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Abstract: Intraoperative radiotherapy (IORT) with a single high dose of low-energy X-rays (LEX)

represents a major departure from conventional adjuvant radiotherapy with high-energy photons given in

small daily fractions. Thus differences in beam energy, dose distribution, fraction size, dose delivery time,

and time of application, may influence the biological effect of the treatment. This review presents the

physical and radiobiological properties of LEX, the role of dose delivery time and fractionation, and the

relative biologic effectiveness (RBE) of 50 kV X-rays from the Intrabeam machine as used for intraoperative

tumour-bed irradiation. Furthermore, evidence for additional biological effects of high single doses such

as non-targeted cellular effects, vascular effects, immunological effects, and cytokines, is discussed. Finally,

examples of radiobiological modelling of clinical effects are given. In conclusion, the increased RBE, a small

volume of high-dose irradiation, and special biological effects of high doses may contribute to the efficacy of

intraoperative tumour-bed irradiation with LEX.
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Introduction

Intraoperative radiotherapy (IORT) differs from
conventional radiotherapy by applying a large dose in a
single fraction during surgery, either as sole treatment or as
an advanced boost. This potentially eliminates repopulation
of residual tumour cells that may occur during wound
healing before post-operative radiotherapy can begin.
However, the therapeutic window between tumour control
and adverse reaction in normal tissue clinically established
in fractionated radiotherapy may be decreased because of
the larger sensitivity to changes in the fraction size for late
normal-tissue reaction.

Sources of low-energy X-rays (LEX) (<100 keV) for IORT
are typically characterized by a non-uniform dose distribution,
a lower dose rate, and a different radiation quality compared
with conventional high-energy X-rays (MV) from linear
accelerators, all of which may influence the biological effect
of the treatment. In this review, the physical properties
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of LEX, and their relative biologic effectiveness (RBE)
estimated by radiobiological modelling and experimental
measurements, will be presented with emphasis on 50 kV
X-rays from the Intrabeam® system (Carl Zeiss Meditec
AG, Oberkochen, Germany). Furthermore, the evidence
for different radiobiological effects of high single doses will
be discussed and examples of modelling clinical effects in
normal tissue and tumours will be given.

Physical properties and induction of DNA damage

The propagation and interactions of photons in water or
tissue depend strongly on their energy. In water, photons
with energies up to a few MeV interact mainly with atomic
electrons in scattering processes (Compton scattering),
transferring part of their energy to an electron. At energies
below approximately 100 keV, complete absorption of the
energy with transfer of its energy to the photon (photoelectric
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Figure 1 Radial dose function, d(r)xr’ in water for 30-50 kV
X-rays from the Intrabeam® machine without an applicator. The
unit is (Gy/min) x cm’ and the dose rate of the source increases
with the operating voltage. d(r)xr’ is proportional to ¢ ®* and
the attenuation coefficient p is derived from the negative slope of
In[d(r)xr’]. The attenuation coefficient increases with decreasing
photon energy. The flat slope close to the point source is due to
geometrical factors. The reduced steepness at distances larger than

0.5-2 cm is evidence of beam hardening.

effect) becomes increasingly important. The probability of
an interaction increases strongly with decreasing energy
of the photon, especially below 25-30 keV where the
photoelectric effect dominates over Compton scattering.
An important property of LEX is their stronger absorption
and lower penetration compared with conventional high-
energy beams. Thus a larger proportion of the dose to an
irradiated tissue volume is deposited close to the source. The
removal of photons with distance, r, travelled in the medium
is called attenuation (“thinning”) of the beam. The decrease
in intensity is described by the factor, e ™ where p is the
attenuation coefficient. The attenuation coefficient increases
with decreasing photon energy (1).

The photon spectrum of X-rays ranges from the
maximum energy (e.g., 50 keV) defined by the voltage
of the source (e.g., 50 kV) down to almost zero energy.
The attenuation coefficient increases more steeply with
decreasing photon energy below 25-30 keV, and thus lower
photon energies are filtered more strongly than higher
energies, leading to “hardening” of the beam energy
spectrum with depth in the medium. In conventional X-ray
tubes and linear accelerators, metal filters remove the
lowest photons energies that would otherwise be absorbed
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preferentially in the upper layers of the skin. At energies
above 30-50 keV, beam hardening is more moderate
because the attenuation coefficient decreases less steeply
with increasing photon energy.

