=Clh, y) f(x), where C(hy) is a

positive function (for A>0, »>0) and f(x)=
2—x—[(1+ x)/ exp(x)]. Since f(x) is 0 at x=0, and
has a negative derivative for all x>0, f(x) is negative
for x>0, and OB/0y is negative as claimed. The
interpretation of this inverse dose-rate effect is that
as the dose-rate is lowered, more hypersensitive cells
can be replaced during the irradiation period.
For y<1 and / fixed, equation (8) gives:

B =[k/ (k+ 1)] € 9)

which is interpreted as follows. For a very low dose-
rate, there is plenty of time to replace any hypersensit-
ive cell that is killed or activated. Consequently, the
total number of activated hypersensitive cells is the
number, €/, of hypersensitive collective targets that
are hit, multiplied by a correction factor, £/(k+ 1),
to account for the fact that hitting a collective
target sometimes kills, instead of activating, its
hypersensitive cell.

The opposite limit, of an acute irradiation, is not
directly relevant to the present data but helps clarify
the model. For acute irradiation, y—% with / fixed
and equation (8) gives:

Blk/ (k+ 1)]€ [1 —exp(—h)] (10)

which is interpreted as follows. For acute irradiation,
no replacement of hypersensitive cells takes place, so
several hits on a collective target are no more effective
than one hit. The chance of at least one hit is
1 —exp(—+4), since the chance of no hits is exp(—4)
by Poisson statistics; the number of activated hyper-
sensitive cells 1s, therefore, given by equation (10).

For a very small dose, specifically if /<1 and thus
a low probability that a collective target is, then
[l —exp(—h)]~ h, and equation (10) reduces to equa-
tion (9), i.e. the inverse dose-rate effect becomes
negligible. This is a special case of the general
microdosimetric argument that, at sufficiently low
doses, the response is linear in dose and independent
of dose-rate (Kellerer and Rossi 1972); the significant
difference here, however, is that ‘low dose’ is now
interpreted as meaning that a collective target is hit at
most once, whereas the usual interpretation is that
an individual cell nucleus is hit at most once.
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