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Abstract

The development of the principles of the theory of dual radiation action is

reviewed and a treatment of saturation is given. Although the relationship

derived cannot be evaluated in general in closed form, approximations may be

obtained that apply to a range of conditions.

INTRODUCTION

The theory of dual radiation action (TDRA) was developed with the aim of

applying microdosimetry to radiobiology. It therefore can deal only with the

first phases in a long chain of events that results in patent effects. It is,

however, clear that the initial spatial and temporal pattern of energy deposition

has a profound influence on the ultimate outcome. As often happens, the early

formulation of the theory contained a number of simplifying assumptions. Although

most of these were explicitly stated when the first version of the TDRA was

published (1), experimental data obtained when the limitations are important were

cited as contrary evidence causing considerable confusion. A more advanced

version (2) eliminated some of the restrictions but there remain others, one of

which relates to certain aspects of saturation which are addressed in this

presentation.

There has, however, been no change in the fundamental tenet of the theory

that is indicated by the adjective "dual." It is postulated that many radiation

effects in eukaryotes are due to lesions that arise as the result of p&irw:se

interaction of molecular products termed sublesions. However, the probability of

cellular effects follows the same mathematical relation as that for lesion

formation only if there is proportionality between these quantities. Exchange-

type chromosome aberrations appear to satisfy this requirement. Other endpoints

require further assumptions: the so-called "linear-quadratic" relation for

radiation carcinogenesis can be supported by the TDRA only if radiogenic cance%"'"

arise from single autonomous cells (i.e., cells that are transformed by processes

that are independent of any radiation received by the rest of the organism), in

fact an unlikely assumption (3).
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The point of departure of the theory was the recognition of regularities in

the dependence of the RBE of neutrons (relative to electromagnetic radiations) on

the level of effect (4). Since the RBE is merely a dose ratio for equal effect,

the RBE-dose relation has the intrinsic advantage that it can be quantitatively

applied even vhen numerical specification of the degree of effect (e.g., skin

damage) must be arbitrary. A perhaps ever, more useful aspect is that the RBE

reflects only differences in the effectiveness of lesion formation if the

subsequent processes do not depend on radiation quality and cause complex

dose-response relations vhen the effect is due to injury of several and/or

non-autonomous cells. It is worth mentioning also that for clinical applications

of the theory, RBE vs. dose relations permit extrapolation of the l^rge body or

empirical data accumulated with low-LET radiations to other modalities.

The RBE of neutrons is frequently observed to depend on the inverse square

root of their dose when cellular damage is due to single particles (primarily

protons). At higher doses, D, it tends to approach the value of 1, while data

obtained at very low doses indicate a trend towards very high but dose-independent

RBE. This is consistent with a dependence of effect probability on the square of

specific energy as expressed in the relation

I = (Z DD + D
2) (la)

or in the nonspecific form

i = QD + £D2 , (lb)

where 'i is the expected yield of lesions, and zD (also symbolized by C) is the

dose average of the specific energy in single events. In a logarithmic graph the

principal variation of RBE appears as a line of slope -1/2 and its extrapolation

to an RBE of 1 identifies both the value of zD and (on the basis of microdosi-

metric data for the neutrons involved) an assumed spherical volume in which energy

concentration is critical (the site). Typically its dimensions are of the order

of 1 um.

The line of slope -1/2 in the logarithmic RBE vs. dose relationship

represents the situation where high-LET radiation (e.g., neutrons) acts in single

events only, while the low-LET radiation (e.g., x rays) causes a quadratic

dose-effect dependence typical for multi-event action. In terms of the spatial

pattern of energy transfer points, the two radiations are characterized

respectively by highly correlated (neutrons) or completely random (x rays)

distribution. It is then only the latter radiations for which the mean

interaction distance is comparable to the dimensions of the site.

The observation (5,6,7) that, within wide limits, the cross section for cell

killing by high-LET particles is proportional to the square of the LET, indicates

that in one-event inactivation dual radiation action obtains as well. However,

the RBE-dose dependence does not readily disclose the scale of interactions for



this process. In principle, it could be obtained by comparing the RBE values at

various neutron energies, but in the usual case vhen the range of the charged

particles (primarily protons) exceeds a few micrometers, the ratio of the zD

values depends only -> akly on site diameter.

The possibility of formulating dual radiation action in term? of the more

general distance model was envisaged in the original publication (1) and it was

made possible in the second publication (2) because of the development of the

fundamental concept of the proximity function (8). In the generalized version

i = k.(QD * D2) (2)

and the linear-quadratic dependence on absorbed dose is retained, but the

coefficient of D becomes

JTT t< x>Y() (3)
where t(x) is the proximity function of energy transfer, and y(x) is the probabil-

ity that tuo energy deposits initially separated by x result in the formation of a

lesion. The molecular ion experiment (9), in which pairs of ions of various

separations traverse cells, showed y(x) to be a very skewed function of x,

indicating that one-event injury is primarily due to combinations of sublesions

over distances substantially less than one micrometer. This is consistent with

the findings of high RBE in the cell irradiations by very short-range electrons

produced by soft x radiation (10,11).

