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 Mechanistic Considerations on the Dose-Rate/LET Dependence
 of Oncogenic Transformation by Ionizing Radiations

 D. J. BRENNER, E. J. HALL, G. RANDERS-PEHRSON, AND R. C. MILLER

 Center for Radiological Research, Columbia University. 630 West 168th Street, New York, New York 10032

 BRENNER, D. J., HALL, E. J., RANDERS-PEHRSON, G., AND
 MILLER, R. C. Mechanistic Considerations on the Dose-Rate/
 LET Dependence of Oncogenic Transformation by Ionizing Ra-
 diations. Radiat. Res. 133, 365-369 (1993).

 When exposure to densely ionizing radiation is protracted,
 the resulting biological effect is sometimes, but not always, en-
 hanced for transformational end points, relative to acute expo-
 sure. A pattern has emerged as to the dependence of this effect
 on dose, dose rate, and radiation quality. Previous calculations
 indicated that the dose and dose-rate trends can be predicted by
 a model in which there is a period within the cell cycle of very
 high sensitivity to oncogenesis. Recent experiments indicate
 that the inverse dose-rate effect is significant over a very limited
 range of LETs-from about 30 to 130 keV/Mm. We discuss such
 LET effects in the context of cell cycle-dependent models, and
 suggest that the effects are understandable on the basis of such
 models. In essence, the inverse dose-rate effect disappears at
 high LET because of a reduction in the number of cells being hit,
 and disappears at LETs below about 30 keV/tm because most
 of the dose is deposited at low specific energies, insufficient to
 produce the saturation effect which is central to the phenome-
 non. At even lower LETs, damage repair yields the familiar
 sparing associated with protraction of X- or y-ray doses. o 1993
 Academic Press, Inc.

 INTRODUCTION

 It is well documented that, for carcinogenesis and life
 shortening, and for in vitro oncogenic transformation, pro-
 traction of a given dose of medium-LET radiation produces
 increased biological effects relative to single acute expo-
 sures. Reviews of relevant data are given in Refs. (1-4).

 This "inverse dose-rate effect" is a response opposite to
 that at low LET, where low dose rate or fractionation pro-
 duces a decrease in the biological damage observed. The
 effect also appears to be confined to certain radiobiological
 end points: for clonogenic survival, for example, the biologi-
 cal effectiveness at medium or high LET is virtually inde-
 pendent of protraction.

 The quality and quantity of the published reports on the
 inverse dose-rate effect suggest that the effect is real. The
 data, however, suggest that the magnitude of the effect is a

 complex function of dose, dose rate, and radiation quality.
 Such complexity means that experimental results in this
 field are quite hard to interpret, except within the context of
 a theoretical framework.

 In this work we single out the effects of radiation quality.
 Recent experiments with monoenergetic charged particles
 by Miller et al. [(5), and see Fig. I] suggest that the effect is
 limited to an LET range from about 30 to 130 keV/pm.
 This conclusion has been reinforced by a comparison be-
 tween two data sets on oncogenic transformation of C3H

 10T1/2 cells by a particles from isotopic sources (6, 7): in
 the first, from Heiber et al. (6), 140 keV/gm a particles
 produced no inverse dose-rate effect; in the second, from
 Bettega et al. (7), 101 keV/Aim a particles did produce a
 significant inverse dose-rate effect, at comparable doses.

 That the significance of the inverse dose-rate effect is
 confined to a limited LET range was also suggested by the
 results of earlier experiments with photons [low average
 LET, Ref. (8)] and with 14-MeV neutrons [high average
 LET, Ref. (9)1; neither of these experiments showed a signif-
 icant inverse dose-rate effect.

 A model of the inverse dose-rate effect has been suggested

 (1) by Brenner and Hall based on a suggestion by Rossi and
 Kellerer (10). It produced results consistent with all the
 then-available experimental data in the C3H 10T1/2 in vi-
 tro oncogenic transformation system. We investigate here
 whether it produces results consistent with the observed
 LET dependence.

