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A current discussion on mammography screening is focused
on claims of high relative biological effectiveness (RBE) of
mammography X rays compared to conventional 200 kV X
rays. An earlier assessment in terms of the electron spectra
of these radiations has led to the conclusion that the RBE is
bound to be less than 2, regardless of specific model assump-
tions and the microdosimetric properties of electrons. The
present study extends this result in terms of the microdosi-
metric proximity function, t(x), for electrons, which is essen-
tially the spatial auto-correlation function of energy within
particle tracks. If pairs of DNA lesions, e.g. chromosome
breaks or deletions, bring about the observed damage, the
value t(x) determines for a specified radiation the relative fre-
quency of pairs of lesions a distance x apart. The effectiveness
of the radiation is thus proportional to an average of the val-
ues of t(x) over the distances, x, for which lesions can combine.
The analysis suggests that 15 keV electrons can have a low-
dose relative biological effectiveness (RBEM) of 1.6 relative to
40 keV electrons if the interaction distances do not exceed
about 1 mm. An extension of the concept, the reduced prox-
imity function, tD(x), permits the inclusion of models with an
energy threshold, such as D 5 100 eV, 500 eV or 2 keV, for
the formation of each of the DNA lesions. This makes it pos-
sible to assess the potential impact of the Auger electrons
which accompany most photoelectrons, but only a minority of
the Compton electrons. It is found that the Auger electrons
could make photoelectrons substantially more effective than
Compton electrons at energies below 10 keV but not at en-
ergies above 15 keV. The conclusions obtained for the RBE
of 15 keV electrons relative to 40 keV electrons will be roughly
representative of the RBE of mammography X rays relative
to conventional 200 kV X rays. q 2003 by Radiation Research Society

INTRODUCTION

A recent controversy (1–5) over claims of unexpectedly
high relative biological effectiveness (RBE) of mammog-

1 Address for correspondence: Radiobiological Institute, University of
Munich, Schillerstr. 42, D-80336 Munich; e-mail: amk.sbi@lrz.uni-
muenchen.de.

raphy X rays has generated increased interest in the relative
biological effectiveness of different types of X rays. The
current radiobiological evidence for a higher efficiency of
soft X rays relative to conventional X rays is largely de-
rived from the study of chromosome aberrations. Earlier
experiments on the induction of dicentrics in human lym-
phocytes suggested little difference between 15 keV mono-
energetic photons and 200 kV X rays (6). A more recent
investigation (7) provides values for RBEM of 1.6 6 0.3
for 29 kV X rays relative to moderately filtered 200 kV X
rays and 3.0 6 0.7 relative to strongly filtered 200 kV X
rays.

The familiar interpretation assumes the relative biologi-
cal effectiveness at low dose (RBEM) to be proportional to
the dose-averaged linear energy transfer, LD,D, of the radi-
ation or its microdosimetric analogue, the dose mean lineal
energy, yD, or specific energy, zD. With this assumption
there should be little difference in RBEM within the energy
range of X rays that is relevant to medical diagnostics, i.e.
between 30 kV mammography X rays and conventional X
rays of, say, 200 kV with normal filtration (3, 4, 8). How-
ever, it has been argued (2, 9) that the range of the pho-
toelectrons released by soft X rays might be a critical factor
not reflected in the LET values.

In response to these considerations, an assessment has
been made of the energy spectra of electrons released by
mammography X rays and 200 kV X rays (3). Under the
plausible ‘‘monotony’’ assumption that an electron of high-
er energy has no less effect than one of lower energy, it
was deduced that the RBEM of the mammography X rays
must be less than 2. The strength of the argument is its
simplicity and its reference to the actual X-ray spectra. But
it provides an upper bound only and not a point estimate
of RBEM. Also, the ‘‘monotony’’ assumption is not entirely
rigorous, since it disregards the fact that all photoelec-
trons—but only 20% of the Compton electrons—are ac-
companied (in water) by a 0.5 keV Auger electron. The
‘‘combined’’ tracks of the photoelectrons have a densely
ionizing 0.5 keV ‘‘track end’’ not only at their terminal
point but also at their starting point. They thus might be
somewhat more likely to create adjacent chromosomal le-
sions than Compton electrons of the same total energy.



325COMPARATIVE MICRODOSIMETRY OF PHOTOELECTRONS AND COMPTON ELECTRONS

FIG. 1. Planar projection of a simulated 15 keV combined electron
track, i.e. a 14.5 keV electron accompanied by a 0.5 keV Auger electron.
The track starts out in the x1 direction. The proximity function, i.e. the
point-pair distance distribution, for 15 keV electrons is given in Fig. 2.
Light dots: energy transfers; circles: 0.5 keV track ends.