The Intrabeam machine emits a nearly isotropic field of
30-50 kV X-rays from a point source (2,3). Because of the
spherical propagation, the intensity decreases as 1/r’ with
distance from the source, r, if no attenuation occurs (i.e., in
vacuum). If the beam interacts with water or tissue the beam
intensity is decreased further by the attenuation factor, e™.
Electrons released by low-energy photons (<100 keV) have
ranges shorter than 0.1 mm in water (4) and thus dissipate
their energy locally. Therefore, if d(r) is the depth dose
as function of distance, r, from the source, the radial dose
function, d(r)xr’ essentially shows the decrease in beam
intensity due to attenuation only. Hence, for a given photon
energy the radial dose function should be a straight line in a
semi-logarithmic diagram, with slope —p. Figure I shows this
function in water for the Intrabeam source operated at 30,
40, and 50 kV. It is seen that the dose rate increases and that
the steepness of the slope (attenuation coefficient) decreases
as the operating voltage is increased. Photon spectra
for 40 kV show that energies below 30 keV are strongly
attenuated even by 5-20 mm of water (2). In Figure 1,
the steeper slopes close to the source with a decrease in the
steepness at >5-20 mm is evidence of beam hardening.

The kinetic energy of the free electrons produced by
interaction of the photons is lost in ionisation and excitation
events while slowing down in the medium. In water, one
ionisation is produced per 20-25 eV of energy lost by
the electron (5). The mean distance between ionisations
is longer for high energy electrons and decreases as the
electron slows down. Overall, however, electrons produce
sparse ionisation tracks as opposed to the dense ionisation
tracks of heavier charged particles such as a-particles and
carbon ions. Different radiation qualities are characterized
by the ionisation density. The linear energy transfer (LET)
is defined as the mean energy deposited per track length
and is measured in keV/pm. Thus sparsely ionizing photons
and electrons are termed low-LET radiations whereas
densely ionizing particles are high-LET radiations. The
LET of photons varies with the energy, e.g., 0.2 keV/pm
for 1.25 MeV photons from “Co, and 4-6 keV/pm for 40
and 10 keV monoenergetic photons, respectively (6,7). It is
important to note that this is at least an order of magnitude
lower than typical high-LET values of 50-200 keV/pm for
a-particles and heavier ions although the tracks of protons
and very energetic low-Z ions can have lower LET values.

www.theter.org Tiransl Cancer Res 2014;3(1):3-17



Translational Cancer Research, Vol 3, No 1 February 2014

A
1 keV electron track
10
E ]
c 5 . ., °
0 s e . T T
0 5 10
B Low energy (kV)
@®

High energy (MV) ®

)

®

Figure 2 (A) Schematic representation of the ionisation track of an electron with residual energy of 1 keV. The ionisation density increases

towards the end of the track where it can induce double strand breaks (DSBs) and complex clustered damage in DNA; (B) Schematic

representation of electron track ends (arrows in circles) similar to (A) produced by low-energy and high-energy photons (kV and MV X-rays,

respectively). The dotted lines represent track segments with more widely spaced (sparse) ionisations (not drawn to scale). Low-energy X-rays

deposit a larger proportion of dose in track ends than high-energy X-rays and thus produce more lethal damage per unit dose (Gy).

Radiation-induced ionisations in the nuclei of living
cells result in the induction of base damage, single-strand
breaks (SSBs) and double-strand breaks (DSBs) in DNA.
However, only a minor fraction of the ionisations occur
directly in DNA. Ionisation of water results in formation of
highly reactive free radicals characterized by the presence
of an unpaired electron: hydroxyl radicals (OH), hydrogen
radicals (H), solvated electrons (e,, ), and superoxide
radicals (O;). Induction of DNA damage by radiation-
induced free radicals is called “indirect action”. The OH
radical is the most important radical for induction of
DNA strand breaks (8) but only OH radicals formed in the
immediate vicinity of the DNA molecule contribute to the
damage because OH radicals formed elsewhere will react
with amino acids, carbohydrates and other molecules. Thus,
the vast majority of the ionisations in a cell do not damage
DNA. For low-LET radiation, the ratio of indirect to direct
action is approximately 3:1 whereas damage by high-LET
radiation is induced almost exclusively by direct action.

Figure 24 shows schematically the ionisations induced by
a 1 keV electron, representing the end of an electron track.
A small fraction of unrepaired DSBs and complex damage
is considered to be the important types of lethal lesions
whereas SSBs and base damage are essentially completely
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repaired. DSBs are formed predominantly by the clusters of
ionisations at the track ends whereas base damage and SSBs
can also be induced by more sparse ionisations along the
track. The major difference between low-energy and high-
energy X-rays is that track ends of the electrons produced
by the interactions of the photons make up a larger
proportion of the dose delivered by LEX (9,10) (Figure 2B).
Thus the types of lethal lesions are the same but the dose
required to produce a certain number of lethal lesions will
be smaller for low-energy than for high-energy X-rays.