The marked difference in the initial separations between combining sublesions

have suggested the terms translesions (usually produced in two events) and

cislesions (almost always produced in one event), and the possibility that this

might be explained in terms of the structure of DNA (12).

While the distance model, Eq.2, represents the most general dependence of E

on D, it is in fact possible (and useful) to formally retain the site model

provided the notion of simple spherical sites is replaced by the concept of more

complex structures which need not be convex (13).

The function Y(X) has been defined by

y(x) = g(x)s(x)/4jK2p g(x)s(x)dx (4)

where g(x) is the probability that two sublesions separated by x result in a

lesion, and p is the density of the sensitive matrix which has a point-pair

distribution of distances (ppdd) equal to s(x)/V, where V is the volume of the

matrix. The sensitive matrix is defined as the geometrical locus where energy

transfers can result in sublesions. The gross sensitive volume (GSV) is the

smallest convex body containing the matrix.

Although y(x) has been derived by analysis of certain experimental data

(9,14,15), there is at this time no information concerning either of the two

functions that determine y(x). It is therefore possible to postulate, as a



vorking1 hypothesis, that g(x) is constant and therefore that

Y(X) - s(x)Mrtx2PV . (5a)

or
s(x) = 4nx2Y(x)pV (5b)

i.e., that Y(X) i"3 entirely determined by the shape of the matrix. If it should

be found that g(x) is not constant, and that therefore the ppdd defined by Eq.5b

is different from that of the actual matrix, it may be necessary to abandon the

site model as a realistic representation. One may, however, retain the concept of

an equivalent site in vhich the s(x) defined by Eq.5b is pertinent.

The fact that experimental microdosimetry is difficult, if not impossible for

such a shape (that may even not have any physical existence), does not detract

from the possibility of making useful deductions based on the postulate that the

simple relation

e(z) = kz2 (6)

applies to it. This approach is discussed in a forthcoming publication (16).

SATURATION

It was evident at the outset that the biological effectiveness per unit of

absorbed dose may not increase indefinitely and that the concept of saturation

could be important at high doses and also at high LET. As used here, this refers

to a condition in which an increment of absorbed energy is less effective when it

follows one or more previous increments. In principle, saturation could occur at

three levels.

The first of the'je is the production of sublesions where increasing density

of transfer points might lead to excessive energy deposition in the site of the

sublesion (the locus) if the average spacing between transfers is comparable to or

less than the site diameter for the induction of sublesions. This would result in

an LET dependence of k (or of p in Eq.lb). Present formulations of the TDRA

assume that the yield of sublesions is simply proportional to specific energy,

implying that sublesions are produced by single energy transfers and that the

probability of multiple energy deposits in the locus can be neglected. There are

indications that (3 does depend on LET (7) and on neutron energy (17) when the rate

of cell killing is assumed to /ollow Eq.lb. However, the available information is

fragmentary, and there is no theoretical guide for a quantitative treatment.

Other mechanisms (to be discussed) modify the expression for cellular survival and

lead to incorrect estimates of 3 when data are fitted to Eq.lb. There thus

remains a possibility that the production of sublesions is independent of

radiation quality, but at this time no firm conclusions can be drawn.

At the next step of biophysical action, the for nation of lesions, there is

the evident possibility of saturation because of inefficiently high concentrations

of sublesions. Analyses have been given for both the linear component (1) and the

quadratic component (18). It was recognized that these treatments can be only



approximate because they employ average values of E to nonlinear relations. It

should be noted that the modifications of dose-effect relations are Hif*"rent foil'

high and low LET. Saturation affects the linear component when the LET is

increased, vhich ultimately results in a decreased yield of cislesions and a

reduction of a. On the other hand, saturation of the quadratic component, vhich

is of primary importance for high doses of lov-LET radiation, affects the value of

the specific energy in the relatively large sites involved in translesion

formation, and alters the shape of dose-effective relation at large doses vhich

can no longer be expressed in terms of fD .

At a third level there is 1 he possibility that at high absorbed doses more

lesions are produced than are required for the effect (i.e., cell killing). There

are in fact reasons for assuming that a single lesion is lethal (12).

Yield of Lesions and Survival

Adoption of the relation given by Eq.6 implies acceptance of Eq.la with the

understanding that zD is the dose weighted mean specific energy produced by single

events in the domain defined by Eq.5b. However, it should be stressed again that

1: is an inadequate ir. "ax of cellular survival and that the relation

S(D) = exp[-i(D)] = exp[-k(iDD + D
2)] (7)

can not be generally valid.