The exploration of the potential impact of the Auger
electron was outside the scope of the preceding analysis
and was judged unlikely to affect the conclusions in a major
way (3). It is nevertheless of interest to examine the mi-
crodosimetry of photoelectrons and Compton electrons.
This is done here in terms of a treatment that provides a
flexible method to assess the potential RBEM of different
types of photon radiation.

THE PROXIMITY FUNCTION

The principal tool in the subsequent analysis is the mi-
crodosimetric concept of the proximity function, t(x). It is
essentially the spatial auto-correlation function of energy
transfers within charged-particle tracks; i.e., it characterizes
radiation quality by specifying the distribution of distances,
x, between energy transfers in the particle track. The prox-
imity function is well suited to quantify the RBEM of pho-
ton radiations under models where two energy deposits a
small distance apart can create pairs of lesions,2 e.g. two
chromosome breaks or two chromosomal deletions, which
then combine and produce the observed effect (10, 11). The
concept has been variously applied for the analysis of ra-
diobiological studies. Recent applications were directed at
the determination of RBE for treatment planning in brachy-
therapy (12, 13), and—in another approach that is of par-
ticular interest—the proximity function has been applied to
radiochemistry (14). Although the concept is known, it will
be explained here in its essentials to facilitate the presen-
tation.

The Concept of Energy Transfers

An electron track, as that of any charged ionizing parti-
cle, consists of transfer points, ti (10, 11, 15, 16). These
are the points where the electron or one of its secondaries
loses some or all of its kinetic energy. The energy loss, i.e.
the difference between the kinetic energy of the incoming
electron and the sum of the kinetic energies of the emerging
electron(s), is termed the energy transfer, «i, at the point.
Electrons below a specified energy cut-off, D, are not fol-
lowed further, i.e. the energy, D, of the track ends is taken
to be absorbed locally.

In track simulations, the cut-off energy, D, is usually tak-
en to be equal to the minimum kinetic energy required to
produce an ionization in tissue-equivalent gas or in water.
The standard value in the subsequent computations is D 5
12.6 eV. However, substantially larger values of D will also
be considered in addition to explore models where the ob-
served effect is due to pairs of lesions that are formed with
an energy threshold, D. The value D 5 100 eV is consid-
ered in line with conclusions from ultrasoft X-ray experi-

2 The term ‘‘lesion’’ is used for each of the two defects that can com-
bine or interact to bring about the observable damage. There is no fixed
convention on the terminology. What is here called lesion is in part of
the literature termed sublesion.

ments (17–19). The larger values 0.5 keV and 2 keV are
less plausible, but they will serve to explore the maximum
conceivable impact of the Auger electrons.

Figure 1 gives the planar projection of a simulated 15
keV photoelectron track. Each small dot represents a trans-
fer point. The circles mark the 0.5 keV electron track ends.
The circle at the origin represents the 0.5 keV Auger elec-
tron from oxygen that accompanies the photoelectron.

Definition of the Proximity Function

The proximity function, t(x), is defined (10, 11, 16) as
the weighted distribution of distances between energy trans-
fers on a charged-particle track. The concept is applicable
to all types of ionizing radiation, but only electrons of spec-
ified initial energy, E, are considered here. Since t(x) dx
equals the expected sum of energy transfers within distance
x to x 1 dx from a randomly chosen transfer, the distri-
bution t(x) is normalized to E.

For the derivation of the results in Fig. 2 and of the
subsequent data consider an electron track with transfer
points ti (i 5 1, 2, . . . I) and energy transfers «i. The in-
tegral proximity function of the track is then

T(x) 5 « « /EO k i
k,i

(summation over all i and k with s # x);i,k

s : distance between the transfer points t and t ;i,k i k

E: energy of particle track. (1)

In actuality T(x) is the average over a large number of
tracks. The integral proximity function equals the expected
sum of energy transfers on the particle track at distances
up to x from randomly selected energy transfers.

The (differential) proximity function is the derivative of
T(x):
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FIG. 2. Integral and differential proximity functions for electrons of
5, 15 and 40 keV. In the lower panel, the factor x relates the distributions
to the logarithmic scale in distance.

t(x) 5 dT(x)/dx. (2)

Applicability of t(x) in Radiobiology

As stated in the Introduction, it is of interest to explore
models which have been invoked (2, 9) to explain a high
effectiveness of electrons of about 15 keV. These electrons
are roughly representative of the X rays used in mammog-
raphy. They have somewhat elevated LET, but their range
is still comparable to interchromosomal distances. 40 keV
Compton electrons can roughly represent conventional 200
kV X rays.