Cell inactivation, recovery, and fractionation

The study of clonogenic cell survival iz vitro has led to
the notion that damage can be either irreparable resulting
in a lethal lesion, or may be repairable in which case a
lesion may or may not become lethal depending on the
circumstances. The surviving fraction (SF) is determined
as the ratio of colonies formed per cell from single cells
in irradiated and unirradiated cultures. For low-LET
radiation a semilogarithmic plot of SF versus dose yields a
downward bending curve for most cell types (Figure 3A4).
Several mechanistic models have been proposed to explain
the curve shape, postulating interaction of sublethal damage
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Figure 3 (A) Linear-quadratic (L-Q) curves for surviving fraction (SF) of clonogenic cells as function of dose after irradiation with 6 MV

and 50 kV X-rays. For acute irradiation (high dose rate, no sublethal damage (SLD) repair), the L-Q formalism predicts a steeper initial

linear slope for low-energy X-rays. For protracted irradiation (reduced dose rate, repair of SLD during irradiation), the SF increases at

higher doses. The arrows indicate isoeffective doses for calculation of the relative biologic effectiveness (RBE). The L-Q formalism predicts

that RBE decreases with increasing dose; (B) Survival curves for single-dose and split-dose irradiation. If full recovery is allowed to take

place after the first dose of 4 Gy, the survival curve for the second dose will be a parallel shifted curve with shape identical to the single-

dose curve; (C) Survival curves for fractionated irradiation will all reproduce the initial part of the single-dose curve. If d=2 Gy fractions are

repeated, the fractionated survival curve will be linear in the semilogarithmic plot.

(SLD), misrepair of potentially lethal lesions, or saturation
of the repair system (11). However, most of these models
lead to similar mathematical formalisms which can generally
be expressed in linear-quadratic form, i.e., as a 2" order
polynomial (12):

In(SF) = <(aD+BD?) (1]

The ratio of the linear and quadratic coefficients, a/p,
describes the degree of curvature. For moderate values up
to a/B=2-10 Gy, a shoulder is observed while at larger values
(a/p—0) the survival curve becomes increasingly linear.
Importantly, the curvature is not due to SSBs induced on
opposite strands by individual tracks, combining to form a
DSB. Monte-Carlo calculations have shown that the energy
deposition required for DSB production is due to single
tracks and that the probability of two tracks depositing
this energy in the relevant target volume is negligible at
doses <10’ Gy (13). Secondly, a simple argument shows
that individual SSBs are too far apart at clinically relevant
doses. Typical low-LET radiation produces ~1,000 tracks
and ~1,000 SSB in the nucleus per Gy deposited (6). Since
the human genome contains approximately 3x10” base pairs
(bp), the mean distance between SSBs on opposite strands
after a dose of 1 Gy will be approximately 2x3x10° bp.
Therefore, even doses of 20-30 Gy are insufficient to
induce two SSBs close enough (<10 bp) to form a DSB.
Finally, treatment of cells with H,O, concentrations
inducing random SSBs at levels comparable to clinical doses
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of ionizing radiation does not produce significant numbers
of DSBs (14).

In general, the linear component is interpreted as being
due to irreparable, lethal lesions whereas the quadratic
component represents the lesions that may potentially be
repaired. Therefore, the radiation quality is considered
to modify the linear coefficient o (15) while the effect
of irradiation time and dose rate on repair is taken into
account as a time factor G(T) in the quadratic term (16):

In(SF) = ~[aD+G(T)BD’] (2]
where 0<G(T)<1 for protracted irradiation. Thus the L-Q
formalism predicts that a affects low doses while G(T)
should affect higher doses (Figure 34).

If a dose is split into two fractions separated by a time
interval, recovery between the two fractions will result
in the formation of a new shoulder on the survival curve.
For a time interval long enough to ensure maximal
recovery (usually 24 h), the second survival curve will
exactly reproduce the shape of the curve for single-dose
irradiation, i.e., G(T) =1 (Figure 3B). This forms the basis
for fractionated irradiation, and the L-Q expression for n
fractions of fraction size d [not the radial dose function,
d(r)] can be written

In(SF) = —n(ad+pd’) = <(aD+BdD) (3]
where D= nd is the total dose. The condition that two
different fraction schemes will produce the same biological
effect, (i.e., will be “isoeffective”) is
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(aDy+Bd,D;) = (aD;+pd, D)) (4]
which may be rearranged to give

D,=D,(d,+a/B)/(d,+0/B) [5]
or

D,=D,[1+d,/(a/B))/[1+d,/(a/B)] (6]

Frequently, the equivalent dose for a standard scheme
given in 2 Gy daily fractions is used as a clinically relevant
reference (Figure 3C). In this case, d,=2 Gy is inserted to
calculate the isoeffective dose, D,= EQD2. This has also
been termed the “normalized total dose” (17).

