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have recently occurred:

Brief Communication.

appeared as the lead article in this issue.

Due to production problems associated with the prolonged postal strike in Ireland, the following compilation errors

‘‘Management of Advanced Glottic Cancer: 10 Year Review of the Toronto Experience,’’ by A. R. Harwood, N. V.
Hawkins, F. A. Beale, W. D. Rider and D. P. Bryce (Int. J. Radiat. Oncol. Biol. Phys. 5: 899-904, 1979) was
designated as the second article in the June 1979 issue and should have appeared as an Original Contribution, not a

‘‘Preoperative Irradiation of T3 Carcinoma in Bilharzial Bladder: A Comparison Between Hyperfractionation and
Conventional Fractionation,”’” by H. Awwad, H. A. ed-Baki, N. el-Bolkainy, M. Burgers, S. el-Badawy, M.
Mansour, O. Soliman, S. Omar and M. Khafagy (Int. J. Radiat. Oncol. Biol. Phys. 5: 787-794, 1979) should have
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Radiation Sensitivity: Facts and Models

PHYSICAL ASPECTS OF RADIATION SENSITIVITY

ALBRECHT. M. KELLERER
Institut fiir Medizinische Strahlenkunde der Universitit Wiirzburg, D-8700 Wiirzburg, Versbacher Str. 5

A characteristic feature of ionizing radiation is the high energy concentration that occurs in the tracks of
charged particles regardless of the level of absorbed dose. It is this feature that accounts for cellular radiation
sensitivity at low doses. A survey is first given over the energies required to inactivate various microorganisms,
and these energies are then related to the average number of DNA single strand and double strand breaks that
are produced at the mean inactivation doses. It is pointed out that the production of DNA double strand breaks
is always a single particle effect except at very high doses or in aqueous solution. However, a consideration of
sigmoid dose effect curves and of the LET dependence of various biological effects indicates that a synergism of
energy transfers or of radiation induced sublesions occurs over much larger distances. Individual double strand
breaks cannot, therefore, be the lesions responsible for cellular radiation effects. However, they may be the
sublesions that combine to produce the observed effects. The microdosimetric analysis that permits an estimation of
the interaction distances of sublesions and the earlier analysis by Lea'® are described in their essentials. A more
recent analysis, based on an explicit description of the spatial correlation of energy transfers in charged particle
tracks, is also discussed. This analysis utilizes the so-called “proximity functions.” ‘The use of these functions is
exemplified by the application to a recent experiment of Rossi et al.'® where cells are exposed to pairs of deuterons
with variable lateral separation.

Ionizing radiation, Cellular effects, Tracks of charged particles.

INTRODUCTION

Imperceptible transfer of energy to the exposed
object is the striking characteristic of ionizing radia-
tion that has led to the common but erroneous notion
that ionizing radiation produces substantial biological
effects by singularly small amounts of energy.

Comparison with thermal energy would seem to sup-
port the view that organisms are remarkably sensitive to
radiation energy. The mean lethal dose to a mam-
malian cell of about S Gy raises the temperature of
the exposed object by merely 0.001°C. However,
heat, as the most degraded form of energy, is not a
suitable basis for comparison, mechanical energy
content is more appropriate. A simple calculation
shows that the absorbed dose of 1 Gy transfers an
amount of energy to the irradiated object that is
sufficient to lift it by 0.1 meter. It is in no way
surprising that such a sizable amount of energy
should produce substantial effects. Nevertheless,
there is reason to speak about the special effectiveness
of small amounts of radiation energy in the cell. This
special effectiveness is because even at extremely
low levels of absorbed dose, energy is imparted to the
cell in discrete, finite portions that can produce a
wide spectrum of cellular lesions. The ‘concentrated
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dissipation of energy along the tracks of individual
particles which is a unique feature of the ionizing
radiations’ (L. G. Gray in his preface to Lea’s book'®)
has been a central theme of radiation biophysics from
the beginnings of theoretical biophysics (see e.g.%);
approaches towards a better understanding of radiation
sensitivity must still be based on the study of the
microdistribution of energy imparted to the cell.

RADIOSENSITIVITY AND ENERGY CONCEN-
TRATION ON THE MOLECULAR SCALE

The notion of radiosensitivity is ambiguous. A
comparison of the total energies necessary to in-
activate biological structures would indicate that a
mammalian cell is almost a million times more resis-
tant than a simple entity such as a single strand
phage. Even if only that energy is considered that is
directly absorbed in the DNA, the ratio is still far
greater than 1,000. If, on the other hand, radiosen-
sitivity is related to dose, one arrives at the opposite
conclusion. A mammalian cell appears then to be
1,000 times more sensitive than the single strand
phage.