Figure 2 gives for illustration the integral and the differ-
ential proximity functions for 5, 15 and 40 keV electrons.
Since a wide range of distances is considered, a logarithmic
scale is chosen for x. The term T(x) gives the expected
energy deposited by the same electron within distance x
from a randomly chosen energy transfer point. t(x) gives
the corresponding differential distribution of energy im-
parted in distance. The scaling factor, x, is used to relate
the differential distributions to the log-scale of x. The area
under the function x t(x) remains then equal to the energy
of the particles, i.e. 5, 15 and 40 keV.

The input data to the calculations are simulated tracks
generated by the Monte Carlo code of electron transport in
water described by Zaider et al. (20), with some modifi-
cations of the cross sections as used by Kellerer et al. (21).
In the calculations, a code modification is employed to in-

clude four main Auger electron lines from oxygen (22) as
indicated by Chen et al. (23).

As stated, the concept of the proximity function is useful
for treating models where two lesions in a cell, e.g. two
chromosome breaks or two deletions, can bring about the
effect. A comprehensive survey of radiobiological appli-
cations is found in the monograph on microdosimetry by
Rossi and Zaider (11). However, the essential idea can be
readily understood even without mathematical formalism.

The function T(x) specifies for a lesion the expected en-
ergy imparted within distance x by the same particle track.
Accordingly it also specifies the frequency of neighboring
lesions, i.e. of potential reaction partners. Figure 2 shows
that for an energy transfer on a 15 keV track, there is on
average 7.3 keV energy imparted by the same particle with-
in the associated sphere of radius 1 mm; for an energy de-
posit on the somewhat less densely ionizing 40 keV track,
the value is only 4.6 keV; i.e., it is less by a factor of 1.6.
If lesions can combine up to about 1 mm, the 15 keV elec-
trons should thus have an RBEM of 1.6 relative to the 40
keV electrons. The differential distribution permits a more
detailed distance-dependent argumentation, but it carries es-
sentially the same information. Within the usual approach,
where the yield of the lesions themselves is not taken to be
dependent on radiation quality, the answer would thus be
clear and there would be little need for further analysis.

However, there is no assurance that the yield of lesions
is independent of radiation quality, and a major change in
the analysis is therefore required. It will be seen that this
change can be achieved by a rather straightforward exten-
sion of the concept of the proximity function.

CONSIDERATION OF AN ENERGY THRESHOLD FOR
LESION PRODUCTION

Need to Consider a Threshold

Earlier ‘‘dual action’’ microdosimetric models (24–26)
were applied to various radiobiological studies with neu-
trons. They were patterned after classical two-lesion inter-
action models (27, 28), and no threshold was assumed for
creating a lesion in a target; i.e., chromosomal target struc-
tures were taken to react with probability proportional to
the energy imparted.

In subsequent studies with ultrasoft X rays, Cox, Thacker
and Goodhead (17–19) concluded that a single lesion was
sufficient to induce the inactivation or mutation of a mam-
malian cell. With reference to chromosome aberrations one
would speak of a lesion–non-lesion interaction with thresh-
old D. With reference to microdosimetric data, Goodhead
and Brenner inferred a threshold of about D 5 100 eV in
a site of 3 nm for producing a lesion (19). The authors
noted that the same threshold assumption may need to be
incorporated into two-lesion interaction models.

In view of these considerations, it must be asked whether
an RBEM larger than 2 or 3 can be explained either by a
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FIG. 3. Upper panel: The mean number per electron of track ends of
specified energy D. Lower panel: The effective energy fraction, i.e. the
fraction of energy in track ends. Solid curves: photoelectrons; broken
curves: Compton electrons (no initial Auger electron).

single lesion model with threshold or by a two-lesion model
with threshold. While the experiments with ultrasoft X rays
suggest a threshold of D 5 100 eV, higher threshold values,
0.5 keV and even 2 keV, will be likewise considered to
explore models that might tentatively be invoked to explain
a high RBE of photons in the range of 10 keV to 20 keV.

Photoelectron and Compton Electron

A photoelectron and a Compton electron of the same
total energy, E, are somewhat different entities. A photo-
electron is usually accompanied by an Auger electron. In
water, the energy of the photoelectron, E, is 0.5 keV, while
0.5 keV is the energy of the associated Auger electron from
oxygen. The two electrons originate from the same point
in uncorrelated directions and they are here treated as one
combined track. The same process occurs for only two of
the 10 Compton electrons from the oxygen K shell; the
remaining eight are Compton electrons with initial energy
E. In tissue there are also some more energetic photon-
induced Auger electrons at the starting point of photoelec-
trons. The present calculations use the photoelectric ioni-
zation cross sections for the elements potassium, sulfur,
phosphorus and chlorine in tissue (29, 30). This results, for
photon energies of 15 keV to 40 keV, in 7% of the initial
photon-induced Auger electrons having an energy of about
2 keV, while 8% have about 3 keV. The remainder are the
0.5 keV oxygen Auger electrons. The higher-energy Auger
electrons are essential with regard to a speculative ‘‘2 keV
threshold model’’ where a high 2 keV threshold is contem-
plated for the production of chromosomal deletions (31, 32)
and two deletions are assumed to cause neoplastic trans-
formation (2, 33).