 METHODS

 The Biophysical Model

 There is general agreement that the inverse dose-rate effect must in some
 way be related to a cell cycle phenomenon (2, 10, 11). Rossi and Kellerer
 (10) suggested a specific mechanism for the inverse dose-rate effect as a
 function of dose, dose rate, and radiation type. The basic approach was
 developed further by Brenner and Hall (1) and by Elkind (11); the hypothe-
 sis is that cells in part of their cycle are more sensitive to radiation (for
 transformation) than in the rest of the cycle. Then an acute medium-LET
 exposure of cycling cells will result in some fraction of the sensitive cells
 receiving large depositions of energy-greater than required for the effect.
 If the exposure is protracted, a larger proportion of sensitive cells will be
 exposed, but to smaller numbers of energy depositions, though still suffi-
 cient to produce the effect.

 365 0033-7587/93 $5.00
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 366 BRENNER ET AL.

 As demonstrated by Brenner and Hall (1, 3), the model produces results
 that are consistent with all available data on enhancement of transforma-

 tion in the C3H 10T1/2 cell system by protraction or fractionation at
 medium or high LET. Recently, the model has been subjected to more
 direct tests of its premises: Miller et al. (5) exposed C3H 10T1/2 cells to
 40-keV/him deuterons, both in plateau phase and while exponentially
 growing. No inverse dose-rate effect was seen with plateau-phase cells, but
 a significant effect was seen with cells that were exponentially growing. Hill
 et al. (12) exposed synchronized C3H 10T 1/2 cells to neutrons, and prelim-
 inary observations indicate a significant variation in sensitivity to transfor-

 mation through the cell cycle. Miller et al.' have also found a strong varia-
 tion in transformation yield through the cell cycle for synchronized C3H

 10OT /2 cells exposed to 6 MeV neutrons.

 Mathemalical Formalism

 The model of Rossi and Kellerer (10) is formulated in terms of the
 following components: P, the probability that a cell is hit at least once in a
 fraction; Q, the probability that a hit cell was in its "sensitive" phase; and
 K, the probability that a hit sensitive cell will show the effect.

 The probability that a sensitive cell is not hit in a single fraction will be (1
 - PQ), and the probability that a sensitive cell is not hit in n well-separated
 fractions will be (1 - PQ)". Thus the yield of transformed sensitive cells will
 be

 K[1 - (1 - PQ)"], (1)

 and the total transformation yield, including a term for transformations
 produced through the rest of the cell cycle, will be

 T = K[1 - (1 - PQ)"] + aD, (2)

 where a is the initial slope of the transformation yield per non-sensitive cell
 at risk. If the surviving fraction, S, of sensitive cells varies with protraction,

 we can simply take this into account by replacing PQ with PQS; similarly,
 if the surviving fraction, S,, of all exposed cells varies with protraction, we

 may replace aD with aSD. Finally, if repair of the damage responsible for
 the transformation of cells outside the sensitive window is important (for
 example, after protraction of an X-ray dose), the aD term can be replaced
 with an (aD + #D2) term, where 0 depends on protraction/repair. The
 possible significance of survival and damage-repair phenomena is dis-
 cussed further in the Appendix.
 For small values of PQ (or PQS), Eq. (2) can be written

 T = nKPQ + aD. (3)

 The quantity Q, the probability that a hit cell was in its sensitive phase, is

 simply the ratio of the total duration of the sensitive phase or phases, r, to
 the total cell cycle time, s. Thus,

 T = nKPr/s + aD. (4)

 The quantity P, the probability that a cell is hit at least once in a fraction, is
 simply

 P = 1 - exp(-N), (5)

 where N is the mean number of energy deposits per fraction to which cells
 are exposed. Brenner and Hall (1) discuss the dependence of Non protrac-
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 FIG. 1. Factors by which oncogenic transformation rates in C3H
 10T 1/2 cells produced by different radiations are increased when the dose
 is divided into three well-separated fractions. The squares are experimental
 results from Miller et al. (5); doses were 0.6 Gy (25 keV//Lm), 0.3 Gy (50
 keV/Mm), and 0.2 Gy for the higher LETs. The diamond is data from
 Bettega et al. (7) (0.21 Gy; 101 keV/Mm); the triangle is from Hieber et al.
 (6) (0.25 Gy; 0.05 Gy/h). The solid curve is the calculated result for doses
 of 0.2 Gy delivered in three well-separated fractions. The dashed curve
 shows calculated results at the same doses as the two lower-LET experimen-
 tal data points.

 tion, dose, and target size. The dependence of N, and the effect in general,
 on radiation quality is discussed in more detail below.