General statements on radiosensitivity are difficult,
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Table 1.f Single and double strand breaks produced in various biological structures by
sparsely ionizing radiation at their respective mean inactivation doses (condition of sup-

pressed indirect action).

Number of double

Number of strand breaks
Molecular single "DSB
weight of strand intra- inter-
DNA Dy, Epna breaks track track
Object m/dalton Gy eV Nssp action action
Single strand
phage
#x174 1.7-10° 4000 70 1 Niat NiA
Phage T7 2.5-107 1000 260 4 0.2 0.001
E. coli 2.8-10° 25 730 10 0.5 0.0001
Mammalian
cell 4.10" 5 200 000 3000 150 0.005
T Assumptions:
1. Epna: energy directly imparted to the DNA molecule
EpnaleV = 1.04 - 1078 - m/dalton - D/Gy (a)

2. Probability of single strand break (SSB) per base pair (600 dalton): Pssg = 8.g° 1078 D/Gy

(70 eV per SSB)

(b)

3. ratio 1:20 of double strand breaks (DSB)s to SSBs

4. Inter-track formation of DSBg if 2 SSBs are produced by different particles on opposite
strands with a separation of no more than 3 nucleotides. Resulting probability of DSB per base

pair.

Poss = 4.3 - 107°(D/Gy) + 3.2 - 107" (D/Gy)?

For a mammalian cell:

noss = 28 - (DIGy) + 2.1 - 107* (DIGy)®

(©)

(d)

where the linear term represents the intra-track mechanism, and the quadratic term the
inter-track mechanism. For densily ionizing radiations the coefficient of the linear term is
probably larger'” but there is not sufficient information on this point.

iNot applicable.

and it is necessary to examine in some detail the
efficiency of ionizing radiations in producing cellular
lesions and the efficiency of cells in coping with such
lesions. A consideration of the most fundamental
radiation-induced lesions, namely single and double
strand breaks in DNA, can help to clarify these
matters.

Table 1 gives a synopsis of data on breaks for a
single strand DNA phage, a double strand phage, a
bacterium, and a mammalian cell. Rough values are
given in column 2 for experimentally determined
mean inactivation doses Dj;. They apply to sparsely
ionizing radiations and they are used to derive the
energies Epya that are, at these doses, imparted to the
DNA molecules. The quantity Epna (= absorbed
dose X mass of the DNA) may not appear pertinent,
because lesions in DNA do not result exclusively
from energy directly imparted to the DNA. However,
it is a suitable reference quantity insofar as one

obtains on this basis, for various organisms, a yield of
roughly 1 single strand break per 70 eV absorbed in
DNA. The yield of double strand breaks is less well
known, but a ratio of 1:20 for double to single strand
breaks is in reasonable agreement with experimental
observations for phages as well as for cells*’. With
these values one obtains the data given in columns 4
and S. These are the average numbers of single strand
breaks and double strand breaks that are produced at
the respective mean inactivation doses Ds;.

One single strand break is sufficient to inactivate
the single strand phage ¢x174, and single strand
breaks can also lead to the inactivation of other
phages and even of bacteria. In comparison, it is
striking that a mammalian cell can tolerate and
efficiently repair several thousand single strand
breaks and also, apparently, a considerable number of
double strand breaks.

It is occasionally postulated that only 1 or, at most,
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a few double strand breaks are produced at the mean
inactivation dose of a mammalian cell, and that 1
doubl: strand break is sufficient for the inactivation
of a mammalian cell.* This argument is based on the
presumption that all double strand breaks result from
the rendom coincidence of 2 single strand breaks
produced by separate charged particles (inter-track
actior.). As shown in the last column of Table 1, one
obtairs far less than 1 double strand break by this
random mechanism at a dose of 5 Gy. Clearly, this
mechanism, which goes with the square of the ab-
sorbed dose, is entirely insignificant compared with
the term that is linear in dose and that results from
the production of double strand breaks by 1 single
particle (intra-track action).

The predominance of the intra-track formation of
double strand breaks underscores the fact that radia-
tion sensitivity is, at least for eukaryotes, determined
by the dense concentration of energy transfers along
each charged particle track. However, energy con-
centration within dimensions comparable to those of
the DN A-double helix cannot be the only relevant
factor. This follows from the fact that many cellular
effects of sparsely ionizing radiations increase more
than linearly with absorbed dose. In these cases inter-
track action must be present. However, knowledge of
the underlying mechanisms is still incomplete.