To keep the terminology as simple as possible, the elec-
trons with an Auger electron are subsequently called pho-
toelectrons, and the electron energy is stated as the sum of
the two electron energies. The electrons without an Auger
electron are termed Compton electrons. This disregards the
fact that a minority of the Compton electrons are equally
accompanied by an Auger electron, but use of the more
appropriate terms combined track and plain track would
complicate the terminology and make the presentation less
transparent.

The Compton electron has somewhat lower dose-aver-
aged LET than the photoelectron of the same (total) energy.
However, the overall difference is not large. In terms of
average LET there is thus no reason to expect the photo-
electrons to be considerably more efficient than the Comp-
ton electrons (2). But when a threshold for lesion induction
is considered, only those parts of the particle track matter
where high local energy densities occur, and the additional
Auger electron could then make a substantial difference.

Number of Track Ends

With electrons it is justified to assume that only through
the track ends (including those of the more energetic d rays)

a threshold energy, D, is imparted to a small target. The
track ends are accordingly the critical events in the thresh-
old model.3

Each photoelectron of energy larger than 2D has—as part
of its associated Auger electron—an additional track end at
its origin. For higher electron energies there will be further
track ends per electron as part of the more energetic d rays.
For example, a 15 keV photoelectron has on average 18.2
track ends of 100 eV, but only 4.7 track ends of 500 eV
(i.e. 1.3 less than the sample track in Fig. 1).

The upper panel in Fig. 3 gives—based on the simula-
tions—the expected numbers, nD(E), of track ends for
Compton and photoelectrons of starting energy up to 100
keV. The lower panel in Fig. 3 gives the corresponding,
more tangible parameter effective energy fraction for D 5
100 eV, 0.5 keV and 2 keV:

f (E) 5 n (E)D/E.D D (3)

The solid curves refer to photoelectrons, the broken curves
to Compton electrons (without initial Auger electron).

RBEM Values for the Single-Lesion Model with Threshold

With the single-lesion model (lesion–non-lesion inter-
action) and an assumed threshold, D, the RBEM is simply

3 A corresponding assumption will not be justified for densely ionizing
heavy particles, because threshold energies D can then be imparted to a
small target by coincidence of several closely spaced d rays. The mean
number of track ends is termed multiplication factor in the Spencer-Fano
theory of electron slowing down (34, 35).
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FIG. 4. Proximity functions (upper panel) and reduced proximity func-
tions for D 5 100 eV (lower panel) for specified electron energies. The
solid curves correspond to photoelectrons, i.e. to tracks with an initial
Auger electron; the broken curves correspond to Compton electrons.

proportional to the effective energy fraction. The data in
the lower panel of Fig. 3 then provide for 15 keV photo-
electrons relative to 40 keV Compton electrons the values
RBEM 5 1.05, 1.27 and 1.89 for the assumed threshold
values D 5 100 eV, 0.5 keV and 2 keV. The 2 keV thresh-
old model is, of course, not consistent with the high effec-
tiveness of ultrasoft X rays. But even if it were to apply
for a particular end point, such as cell transformation due
to two specific chromosome deletions, it could only explain
an RBEM less than 2 for mammography X rays relative to
conventional X rays. Higher values of RBEM could be at-
tained only at lower electron energies.

In the two-lesion model with threshold the RBEM in-
creases more than linearly with fD(E). It remains to be seen
whether the threshold can with this model explain a sub-
stantially larger RBEM of 15 keV electrons. The analysis
requires a modified version of the proximity function.

THE REDUCED PROXIMITY FUNCTION

As pointed out in the preceding section, only the track
ends with energy D are taken to be effective in the threshold
models. Accordingly, in the track simulations the energy
cut-off is taken to equal the assumed threshold, D, for the
lesion production. All other energy transfers are disregard-
ed. The procedure implies that the track ends are treated as
point events. This implies a loss of spatial resolution of
about 3 nm for D 5 100 eV, about 20 nm for D 5 500 eV,
and about 0.1 mm for 2 keV.