Dividing Eq. [3] by —a gives —-In(SF)/a which is termed
the “Biologically Effective Dose” (BED) and is equal to
D[1+d/(0/B)], i.e., the numerator on the right hand side
of Eq. [6] (18,19). Therefore, comparisons of BED values
are only valid for a specific biological end point for which
the values of a and o/f are constant, and consequently
BED values for tumour control and late normal tissue
reaction are not comparable. For this reason, the o/p value
should always be indicated, e.g., BED ) g,- Furthermore,
the classic BED expression cannot be used for different
radiation qualities (different a) and a modification of the
BED expression must be used (20,21). Importantly, BED
cannot be measured directly since it represents the total
dose for irradiation with infinitely small fraction size with
full recovery between fractions (16-24 h) which obviously
is impractical. Therefore, comparisons of clinically relevant
EQD?2 values are preferred (19). Caution is warranted
when evaluating published studies because the terminology
used in the literature is not always consistent. Thus BED
is sometimes termed “biologically equivalenr dose”, and
BED, has been used to indicate the biologically equivalent
dose given in 2 Gy fractions, i.e., EQD2, rather than the
“biologically effective dose calculated with a/B=2 Gy”.

The L-Q expression for fractionated irradiation is
frequently applied in clinical studies with fraction sizes in
the range 1-4 Gy, and is considered valid up to d=8-10 Gy.
However, whether it may be applied in IORT and stereotactic
ablative radiotherapy (SABR, including stereotactic body
radiotherapy and stereotactic radiosurgery), where single
doses can be 20 Gy and higher, is controversially debated
(22,23). The main arguments for using the L-Q formalism
are its presumed mechanistic basis, a good fit of cell survival
curves up to 15 Gy, and the isoeffect relationship for normal
tissue reaction (22). On the other hand, it is argued that
the L-Q formalism overestimates cell inactivation at higher
doses in vitro but may underestimate clinical effectiveness in
vivo because of effects on the vasculature, and that resistant
subpopulations of cancer stem cells or hypoxic cells may
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become important (23). In this discussion, it should be noted
that the central parameter o/ in the clinical application of
the L-Q expression is not determined by an independent
method such as a cell survival curve but by fitting data from
fractionation studies. Late normal-tissue reaction may not
even be directly linked with clonogenic cell inactivation
but may depend on cytokines or other radiation-induced
signals (24). Thus individual patients’ risk for developing
late reaction show no correlation between different late
endpoints suggesting that the mechanisms are different (25).
Furthermore, no significant correlation was found between
the radiosensitivity of individual patients’ fibroblasts and the
patients’ risk of developing subcutaneous fibrosis (26-28).
In spite of the lacking mechanistic basis, the L-Q expression
has proven useful for late normal-tissue reactions.

Clinical data for SABR support the clinical efficacy of
very large doses per fraction towards metastatic tumours in
the liver and lung (29-31) or primary NSCLC (32). Despite
heterogeneous doses, fractionation schemes, tumour
volumes and entities, 70-90% local control is achieved
for doses equivalent to EQD?2 in the range 50-100 Gy,
while >90% may be achieved for EQD2 >100 Gy (32-34).
This is at least as good as control rates from conventional
fractionated radiotherapy. A comparison of SABR applied as
a single dose or in three equal fractions shows no indication
that single doses should be less efficient than three fractions
[Figure 4 and (57)]. Taken together, these data do not
support a significant break-down of the L-Q expression at
high doses per fraction.

Modifications of the L-Q formalism to increase SF values
at high doses have been proposed, which lead to higher
estimates of single doses isoeffective with conventional
fractionated radiotherapy (58-61). Although, for a given
single dose, these models will result in a lower estimate of
the equivalent conventional total dose, fitting the universal
survival curve (60) and the L.-Q model (34) to current clinical
data did not show a significantly better fit for either model.
Therefore, in the absence of a validated superior model it
seems reasonable to use the L-Q model for initial guidance
to estimating isoeffective doses of single-dose IORT up to
fraction sizes of 15-20 Gy. However, careful monitoring and
long-term follow up are always mandatory when new clinical
fraction schemes are introduced.