CORRELATED ENERGY TRANSFER ON THE
CELLULAR SCALE

There is now general agreement that the relative
biological effectiveness (RBE) of ionizing radiations
is linked to the spatial correlation of the energy
transfers’ that occur along the tracks of charged
particles. However, the agreement does not extend
far beyond the recognition that the RBE for effects
on eukaryotes increases with increasing linear energy
transfer (LET), and that it decreases after an opti-
mum value of LET is passed that corresponds for-
tuitously to the stopping power of protons at their
Bragg peak (=100keV/um). It remains a point of
controversy whether the critical factor is the energy
concentration in the DNA double helix and its im-
mediate surroundings*’,or whether the concentration
in sites that are up to 1000 times larger is of greater
importance'®".

The increase of the RBE with LET, a single parti-
cle effect, and sigmoid dose effect relations, a 2
particle effect, are both expressions of the fact that
the biological effect considered increases more than
linearly with energy concentration. The non-linearity

must result from the interaction of energy transfers
or of radiation products such as free radicals, or
from the combination of cellular sublesions.
An identification of the nature of the interaction
processes or of the sublesions can be achieved only
on the basis of detailed knowledge of the spatial and
temporal separations that are involved. Micro-
dosimetry has been developed towards this objective,
but the analysis in terms of microdosimetry is closely
related to earlier approaches.

Microdosimetric analysis

L.ea was the first to derive distances involved in the
interaction of radiation induced sublesions®. He
compared the nearly quadratic dose dependence for
chromosome aberrations produced by X-rays with the
linear dependence that results, with neutrons. Lea
based his analysis on the assumption that neutrons
and X-rays produce sublesions (chromosome breaks)
with equal effectiveness. He assumed further that any
pair of sublesions separated by a distance less than a
critical value, A, can combine to form a lesion (aber-
ration). The yield per unit dose is then proportional to
the average energy, AE, contained in a region of
radius, h, around an energy transfer, e. For neutrons,
AE is equal to the average energy contained in a
segment of length 2k of the particle track that con-
tains €; energy transferred to the region by other
charged particles is disregarded. For X-rays, the
energy from the single particle track is disregarded,
and AE is set equal to the energy that is imparted to
the vicinity of € by all the other charged particles.

Lea found that h cannot be less than fractions of
a micrometer if the ratio of the values AE is to be
equal to the ratio of observed effects for neutrons and
X-rays. By this argument he excluded the possibility
that certain chromosome aberrations, e.g. dicentrics,
result from a lesion, such as a double strand break,
that involves only short range interaction of energy
transfers or of sublesions.

The microdosimetric argumentation is entirely
similar. The essential difference is that measured
microscopic distributions of energy concentration are
utilized instead of rough estimates.

The microdosimetric quantity specific energy, z, is
defined as the energy actually imparted to a site
divided by the mass of the site." It is therefore the
stochastic (i.e. random) counterpart of the non-sto-
chastic (i.e. average) quantity absorbed dose. The
energy average, {, of the possible increments of
specific energy in the site as a result of individual
charged particles (and/or their secondaries) can be

"The term energy transfer is used in the sense of energy
transferred at a point from the radiation field to the irradiated
matter. The energy transfer at a point is therefore equal to the

kinetic energy of the incident ionizing particle minus the
kinetic energy of any emerging ionizing particle ‘2
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determined experimentally or theoretically for
different site diameters and for different radiation
qualities.

Consider an energy transfer within a site. Then { is
the average energy concentration in the site that
results from the single particle track. The probability
for the occurrence of independent particles is un-
changed by the presence of the reference track; this
is one of the essential properties of a Poisson
process. Accordingly the average contribution of
other, independent particles is equal to the absorbed
dose D. If the observed effect is due to lesions that
result from a combination of pairs of sublesions within
the site, one obtains the linear-quadratic dose effect
relation that represents the intra-track and the inter-
track action:*

e(D)=k({+ D) - D=k({D+ D? (1)

The examination of numerous dose-effect relations
and RBE-dose relations for effects of sparsely ioniz-
ing radiations and neutrons on cells and tissues has
led to the conclusion that the values of { are always
such that they correspond to sites with diameters
from a fraction of 1 um up to several um'™"”, It has
therefore been concluded that various effects of ion-
izing radiations on higher organisms result from lesions
that involve interaction of energy transfers or
sublesions over distances up to a few micrometers.