In the simulations the electron tracks are thus reduced to
the track ends, D, alone (in the example of Fig. 1, the cir-
cles). All other energy transfers are disregarded. A reduced
proximity function, tD(x), is computed for the ‘‘eroded’’
tracks.

For small values of D, such as 100 eV, the reduced prox-
imity function does not differ greatly from the familiar
proximity function, except for the fact that the function is
normalized4 to fD(E)2.E, rather than E. This normalization
reflects the fact that the number of track ends—and of le-
sions—is for a specified radiation proportional to fD(E). The
square of fD(E) enters the formulation, because of the as-
sumed two-lesion process. It must be noted that, with this
normalization, the expected energy due to track ends at
distance x to x 1 dx from a randomly selected track end is
tD(x)dx/fD(E), rather than tD(x)dx.

Numerical Results

In Fig. 2, the familiar proximity functions for 15 keV
and 40 keV electron tracks have been plotted on a linear
ordinate scale, which has the advantage that the area under
a segment of the curve represents the expected energy with-

4 The normalization of t(x) includes at x 5 0 a Dirac d function «w

d(x), where «w equals D or the weighted mean of the energy transfers «i.
This singularity at x 5 0 is of no concern here, nor does it show in the
graphic representations.

in the corresponding distance interval. On the other hand,
the effectiveness ratio, RBEM, of two radiations equals un-
der the two-lesion model the ratio of their proximity func-
tions at the relevant distances, x. To show this ratio more
clearly, and also for better readability of small ordinate val-
ues, the data are subsequently given in full logarithmic di-
agrams.

The upper panel of Fig. 4 corresponds to Fig. 2; it gives
the conventional proximity functions. The broken curves
stand for Compton electrons, the almost coincident solid
curves for photoelectrons.

The lower panel gives the reduced proximity functions
for D 5 100 eV. The curves for the photoelectrons lie, as
expected, somewhat above those for the Compton electrons,
but the difference is substantial only at low energies.

The values of RBEM that correspond to these data will
be considered in the subsequent section. But it has been
pointed out already that the ratio of the proximity functions
is the relevant parameter. The curves in Fig. 2 have sug-
gested that—up to about 1 mm—the value is about 1.6 for
15 keV relative to 40 keV electrons. Figure 4 brings this
out more clearly and shows that it applies equally with the
assumed threshold D 5 100 eV.

The data for D 5 0.5 keV are given in Fig. 5. Here the
values are substantially higher for the photoelectrons,
which shows the significant impact that the initial Auger
electron will have—especially at the lower electron ener-
gies—if a 0.5 keV threshold is assumed for the formation
of lesions. The data for photoelectrons and Compton elec-
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FIG. 5. Reduced proximity functions for D 5 500 eV. The upper panel
gives the functions for photoelectrons. The lower panel gives the func-
tions for Compton electrons (without an initial Auger electron). FIG. 6. Reduced proximity functions for D 5 2 keV. The upper panel

gives the functions for photoelectrons, i.e. for tracks with an initial Auger
electron (0.5 keV or 2 keV depending on photoelectric ionization cross
sections). The lower panel gives the functions for Compton electrons (no
initial Auger electron).

trons are markedly different and are therefore plotted sep-
arately.

The highly speculative 2 keV threshold model would at-
tribute at low electron energies much of the effectiveness
of the radiation to the roughly 15% of the Auger electrons
that come from potassium, sulfur, phosphorus and chlorine
in tissue and have higher energies. While the model is ex-
treme, it is nevertheless of interest to contemplate its po-
tential implications. As Fig. 6 shows, the influence of the
more energetic Auger electrons is evidently very substantial
in this case. It is only because of the occasional high-energy
Auger electron at the origin of a 15 keV photoelectron that
one 2 keV track end has a substantial chance to be accom-
panied by a second such track end within a distance of 1
to 4 mm.

RELATIVE BIOLOGICAL EFFECTIVENESS

Formula for RBEM in the Two-Lesion Model

Rossi and Zaider (11) give—in terms of the familiar
proximity function, t(x)—a useful survey of applications to
radiobiology. A basic formula [(11); VI.49] expresses—for
a two-lesion model—the initial linear component of the
dose dependence as an integral over t(x):

a } g(x)t(x) dx. (4)E
g(x) is the distance dependent response function that quan-

tifies the probability that two lesions can be induced a dis-
tance x apart and can then combine (see Appendix for fur-
ther explanation). Various studies have, for specific cellular
end points, investigated the response function and, as ex-
pected, a decreasing function was inferred which reaches
out to distances x of one or a few micrometers. However,
in the present context there is no need to specify g(x). The
essential point is that g(x) does not depend on the radiation,
which implies, as will be seen, that significant conclusions
on RBEM can be obtained that apply irrespective of the
response function.