Relative biologic effectiveness (RBE)

As described above, radiation qualities differ with respect
to their biologic effectiveness. The RBE is defined as the
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Figure 4 Local control (1-2 yrs follow-up) for metastases in the
liver and lung treated with a single dose or 3 equal fractions of
stereotactic ablative radiotherapy (SABR). The equivalent dose
given in 2 Gy fractions was calculated for a/B=10 Gy (EQD, .o g,)-
The broken line is for guidance of the eye only, and does not imply
an exact statistical fit of a dose-response curve. The data were
selected from studies on liver metastases (35-44) reviewed by Hoyer
et al. (30) and lung metastases (45-56) reviewed by Siva ez al. (29).

ratio of doses of a reference radiation (usually high-energy
photons, such as “Co y-rays or 4-6 MV X-rays) and the
test irradiation: RBE =D, /D, According to the L-Q
formalism the radiation quality increases the slope of the
survival curve at low doses while repair during protracted
irradiation reduces the slope at higher doses (cf. Figure 3A).
Consequently, RBE is predicted to reach its maximum value
for D—0 Gy where RBE,, =0,./0, and to decrease with
increasing dose (16,62).

The RBE of LEX from the Intrabeam machine has been
modelled for the naked source operated at 40 kV relative
to protracted irradiation with “Co y-rays based on certain
assumptions and was estimated for different depths in water
using 0/B=8 Gy for the reference radiation (16). RBE .
in the low-dose limit (D—0 Gy) decreased from 3.05 for
the naked source to 2.44 in 20 mm depth owing to beam
hardening with increasing depth. At a dose of 12.5 Gy, values
of RBE varied between 1.53 and 1.40. Experimental data for
the naked source operated at the same voltage yielded values
of 3.3 and 1.9 relative to 6MV X-rays for cell inactivation at
survival levels SF=0.5 and SF=0.05, respectively, representing
the dose range 1-4 Gy (63).

Following a slightly modified modelling approach, the
RBE for irradiation with 50 kV X-rays from Intrabeam

© Pioneer Bioscience Publishing Company. All rights reserved.

Herskind and Wenz. Radiobiological aspects of LEX-IORT

with spherical applicators for tumour bed irradiation was
calculated as function of distance from the applicator surface
relative to acute irradiation with reference radiation (62).
Using o/p=3 Gy for late-reacting normal tissue, this yielded
RBE values in the range 1.15-1.5 at 0-10 mm distance
from the applicator surface if recovery was neglected.
Including the effect of recovery reduced the RBE by up
to 0.2 for the high dose of 20 Gy at the applicator surface.
The largest reduction was for large-diameter applicators
which require longer irradiation times. For a/pf=10 Gy,
considered typical for many tumours, RBE varied in the
range 1.2-1.8 including the effect of recovery during
protracted irradiation. However, recent hypofractionation
studies in early breast cancer suggest that o/f may be closer to
4 Gy (64-66) which would bring the L-Q estimate of RBE
closer to that of normal tissue. Experimental determination
of RBE for cell inactivation in vitro was performed for
different cell types irradiated with Intrabeam (50 kV)
in a water-equivalent tumour-bed phantom relative to
irradiation with acute doses of 6 MV X-rays. At 8§ mm
distance from the surface of a 4.0 cm diameter applicator,
a mean value of RBE =1.35 with confidence interval 1.2-
1.5 was determined in the dose range 1-4 Gy. This value
was similar to the RBE of 50 kV X-rays with 1 mm Al
filter from a surface radiotherapy machine (Dermopan,
Siemens) (67) and was also consistent with previous data
for experimental X-ray sources in the 50-70 kV range using
0.7-1.5 mm Al filtering (68-70). The higher RBE (1.9-3.3)
described above for the 40 kV Intrabeam source without an
applicator (63), indicates the importance of beam energy
and filtering for the RBE. No significant dependence of
the RBE on dose was observed at 8mm depth in the water-
equivalent phantom in contrast with the predictions of the
L-Q formalism. Similar evidence for the absence of dose
dependence has been found in previous studies of LEX
(68-71). Further support that changes in radiation quality
may affect not only the linear coefficient, a, but also B in
the L-Q formalism comes from some studies with ultrasoft
X-rays and high-LET radiation (72,73).