In particular, if one excludes energy transfer over
large distances, the inactivation of mammalian cells
cannot result from the production of individual
double strand breaks in DNA. The interaction distances
that can be assumed for this process are so small that
one would obtain a magnitude of { far in excess of
values compatible with survival curves for sparsely
ionizing radiations or with RBE-dose relations for
neutrons {sec Fig. 1). In this connection one may note
that eqn (c) and (d) in Table 1 correspond to a value {
larger than 10° Gy; such a value belongs to interaction
distances in the nanometer range.

The microdosimetric analysis is in substantial
agreement with a wide range of experimental obser-
vations, and it has led to the prediction of un-
expectedly high RBE values of neutrons at low doses
that have recently been verified for lens opacification,’
for somatic mutations in plants®?, and for
radiation induced tumours®?'

However, the formalism also has obvious limita-
tions. The treatment in terms of hypothetical spheri-
cal sites had merely been chosen because available
microdosimetric data relate to such sites. The actual
situation is more properly described in terms of
sublesions that are produced throughout the nucleus

July 1979, Volume 5, No. 7

of the cell and that combine with a probability
dependent on their spatial as well as temporal
separation. An approach that takes this into account
has been developed recently.' It utilizes a function
that is an interesting link between microdosimetric
quantities and LET, and it will be described in its
essentials.

Application of the proximity function

If the biophysicist could freely choose the most
suitable probe for his investigations, he would un-
doubtedly avoid the complexity of charged particle
tracks and instead select an ideal radiation which
gave pairs of energy transfers at constant distance, x,
apart. The effectiveness of such a radiation, if it
existed, would provide a function, y(x), which com-
bined the probability that the 2 transfers should both
occur within the sensitive structure of the cell and
that resulting sublesions should then combine.

With real radiations one always has to deal with a
distribution of distances between energy transfers.
This can be represented®'? by a function, tp(x), that
specifies the distribution of neighboring energy
transfers at distance, x, from a transfer, €, randomly
selected. t(x) dx is defined as the average energy
imparted to a spherical shell of radius, x, and thick-
ness, dx, that is centered at e. The function, fp(x),
separates conveniently into 2 terms. One is the con-
tribution from particle tracks unrelated to €; this term
is proportional to absorbed dose and independent of
radiation quality. The other term is the contribution
from the particular track to which € belongs; this

20 T T T
¢ /0y
5= o - particles ]
10 340 keV ]
neutrons
250 kVp
x-rays
5
0

d/ pm
Fig. | Values of the microdosimetric quantity ¢ in spherical
sites of different diameter for y-rays, 340 keV neutrons, and
a-particles. { is the energy average of the increment of
specific energy produced by individual energy deposition
events (see,'?) i.e. by individual charged particles and/or their
secondaries.

‘Temporai separation that affects the inter-track term but
not the intra-track term is an important factor that is not

considered here.
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term is independent of absorbed dose and depends on
radiation quality;

tp(x) = t(x) + 4mwpx’D )

The function #(x), i.e. the contribution from the par-
ticular particle track, provides a useful characteriza-
tion of radiation quality. It is, in fact, proportional to
the probability density of all mutual distances be-
tween energy transfers (disturbed molecules)
produced by a charged particle. Boag proposed such
a function a number of years ago® and he pointed out
that it might be a reliable tool even if it had less
pictorial appeal than stereo models of tracks. In con-
trast to a probability density the functions t(x) and
tp(x) are not normalized to unity; instead they have
the dimension energy by length and their integral is
equal to average energy imparted up to distance x.
The function t(x) characterizes the average spatial
correlation of energy transfers in charged particle
tracks. If refers to a uniform medium and depends on
the type of the medium.

t(x) stands in an interesting relation to LET and can
even be considered as a generalization of LET.
Within the applicability of the concept of linear
energy transfer one has t(x) =2 - LET. However, t(x),
in contrast to linear energy transfer, accounts both
for the increased frequency of correlated energy
transfers at short distances, and for the decrease of
correlated transfers at distances that are comparable to
the range of the charged particles. Figure 2 gives the
function t(x), the so-called proximity function, for low
energy electrons.

Various interesting properties link the function ¢(x)
to the established microdosimetric quantities and to
LET. These will not be considered here. However, an
equation will be reported that permits the deter-
mination of the function y(x).

If cellular lesions result from the combination of
pairs of sublesions, their yield is determined by the
integral over the product of y(x) and tp(x):

e(D)= kDf y(x)tp(x) dx

0 o o

= kD(f v(x)t(x) dx + 47pD f x2y(x) dx) 3
0

0

With the convenient normalization 4mp [x*y(x)dx= 1
one obtains:

(D) = k(£D + D) with & = f tx)y(x)dx  (4)
0

This relation is illustrated in Fig. 3. It takes the place
that eqn 1 held in the earlier microdosimetric treat-
ment.’* Applied to recent experiments, it has led to
significant conclusions and to some definite revisions
of earlier notions.