The low-dose RBE of two radiations A and B equals the
ratio of their linear dose coefficients:

g(x)t (x) dxE A

RBE 5 . (5)M

g(x)t (x) dxE B

If the derivation of Eq. (4) is retraced, it is seen that the
same relationship applies to models with threshold and the
corresponding reduced proximity functions. The same for-
malism thus applies in both cases. Therefore, it is under-
stood that in the equations t(x) also stands for tD(x).

Evidently the RBEM of radiation A relative to radiation
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FIG. 7. The ratio of the proximity function for photoelectrons of spec-
ified energy to the proximity function of 40 keV Compton electrons. The
40 keV electrons correspond to the weighted mean electron energy from
200 kV X rays. The upper panel gives the familiar proximity functions
which apply when no threshold is assumed for lesion induction. The three
lower panels give the ratios for assumed thresholds of 100 eV, 500 eV
and 2 keV. The peak value of each curve is an upper bound for the RBEM

of the electrons relative to 40 keV electrons. It would apply only if the
corresponding x were the only relevant distance for the combination of
two lesions.

B would be equal to the ratio tA(x)/tB(x) of the proximity
functions if a single distance x only or a narrow range of
combination distances for lesions were relevant. Similarly,
RBEM equals the ratio tA(x)/tB(x) if this ratio is constant
over a broad range of distances. As can be seen from the
data in Figs. 2 and 4, the ratio t15keV(x)/t40keV(x) is roughly
equal to 1.6 for distances up to about 1 mm. This confirms
that the RBEM of 15 keV electrons relative to 40 keV elec-
trons will be about 1.6 if lesions can combine over dis-
tances up to about 1 mm. If larger distances play a role the
ratio is less, and 1.6 is thus an upper bound for the RBEM

of 15 keV relative to 40 keV electrons. Inspection of the
lower panel in Fig. 4 and of Fig. 5 shows that roughly the
same conclusions apply in models with threshold 100 eV
or 0.5 keV.

In a mathematically more concise form, one can state
that no response function can make RBEM in Eq. (5) larger
than the maximum value of tA(x)/tB(x). The statement uses
the readily demonstrable fact that the ratio of two integrals
over non-negative functions can never exceed the maxi-
mum ratio of the two functions. The maximum of the ratio
of the proximity functions is thus an upper limit for the
RBEM of radiation A relative to radiation B.

Ratios of the Proximity Functions as Indicator of RBEM

Compared to 200 kV X Rays

The four panels in Fig. 7 represent, for photoelectrons of
different energies and for the assumed threshold values, the
ratio of their proximity function to that of 40 keV Compton
electrons. The reference energy 40 keV is chosen, because
it is close to the weighted mean electron energy, 36 keV,
of 200 kV X rays with normal filtration (2). The diagrams
in Fig. 7 correspond to the data in Figs. 4–6.

As has been confirmed in various studies, fairly high
RBEM values can be reached by low-energy electrons, e.g.
electrons of 5 keV, if the relevant distances for the com-
bination of lesions are fractions of a micrometer only.

The RBEs are less substantial at higher electron energies.
The 15 keV photoelectrons are roughly representative for
mammography radiation. They can, as has been concluded
in the earlier sections, reach RBEM values relative to 40
keV electrons of about 1.6. Since the ratio is about 1.6 at
all distances up to about 1 mm, it is not merely an upper
limit; i.e., the RBEM will actually be close to 1.6 if lesions
cannot combine over distances much larger than 1 mm. If
a threshold D 5 500 eV is assumed for lesion formation,
the value 1.6 can apply for the 15 keV electrons even if
the relevant distances reach up to 2 or 3 mm.

With the high threshold 2 keV, the theoretical upper limit
for the RBEM of 15 keV electrons would actually be about
3. But this value could be attained only if lesions always
combine over distances between 2 and 3 mm. This would
require the assumption that two relevant targets—e.g. two
chromosome sections that need to be deleted—are always
spaced 2 to 3 mm apart, a possible but unlikely assumption.

In conclusion, a certain range effect, i.e. a correlation
between critical interaction distance and the range of the
most effective electrons, is seen in all models. But electron
tracks have variable shape and range, and it is therefore not
too surprising that for a given energy, such as 15 keV, the
RBEM varies remarkably little for assumed interaction dis-
tances up to 1 mm. In contrast to recent assumptions (1, 2)
with this energy there is no distinct peak of RBEM at in-
teraction distances of a few micrometers. The only excep-
tion is—as discussed above—the highly speculative D 5 2
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keV threshold model, and even there the peak between 2
and 3 mm is not, as seen in the lower panel of Fig. 7, very
marked. There is thus no critical range effect, and the ex-
ploration in the earlier analysis (3) of a possible range effect
of 10 keV to 20 keV electrons is seen to have been more
than conservative.