 LET Effects

 In terms of radiation quality, N is inversely proportional to the fre-
 quency-averaged lineal energy, yF, or (approximately) to the average LET.
 This is because, for a given dose, as the LET increases, the mean number of
 energy depositions to which the sensitive cells are exposed decreases; thus
 P will decrease and the magnitude of the inverse dose-rate effect will di-
 minish (Eq. 5). By the same logic, however, the formalism, as described by
 Eqs. (1-5), predicts a continuous increase in the inverse dose-rate effect
 with decreasing LET which, as shown in Fig. 1, is not observed.

 A qualitative reason for the effect not increasing indefinitely with de-
 creasing LET was suggested by Brenner and Hall (1). The basis of the effect
 is that the smaller numbers of energy depositions in sensitive cells in a
 protracted exposure may still be adequate to produce the effect; however,
 Brenner and Hall suggested (1) "to the extent that this latter postulate may
 not hold at low LET, the inverse dose-rate effect would not be expected to
 apply to such radiations." The implication here is that the LET depen-
 dence of the inverse dose-rate effect also enters through the parameter K,
 the probability that hit sensitive cells show the effect. In the formalisms of

 Rossi and Kellerer (10) and Brenner and Hall (1), Kwas simply assumed to
 be a constant, but a more realistic description would be

 K = ff(z;D)e(z)dz, (6)
 where z is the specific energy deposited in the nucleus and f(z;D) is the
 probability density function of the specific energy for a dose D. Equation
 (6) assumes only that the biological effect of one radiation type relative to
 another can be based on the (distribution of) energy depositions in the
 exposed cell nuclei. (Brenner and Hall (1) discuss evidence that the appro-
 priate site size for the inverse dose-rate effect is the cellular nucleus.) The
 function c(z) is a biological "weighting" function (13-18).

 Equation (6) is more conveniently written as 'Private communication, R. C. Miller, April 1992.

This content downloaded from 
������������158.111.236.95 on Tue, 22 Feb 2022 22:06:51 UTC������������� 

All use subject to https://about.jstor.org/terms



 PROTRACTION, LET, AND ONCOGENESIS 367

 K = f zf(z;D)k(z)dz, (7)

 where k(z) = e(z)/z. In Rossi and Kellerer (10) and Brenner and Hall (1),
 there was an implicit assumption that

 k(z) = 0, z < z,it
 = constant, z > zcrt (8)

 and

 f(z;D) = 0, z > zi,, at low LET (9a)

 f(z;D) = 0, z < zcrt, at high LET; (9b)

 i.e., there is some threshold specific energy (z) value for inducing the effect

 (ze,), and high-LET radiations deposit all their dose above zest, whereas
 low-LET radiations deposit dose only at specific energies below this value.

 Although the step-function form of Eq. (8) for the biological response
 function is oversimplistic, biological response functions of this type do
 tend to rise sharply with increasing specific energy to some maximum
 value and then saturate (13-18). On the other hand, at low doses Eq. (9) is
 completely unrealistic because of the various stochastic factors dominating
 energy deposition in small sites (19, 20).

 If sufficient experimental data were available, a model-free estimate of
 k(z) could be unfolded from Eq. (7). Lacking such data, we will assume a
 reasonable functional form for k(z), and investigate whether the model
 described here predicts trends consistent with the experimental results in

 Fig. 1.