The actual form of the function y(x) is not very
important, as long as one deals exclusively with radi-
ations that produce charged particles with ranges that
are large compared to cellular dimensions. However,
it is critical for short range particles, such as elec-
trons liberated by low energy photons. These parti-

SR |

(o} S0

100 150 200

Distance x/nm

Fig. 2. Proximity functions, t(x), for electrons of energy 0.5, 2 and 10 keV in tissue. t(x) dx is the expected
energy transfer at distance x to x + dx from an energy transfer randomly chosen. Only energy transfers from
the same particle track are considered (data from'®).

*Eqn 1 is the special case of eqn 4 that results with

3 X
y(x)—(l—ﬁ+ﬁ), x<d
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LOW LET, LONG RANGE

MEAN NUMBER OF
NEIGHBORING TRANSFERS
SAME TRACK

- - - OTHER TRACKS

t(x)
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HIGH LET, SHORT RANGE

PROBABILITY OF PAIR OF TRANSFERS
SEPARATED BY DISTANCE x
TO OCCUR IN SITE AND FORM LESION

RESULTING EFFECT

X

y(x)-tx)
INTRA TRACK " £D
2 //\\ ,’/\\
- - - INTER TRACK D == -

X X

Fig. 3. Derivation of Eqn 4.

cles release only moderate energies, but produce the
energy transfers in close proximity so that their
effectiveness is greatly enhanced since y(x) has a
maximum at small values of x.

It appears that recent cell survival data® obtained
with low energy photons are inconsistent with the
earlier microdosimetric treatment (eqn 1) while they
may be consistent with an interaction function y(x)
that decreases rapidly with distance, but still extends
with small values to the large interaction distances
that are responsible for the sigmoid shape of the
survival curves obtained with conventional X-rays
and y-rays,

More definite conclusions have already been drawn
from a current experiment by Rossi er al.'® that utilizes
correlated deuterons traversing the cells in pairs at
specified mean lateral separations, b. The functions,
tp(x), can be readily computed for the different values
of b that are employed, and a preliminary analysis"
in terms of eqn 4 of survival data for G,/S cells has
yielded the interaction function y(x) that is given in
Fig. 4 as a solid line. This function leads to the best fit.
However, one can obtain rough agreement with the
observations also if the broken line is assumed. No
acceptable fit can be obtained without a pronounced
peak of y(x) at short distances and without an exten-
sion to values substantially exceeding x = 1 wm.

100 T T T

G1/S PHASE

01 -

001
x (pm)

Fig. 4. Probability (in rel. units) that 2 energy transfers
separated by distance, x, shall combine to form a lesion.
Results inferred from cell inactivation studies with cor-
related deuterons (see Refs. 15,19 for V-79 Chinese hamster
cells in G,/S phase. The solid line is in best agreement with
the observations; the broken line leads to a poorer fit but
cannot be rejected. No function y(x) that does not extend
beyond | um is consistent with the data.
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Similar results are obtained for late S cells. It is of
interest that the solid line corresponds very closely to
a configuration where clumps of sensitive structures
(DNA) of diameter 0.1 um are randomly distributed
over a larger region that has roughly the dimension of
the nucleus of the cell. This would be consistent with
the assumption that the sublesions are double strand
breaks in DNA, and that the actual lesions result
from the combination of pairs of such sublesions. The
numerical analysis shows that almost all intra-track
combinations would have to occur within individual
clumps (short range interaction), while most of the
inter-track interactions would have to involve
separate clumps (long range interaction). This
characteristic difference between the linear intra-
track effect and the quadratic inter-track effect has
important implications.

CONCLUSIONS
It is apparent that the concentrated dissipation of

energy determines the radiosensitivity of higher
organisms. The sigmoid dose-effect relations for
sparsely ionizing radiations require interaction dis-
tances between energy transfers of separate particles
that are of the order of a few micrometers. However,
it appears that the interaction probability of energy
transfers is greatly enhanced at smaller distances, and
that the short range interactions predominate for the
intra-track effect, i.e. for the interaction of energy
transfers within charged particle tracks. Accordingly
there is no clearcut answer to the question whether
energy concentrations on the scale of the DNA
double helix or over larger distances are the decisive
factor that determines RBE. Both scales are relevant.
Experiments with short range particles or with spati-
ally correlated particles may provide further and
more precise information on this point, and a recent
theoretical concept, the proximity function, can be an
important tool in these investigations.
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