CONCLUSIONS

In their treatment of the theory of dual radiation action
(TDRA), i.e. radiation action through pairwise combination
of lesions, Rossi and Zaider (11) discuss the possibility that
it is not merely the combination of lesions that depends on
radiation quality, but that the yield of the lesions itself can
be dependent on radiation quality (36, 37). They speak in
this context of compound dual radiation action:

‘‘Other mechanisms that may be less obvious or unknown
would also be subject to the formalism of compound dual radia-
tion action if they involve lesions produced by highly localized
energy absorption which combine in larger regions to form com-
pound lesions. This interpretation requires major changes in the
simple assumptions of the earliest forms of the TDRA’’ (11).

The approach in terms of the reduced proximity function
provides the required ‘‘major change’’ and still preserves
the basic simplicity of the microdosimetric approach. It uni-
fies the treatment of the various two-lesion interaction mod-
els of radiation action and extends it by incorporating the
possibility of a threshold for lesion formation.

The computations have here been aimed at electron en-
ergies that are relevant to the RBE of mammography X
rays relative to conventional X rays, and at the potentially
greater effectiveness of photoelectrons in comparison to
Compton electrons without an initial Auger electron. It is
seen that photoelectrons can be substantially more effective
at low energies than Compton electrons. However, a 15 keV
photoelectron or one of higher energy will, together with
its associated Auger electron, not be appreciably more ef-
fective than the Compton electron of the same total energy.

In the past, there has been—in spite of a number of in-
formative applications—comparatively little use of the
proximity function in radiobiological studies. One of the
reasons may have been that the issue of RBE has been
focused primarily on densely ionizing radiation, such as
neutrons or heavy ions. For such radiations the differences
in the microdosimetric parameters and the variations of
RBE are so strongly pronounced that it is usually sufficient
to use either measured microdosimetric spectra or comput-
ed spectra that disregard the complexities of d-ray structure.

Recent attention to the RBE of different types of X rays
and extensive new experimental studies with monoenerget-
ic photons from synchrotron radiation have changed the
situation. These new studies call for the exact treatment that
can be performed in terms of the proximity function, in-
cluding the use of the reduced proximity function to assess
models with an assumed threshold for chromosomal le-
sions, such as breaks or deletions. The computational effort

to derive the proximity functions used to be a major con-
straint, but this aspect has become less important. The mi-
crodosimetric analysis in terms of t(x) or tD(x) is thus fairly
straightforward.

The major emphasis here has been on the two-lesion in-
teraction process. This is not meant to imply that single-
lesion action (lesion–non-lesion interaction) is of minor im-
portance. In fact, the ultrasoft X-ray experiments (17–19)
have demonstrated that single lesion action predominates
at low electron energies; for higher energies its existence
has recently been shown through experiments with cell fu-
sion (38) or partial irradiation of the cell nucleus (39).
However, as shown in terms of the effective energy fraction
(see Fig. 3), single-lesion action cannot explain—regardless
of the assumed threshold value, D—a high RBE of mam-
mography X rays relative to conventional X rays. Accord-
ingly, the analysis has been focused on the two-lesion pro-
cess.

The threshold assumption has not been found to explain
the high RBE values recently reported for mammography
X rays compared to conventional X rays with regard to
neoplastic transformations in human hybrid cells. The result
of the present numerical treatment is thus in line with the
assessment of the RBEM of mammography X rays by Bren-
ner and Amols (8) in terms of microdosimetric measure-
ments (40). They are also consistent with new cell trans-
formation data that Brenner et al. have obtained with 15
keV synchrotron radiation (4). The RBE could exceed 2
under the extreme assumption of the ‘‘2 keV threshold two-
deletion model’’ where only the energy of the 2 keV track
ends (including the higher-energy Auger electrons) is as-
sumed to be effective, and where the distances between the
two lesions are predominantly 2 mm and 3 mm. But even
under these speculative assumptions, the RBEM would not
exceed a value of about 3.

The result of the analysis sharpens the conclusions of the
preceding investigation (3) and confirms that the photo-in-
duced Auger electrons are not a major factor at electron
energies $15 keV. Under any realistic two-lesion model,
15 keV photoelectrons do not reach an RBE larger than
about 1.6 relative to 40 keV electrons. The effective elec-
tron energy is larger than 15 keV for mammography X rays,
but it is less than 40 keV for conventional 200 kV X rays
(3). It follows that the RBE of mammography X rays rel-
ative to 200 kV X rays likewise will not exceed the value
1.6. An evaluation in terms of the actual proximity func-
tions for mammography X rays and for 200 kV X rays
might provide a slightly lower value of RBE, but it is un-
likely to lead to markedly different conclusions.