In the experimental study by Liu et a/. (67) the RBE was
found to decrease at larger distance (12.7 mm) from the
applicator surface where the dose rate was reduced. This
may be due to the effect of continuous induction and decay
of SLD during irradiation, additional beam hardening in
the water-equivalent phantom, or a combination of both.
According to the L-Q formalism, a reduced dose rate
should result in an increase of SF and thus a decrease in

RBE at higher doses of 50 kV X-rays (Figure 34). However,
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the decrease in RBE was observed even at low doses [(67)
and Liu ez 4/., unpublished data] which might suggest that
part of the low-dose damage is repairable. On the other
hand, detailed examination of the radial dose function for
Intrabeam with applicators for tumour bed irradiation (not
shown) suggests that for 3.5-5.0 cm diameter applicators,
beam filtering in the applicator material is less than in
water, and that hardening of the beam in water occurs at
distances up to 5-15 mm from the applicator surface. By
contrast, applicators with 1.5-3.0 cm diameter appear to
filter the beam more strongly than water due to the beam
hardening effect of an aluminium filter built into the
smaller applicators. Thus, the radial dose functions indicate
beam softening in water as the beam exits the applicator.
This implies that the RBE at the applicator surface may be
lower for 1.5-3.0 cm applicators and higher for 3.5-5.0 cm
applicators than measured in the water-equivalent phantom
at 8mm distance from the surface of the 4.0 cm applicator.

Biological effects of high single doses

Most radiobiological studies on cells have been performed
in the dose range 1-8 Gy where cellular radiation effects,
including clonogenic inactivation and survival can be studied
conveniently. However, some evidence suggests that large
single doses as used in IORT may produce different effects
from those seen after conventional fraction sizes (74-76).

The saturated repair model has been proposed to
explain the curved shape of the survival curve for low-
LET radiation (77). Using DNA repair foci such as
phosphorylated histone variant YH2AX to detect DSBs
in intact cells, DSB induction is proportional to dose in
the 0-3 Gy range but increases less steeply at higher doses
(14,75,78). Some data indicate a dynamic repair response
(i.e., proportional to dose) at low doses with increasing
saturation at higher doses (75) [Liu Q., PhD thesis; Zhang
B., PhD thesis]. However, whether this simply reflects
slower kinetics or indeed more residual damage is not clear.
Nevertheless, it seems conceivable that repair saturation
might play a role for radiation-induced chromosome
instability and cell lethality after high doses.

It is frequently argued that the shape of the survival
curve deviates from the L-Q shape and is more linear
at higher doses and that the L-Q formalism might
overestimate cell killing (79). However, SFs smaller than
107-10™" are notoriously difficult to measure in human cells
because few colonies are formed iz vitro. Furthermore,
the results may be confounded by artefacts such as culture
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conditions, experimental design, and reduced colony sizes.
Recent evidence suggests that non-targeted effects may
contribute to clonogenic cell inactivation at higher doses.
Thus reduced SF values of breast cancer cells after a dose
of 12 Gy were found when the cell density in the irradiated
culture was increased (80). This represents a so-called
“cohort” effect (81) and increased the downward curvature
of the survival curve. Part of the dose-dependent effect was
shown to be mediated by a transferrable factor that induced
sustained expression of YH2AX foci in unirradiated cells,
suggesting that genomic instability may be involved (80).
The transferrable factor did not appear to be TGF-B1 or
36 cytokines tested in an antibody array, and remains to be
identified.

Single doses of 10-15 Gy have been shown to inhibit
the growth of fibrosarcoma and melanoma tumours in
mice by releasing the pro-apoptotic second-messenger
ceramide from sphingomyelin in membranes of
endothelial cells. The ceramide release was mediated by
acid sphingomyelinase (asmase) and resulted in apoptosis
of endothelial cells (82). The endothelial apoptosis
interacted with radiation effects on tumour clonogens
because radiation-induced tumour growth inhibition
was absent in asmase-deficient host mice, even though
the tumour was asmase positive. Preliminary evidence
suggested that endothelial apoptosis might radiosensitize
tumour cells by interfering with DSB repair (83).
Asmase activation and apoptosis could be suppressed by
VEGF or FGF2, and the suppression was reversed by
adding pro-apoptotic C16-ceramide (84). At higher doses
(18-20 Gy), the target switched from endothelial cells to
stem cells by inducing ceramide synthase resulting in de novo
ceramide synthesis in stem cells (85). Radiation-induced
DSBs upregulated CerS and this pathway contributed
to inactivation of clonogens in the crypt cell assays (86).
In HeLa cells, apoptosis seemed to be regulated by the
balance between pro-apoptotic C16:0 ceramide and anti-
apoptotic C24:0 and C24:1 ceramide (87). Interestingly,
these ceramides, and CerS6 and CerS2 which are involved
in their synthesis (88), were upregulated in primary breast
cancer tissue (89). Thus it seems a distinct possibility that
ceramide synthesis may contribute to inactivation of breast
cancer stem cells by high single doses.