 RESULTS

 We have calculated microdosimetric distributions to use

 in Eq. (7) based on Poisson distributions of numbers of
 tracks traversing the cell nucleus:

 f(z;D) = , e-nn"/v! f,(z), (10) v=0

 where f,(z) is the distribution of z deposited in v traversals
 [fo(z) = b(z)], calculated by convolution [using an algo-
 rithm described in Ref. (19)] of the single-event distribu-
 tion, f,(z). This latter was estimated by assuming (20) that
 the dominant contribution to the variance is the path-
 length distribution in a spherical nucleus of diameter d.
 Apart from a normalization factor

 f,(z) = z, z < 0.306 LET/d2

 = 0, z > 0.306 LET/d2 (11)

 (z in Gy, LET in keV/tm, d in tm).
 Based on such calculated microdosimetric spectra, we

 use Eqs. (4) and (7) to estimate the enhancement produced
 by three well-separated fractions:

 3P3Kr/s + aD
 PKr/s + aD

 Here K is estimated using Eq. (7) and, for a dose D (Gy),

 P, = 1 - exp(-5Dd2/LET/n). (13)

 In calculating K using Eq. (7), instead of using a step
 function (Eq. 8) for the function k(z) in Eq. (7), we have
 used a smooth exponential

 k(z) = 1 - exp(-z/zcrit), (14)

 and have varied zeri so that Eq. (12) gives the best fit to the
 experimental data in Fig. 1. All the parameters were kept
 the same as in Brenner and Hall (1), except K, the LET
 dependence of which was calculated from Eqs. (7) and (14)
 and multi-event f(z,D) spectra.

 It may be noted that we have not taken into account
 survival effects, or damage recovery effects, in calculating
 the enhancement using Eq. (12). These issues are discussed
 in more detail in the Appendix. As discussed there, at me-
 dium LETs, differential survival within the cell cycle might
 decrease the magnitude of the predicted enhancement. At
 low LET (for example, for X rays), damage repair produces
 a sparing effect with protraction (8), an effect predicted in
 this approach (see Eq. 12) when K > 0, and aD is replaced
 by (aD + 3D2), as discussed above.

 The results, with an optimized value of ztri of 0.54 Gy, are shown in Fig. 1 and suggest that the current approach
 does produce predictions which are consistent with the
 trend of the data. Thus, according to the biophysical model
 outlined here, the inverse dose-rate effect disappears at very
 high LET because of a reduction in the number of cells
 being hit, and disappears at LETs below about 30 keV/gm,
 because the majority of the dose is deposited at low values
 of specific energy, insufficient to produce the saturation
 phenomenon central to the effect. At even lower LETs,
 damage repair will produce the characteristic sparing asso-
 ciated with protraction of X- or y-ray doses (8).

 DISCUSSION

 We have shown elsewhere that a model assuming a pe-
 riod of extra sensitivity within the cell cycle of about 1 h
 correctly predicts the observed trends of the inverse dose-
 rate effect in terms of dose and dose rate/fractionation. In
 this paper we show that observed LET effects above about
 20 keV/tm can also be understood simply within such an
 approach. At even lower LETs (e.g., X rays), damage repair
 will produce a reversal ofeffects, i.e., a sparing of damage by
 protraction.

 This consistency with experiment in no sense proves that
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 368 BRENNER ET AL.

 the biophysical model is correct. LET effects do, however,
 yield an additional constraint on any attempt to provide a
 plausible model of the inverse dose-rate effect. In conjunc-
 tion with the experiments discussed in the Introduction,
 which directly address the model assumptions, the ability of
 this approach to predict LET effects lends additional credi-
 bility to the notion that the inverse dose-rate effect is pro-
 duced by differential sensitivity through the cell cycle.
 If it is the case that there is an inverse dose-rate effect in a

 limited LET range, this would limit the number of situa-
 tions in which the effect is of practical significance in radio-
 logical protection.
 One area in which the effect might still be significant is
 radon. Most exposures to radon-daughter a particles are at
 LETs in the range from 150 to 200 keV/ym (21). At low
 doses (i.e., in a domestic exposure), no dose-rate effect
 would be expected, as multiple traversals of single cell nu-
 clei would be rare. At higher doses, however, the LET at
 which the effect disappears due to the absence of multiple
 traversals will be increased. Thus analysis (22) of the Colo-
 rado uranium miner data (the most extensive data base for
 radon risk estimation) may be complicated by inverse dose-
 rate effects (23-25), which could lead to an overestimation
 of risk factors for environmental exposures to radon daugh-
 ters.