APPENDIX: LINKAGE TO EARLIER MODELS

Rossi and Zaider have given a comprehensive treatment of microdos-
imetric tools for radiobiological analysis (11). This Appendix summariz-
es—in a somewhat more technical manner than the main part of the
paper—the relationship of the present approach to the established con-
cepts.
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FIG. A1. The response function g(x) under typical assumptions. The
solid lines result if lesions are produced within a spherical site of diameter
1 or 5 mm, and all pairs are equally likely to combine. The dotted lines
are the result for a spherical site (5 mm) with distance-dependent inter-
action probability and effective interaction distance dx 5 0.2, 0.4, and
0.8 mm (see Eq. A7).

Earlier applications of microdosimetry to radiobiology employed pre-
dominantly measured data, namely specific energy, z, or lineal energy, y,
in spherical microscopic sites of, say, diameter 1 mm. The analysis of a
variety of radiobiological experiments, largely performed with neutrons,
led to the conclusion that the cellular effects tend to be proportional to
the square of the energy concentration in a critical site (24):

2E(z) 5 kz . (A1)

It follows then from microdosimetric theory that at low doses the slope
of the dose relationship is proportional to the dose mean specific energy
per event, zD:

E(D) 5 aD, with a 5 kz .D (A2)

This model, labeled dual action, can be interpreted in terms of the inter-
action of pairs of lesions produced in sensitive sites—typically of di-
mension 1 mm or less—in the cell.

A fundamental relationship links the dose mean specific energy, zD, to
the proximity function, t(x), and the geometric reduction factor, U(x), of
the site5 (10, 11, 26):

z 5 t(x)U(x)/m (m: mass of the site). (A3)D E
With the assumption in Eq. (A2), the low-dose relative biological effec-
tiveness of two radiations, A and B, is therefore:

t (x)U(x) dxE D,A

RBE 5 . (A4)M

t (x)U(x) dxE D,B

In a more general interpretation (25), U(x) has been replaced by a function
g(x) that incorporates in addition a distance-dependent lesion interaction
probability, g(x):

g(x) } U(x)g(x). (A5)

Equation (A4) was used in this form—i.e. as in Eq. (5)—for the deter-
mination of interaction distances in the molecular ion-beam experiments
(36, 37) and in subsequent studies (12–14). The geometric reduction fac-
tor for a sphere of diameter d is (10, 41)

3 3U(x) 5 1 2 3x/2d 1 x /2d . (A6)

A plausible form of the distance dependent interaction probability is

g(x) ; exp[2(x/dx)] (dx: effective interaction distance). (A7)

Figure A1 represents special cases of the resulting response function g(x).
The solid curves correspond to the assumption of a spherical site and a
distance-independent combination probability of lesions [g(x) 5 const].
The dotted lines give the functions, g(x), that result if, in addition, the
distance-dependent interaction probability, g(x), is included.

The left solid curve relates to a spherical site with 1 mm diameter,
which corresponds to common microdosimetric measurements. It is ap-
parent from this graph that the relevant distributions, g(x), can have sim-
ilar shape, regardless of whether the interaction is constrained by the
dimension of the spherical region alone (solid curves) or jointly by the
two factors (dotted curves). Lesion interaction with effective interaction
distance 0.4 mm within a large site is roughly equivalent to distance
independent interaction in a site of 1 mm diameter.

Microdosimetric measurements, although related to a spherical volume,
with no accounting for a distance-dependent interaction probability, are
therefore also adequately representative for the more realistic case of
lesions interacting in the larger nuclear matrix of the cell (25).

5 If P is a random point in a site S, the geometric reduction factor U(x)
equals the probability that a point at a distance x in random direction
from P is contained in S. The point-pair distance distribution of S is
closely related to U(x) (41).

For any two electron energies $15 keV, the ratio of the proximity
functions is almost constant from fractions of a micrometer to about 1
mm; i.e., there is little change with distance in the ratios of the proximity
functions (see Figs. 4–6). This implies that Eq. (5), i.e. the generalization
of Eq. (A4), can be approximated by the ratio of the proximity functions
in terms of one representative distance.

It is apparent that the equations can be modified by substituting the
reduced proximity function, tD(x), for the conventional proximity func-
tion, t(x). The minor impact of the threshold assumption on the results
for $15 keV (see Figs. 4 and 5) attests to the relative insensitivity of
microdosimetric measurements with photon or electron radiations to fac-
tors such as the ionization yield or the characteristics of the counter gas.
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