High-dose irradiation of the microvasculature may lead
to adhesion of platelets to endothelial cells with formation
of thrombi (90). Recently, irradiation with a single dose of
30 Gy was shown to lead to persistent thrombi formation
over 24 h in a mouse tumour model although most resolved
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again with time (91). Thus coagulation involving endothelial
cells of the tumour microvasculature may contribute to
enhance the biological effect of a high single dose of IORT.

Increasing evidence suggests that immunological
anti-tumor effects may contribute to the effects of high-
dose irradiation. Radiotherapy may create a tumour
microenvironment conducive of an immunogenic
response (92-94). Single doses of 10-25 Gy induced long-
term expression of MHC-I in tumour cells resulting
in antigen presentation and enhanced recognition by
cytotoxic T-lymphocytes (95). Upregulation of MCH-I
expression was mediated by radiation-induced IFN-y in a
murine melanoma model (96). Furthermore, high doses
of radiation may increase lysis of tumour cells thereby
releasing tumour-associated antigens (TAA) which can be
taken up by professional antigen presenting cells (APC)
such as dendritic cells and macrophages (97,98). Activation
of APC is stimulated by pro-inflammatory cytokines, and
the activated APC migrate to the tumour-draining lymph
node where they activate CD8" “cytotoxic” T-cells (CTL).
Irradiation increases the number and activity of APC in
mice, and stimulates trafficking of CTL into the tumour
(96,99). Efficient antigen presentation by professional
APC requires expression MCH-II and co-stimulatory
molecules such as B7 activating CD4" “helper” T-cells. A
pro-inflammatory Thl response in CD4" T-helper cells in
turn stimulates activation of CD8" cells, and the cytotoxic
immune response was strong enough to reduce relapse and
eradicate metastases in a mouse melanoma model (100).
However, many cancer cells are compromised in their
expression of MHC-I (98), and radiation-induced
enhancement of T,

reg

immune response (101). Therefore, the optimal fraction

may suppress a tumour-specific

size and sequence for the immune response needs to be
worked out in a clinical setting (102). Conceivably, this may
have to be done for each tumour type and anatomical site. If
irradiation of the tumour draining lymph nodes influences
the immune response, differences in dose distributions and
treatment volumes between IORT and conventional WBRT
could turn out to be important.

A direct role of cytokines in invasion and migration of
tumour cells was suggested by a study on breast cancer
patients undergoing IORT according to the TARGIT
protocol (103,104). Previously, it has been found that
wound fluid collected from breast cancer patients
stimulates proliferation of breast cancer cells, in particular
those expressing receptor tyrosine kinase HER2 (105).
Stimulation of proliferation by wound fluid from breast

© Pioneer Bioscience Publishing Company. All rights reserved.
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cancer patients was verified in 2-dimensional cell culture of
HER2+ and HER2- cells but no difference was found between
wound fluids from patients irradiated according to the TARGIT
protocol and unirradiated control patients (103). However,
treatment of MCF7 breast cancer cells with wound fluid
in 3-dimensional (3-D) Matrigel® cultures resulted in an
apparent increase of colony size for wound fluid collected
from unirradiated but not from IORT treated patients.
Furthermore, IORT to the tumour bed abrogated the
stimulatory effect of wound fluid on migration and invasion
observed with wound fluid from unirradiated patients.
Since cytokine levels were differentially regulated (20 down
and 10 up) it was suggested that changes in molecular
composition and biological activity of wound fluid by
intraoperative tumour-bed irradiation might contribute to
reducing the recurrence rate (103).

A schematic model of the different biological effects of
high single doses is shown in Figure 5.

Modelling clinical effects of IORT

When introducing a new radiotherapy modality like IORT
with LEX, it is important to estimate the anticipated
biological effects on normal tissue and tumour cells based
on previous clinical data from fractionated radiotherapy.
RBE as function of dose may be estimated using the L-Q
formalism with various assumptions regarding RBE and the
effect of repair (62). The RBE is then used to convert the
single dose to the isoeffective single dose of high-energy
X-rays. For pneumonitis, the dose-response relationship is
known for single-dose irradiation (106) and thus the risk of
pneumonitis can be estimated as function of dose from the
applicator surface. In most cases, however, the dose-response
relationship is known only for fractionated radiotherapy
and the L-Q formalism is used to convert the single dose of
reference radiation to the isoeffective dose of fractionated
radiotherapy for which clinical data are available.