A simple vay of demonstrating this is based on the fact that, under condition

of cell autonomy (which is assumed throughout this presentation), cells that

experience no event must survive. The event frequency, n, at an absorbed dose D

is D/z . Since events are by definition statistically independent, there is, by

Poisson statistics, a lover bound to survival given by

S(D)> exp(-n) = exp(-D/zr) . (8)

Because of the quadratic term in Eq.7, S(D) must, at sufficiently large

doses, become less than the lover limit in Eq.(8). It may be noted that this

constitutes a model-independent elimination of the general validity of the

so-called ô (3 formulation for cell survival.

Ii will in the following be assumed that at a given specific energy, z, the

yield of induced lesion is Poisson distributed with an average value kz2 and that

every lesion is lethal.* (Neither of these assumptions is essential for the

formalism described below.) It follows that when averaged over all possible

values of z the probability of survival is given by:

*The distribution of lesions at a given absorbed dose is not Poisson distributed,
as can be shovn by microdosimetric arguments.



S(D) - r exp(-kzJ)f(z,D)dz . (9).

It should be noted that Eq.9 does not include saturation of sublesion or1 lesion

formation which requires a formulation in which kz would be replaced by

kz* [1 - exP(-z
2/z^)] (1).

Equation 9 can not be generally evaluated in closed form unless the geometry

of the sensitive matrix and its corresponding distribution f(z,D) are known.

There are, however, particular cases in which Eq.9 can be further simplified and

evaluated. They cover useful ranges of absorbed doses and/or radiation types.

A: Consider first the case where n<<l, i.e., when cell traversal by more than

one charged partic e is unlikely. Moderate absorbed doses of high-LET radiation

fall into this category.

The general expression (1)

f(z,D) = E exp(-n) K f (z) (10)

where f (z) is the distribution of z in exactly "v events, can then be approximated

by

f(z,D) * exp(-n)[6(z) + nf^z)] (11)

Substitution into Eq.9 gives

S(D)~ exp(-n)[l + J" f ^ z ) exp(-kz 2 )d j (12)

or

S(D)sjexpj-n [l-exp(-kz2 ) ]f1 (z)dz 1 . (13)

This relation may be compared with the results of track-segment experiments

in which inactivation cross sections are determined as a function of LET

S(D) = exp(-(j*) (14)

where $ is the particle fluence

* = D/yr = 4D/Szr = 4n/S . (15)

Here, yp. is the frequency average lineal energy, and the second equality

follows from Cauchy's theorem, with S being the surface of the matrix (19).

Comparison with Eq.13 yields

a = S/4 Ĵ ° [l-exp(-kz2)] f^zjdz . (16)

This relation contains £1(z), which depends on the generally unknown geometry

of the matrix. The import of Eq.16 can be illustrated by considering the case

where the matrix is replaced by a spherical GSV of diameter d, which is traversed

by rectilinear particle tracks which deposit energy at a rate that is proportional

to their linear energy transfer, L (i.e., ignoring track structure). In this



case, f (z) becomes a simple triangular distribution

f^z) - 22/z^ (17)

with z varying between zero and zM given by

z = 6L/fipd

Introducing Eq.17 into Eq.18, one obtains

a ' n [I j I1 " ~h [l-exp(-kz;>J 1 (18)

Despite the approximations employed, Eq.18 is in reasonable agreement with

experimental results (5,6,7), and it should be noted that the equation was derived

without invoking a "saturating mechanism" (20).

B: For doses such that in Eq.9 kz2<<l , one can write

S(D) m P° (l-kz2)f(z,D)dz = 1-kz2 exp(-kz2) (19)

In this range of doses and only then, Eq.7 (i.e., the usual a-f3 relation) is

an adequate approximation of survival probability.

C: For high absorbed doses (i.e., when n>>l), the microdosimetric distribu-

tion f(z,D) becomes normally distributed irrespective of the shape of the matrix

or of the radiation:

f(z,D) & (2nzDD)~
1/2 exp[-(z-D)2/2iDD] (20)

and from Eq.9 one obtains

S(D) « (1 + 2kz DD)"
1 / 2 exp[-kD2/(l+2kzDD)] (21)

This relation is of especial importance to low-LET radiation where n is large

in the relatively big volume in which translesions are formed. It indicates that

at doses of the order of tens of Gy the survival curve becomes quasi-exponential.

D: At even higher doses (such that 2kz D>>1), Eq.(23) evidently simplifies to
D

S(D) ~ (2kzDD)
 1/2exp(-D/2zD) (22)

It should be noted that Eqs.21 and 22, although displaying a nonquadratic

dependence of S(D) on absorbed dose, still depend on radiation quality only

through zD, a quantity which can be calculated directly from Eq.3, thus

circumventing the need to know the actual geometry of the sensitive site.



CONCLUSION

The seemingly simple premises of the TDRA can lead to complex dependences of

cell survival on absorbed dose. It is, however, possible to derive useful

approximations in several instances. The need for further efforts is evident.
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