 APPENDIX

 Potential Significance of Cellular Survival and Damage
 Repair on the Inverse Dose-Rate Effect

 In calculating the enhancement in oncogenesis produced
 by the inverse dose-rate effect at LETs above 30 keV/Am
 (Eq. 12), we have not calculated the effect of survival or
 "conventional" damage repair explicitly. We have, how-
 ever, described how the formalism can describe these ef-
 fects, which are particularly important at lower LETs, such
 as those of X and -y rays. In this Appendix, we discuss the
 potential influence of these phenomena.

 We first discuss the possible significance of cellular sur-
 vival. Assuming (a) the survival of exposed sensitive cells is
 not affected by protraction in this LET range and (b) sur-
 vival is the same for cells both inside and outside the "sensi-

 tive window" for oncogenesis, the effect of survival on any
 dose-rate enhancement would simply be a constant multi-
 plicative factor on all four of the terms in Eq. (12), and
 would cancel out. Assumption (a) is probably reasonable in
 the dose/LET range of interest here (0.2 to 0.6 Gy, 25 to 200
 keV/pm), in that the effect of fractionation on survival be-

 comes more important with increasing dose and decreasing
 LET (i.e., increasing curvature of the survival curve); we
 can estimate whether survival will be affected by fraction-
 ation by comparing the doses used with the value of a/fl,

 which is the value, in the linear-quadratic model, at which
 the quadratic component (which is affected by protraction)
 becomes comparable in effect to the linear component
 (which is independent of protraction). Survival data for
 C3H 10T1/2 cells (26) yield a/O values of >2.5 Gy for all
 measured LETs (X rays to 120 keV/ptm). In that we are here
 considering doses of 0.2 to 0.6 Gy, it is therefore reasonable
 to assume that fractionation of these doses will not affect

 survival in the LET range from 25 to 200 keV/flm.
 Assumption (b), that survival will be the same for cells

 both inside and outside the sensitive window, is based on
 the observation that cellular survival varies with cell cycle
 in a much less pronounced way after high-LET exposure,
 compared with low LET (27-29). Even at high LET, how-
 ever, the survival does vary through the cell cycle; until a
 sensitive window is identified within the cell cycle, we can-

 not begin to measure any survival differences; qualitatively,
 however, by preferentially reducing the first terms in both
 the numerator and denominator of Eq. (12), this effect
 would probably reduce the predicted magnitude of the in-
 verse dose-rate effect.

 The effect of damage repair on transformation yields is
 probably negligible at the doses and LETs under consider-
 ation here (i.e., above 20 keV/Am). For example, at 80 keV/

 Am, a/O for transformation induction of C3H 10T 1/2 cells
 is -- 5 Gy (26), which is far larger than the doses under
 consideration here. Thus damage repair is unlikely to be the
 explanation for the reduction in the inverse dose-rate effect

 at LETs below -90 keV//Lm.
 A complete theory of dose-rate effects extending down to

 very sparsely ionizing radiations such as -y rays needs to
 consider damage repair. As discussed in connection with
 Eq. (2), this can naturally be accommodated into the
 current formalism by replacing the aD term in Eq. (2) or
 Eq. (12) with an (aD + OD2) term, in which the 0 parameter
 depends on protraction/damage repair. Thus, for example,
 in Eq. (12), in comparing an acute -y-ray exposure with a
 higly fractionated one, K -= 0, and the ratio of fractionated
 to acute rates would become

 aD

 aD + OD2 ' (12a)

 i.e., f =- 0 for the highly fractionated exposure, and 0 < P
 1 for the acute exposure. Equation (12a) describes a repair-
 related sparing of effect due to fractionation.
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