The dose response for pneumonitis after single-dose
irradiation shows an ED50 (dose to produce effect in 50%
of the patients) of 9.3 Gy (106). Modelling pneumonitis
of the lung as function of dose indicated that the risk of
pneumonitis is limited to approximately 8-12 mm from the
applicator surface, depending on the applicator size and
the assumptions regarding the RBE (62). Thus the lung is
shielded by the thickness of the thorax wall.

The EDS50 for subcutaneous fibrosis has been estimated
at EQD2~50 Gy for a standard fractionation scheme with
2-Gy fractions or approximately 14 Gy for single-dose
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Figure 5 Schematic model of special biological effects of high single doses at the cellular, tissue, and systemic levels.

irradiation (62,107). Modelling predicts that fibrosis should
be limited to 3-5 mm if IORT is given as sole treatment (62).
Normal tissue can tolerate higher doses if the irradiated
volume is small (108), and this may explain the very low
rate of fibrosis when IORT is applied as sole radiation
treatment. IORT may also be applied as an advanced boost
in combination with a course of post-operative external-
beam radiotherapy with slightly reduced dose, e.g., to 46 Gy
in 2-Gy fractions. The IORT boost adds a contribution to
EQD?2 of typically approximately 15 Gy at 10 mm depth,
i.e., similar to a conventional boost with external beam
irradiation. Although the EQD?2 close to the applicator
will be considerably higher, moderate to severe fibrosis is
observed only in about a third of the patients (109,110) [E.
Sperk, personal communication]. Thus the rate of fibrosis is
similar to rates observed after a postoperative boost with an
external beam (66,111-113).

The steep radial dose gradient of 50 kV X-rays around
spherical applicators for tumour-bed irradiation has
raised concerns that the dose at 10 mm distance will not
be sufficient for tumour control. Inserting cell survival
parameters obtained for typical breast cancer cell lines
in vitro, into the L-Q expression indicates SF~107 at 10 mm
depth in the tumour bed (62). Obviously, this would
inactivate only a relatively small number of tumour stem
cells. However, it is important to note that the solid tumour
has been removed by surgery so, provided that no residual
tumour mass has been left, it may be assumed that only a
small number of recurrence-forming tumour foci will be

© Pioneer Bioscience Publishing Company. All rights reserved.

present. Furthermore, approximately 70% of early breast
cancer patients will not develop recurrence even when
adjuvant radiotherapy is omitted. Therefore, the remaining
30% of the patients are likely to have only a single cluster
of recurrence-forming tumour cells in the tumour bed
that will vary in size by several orders of magnitude from
only a few to perhaps more than tens of thousands cells.
This implies that the clinical dose response curve will not
show the sigmoidal form typical for solid tumour but may
start at ~70% at 0 Gy with a gradual slope towards higher
values (75). Furthermore, the probability of finding such
recurrence-forming foci is likely to decrease with increasing
distance from the excised tumour [(foci in other quadrant
are usually considered new primaries (114,115)].

Modelling the risk of recurrence was performed using
a clinical dose response relationship (116) based on a
standard fractionation scheme and the EORTC boost
study (111), and incorporating the advantage of eliminating
proliferation of tumour cells between surgery and the start
of post-operative, fractionated radiotherapy (117). The
model calculations suggested that the EQD2 values near
the applicator surface are larger than 50 Gy given in a
standard course of whole-breast radiotherapy. Thus close to
the applicator surface, tumour foci would have a lower risk
of recurrence compared with a uniform dose distribution
while the risk of recurrence would increase with distance
from the applicator (depth in the tumour bed). This implies
that, within a certain distance, the mean risk of recurrence
for a cohort of patients would be the same as for a uniform
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Table 1 Summary of radiobiological factors contributing to the efficacy of intraoperative tumour-bed irradiation with low-energy X-rays

Summary and conclusions

Increased relative biologic effectiveness (RBE)

RBE is increased (>1) for low- (kV) relative to high-energy (MV) X-rays. The RBE at a given tissue depth (distance from the
applicator surface) may be independent of dose. Protracted irradiation delivery time (i.e., low dose rate) may affect repair not
only at higher doses (quadratic component) but also at low doses. Longer irradiation times, and beam hardening in the tissue
(for 3.5-5.0 cm spherical applicators) may result in decreasing RBE values with increasing tissue depth but will depend also on

filtering by the applicator
Lack of fractionation

Fractionation protects late-reacting normal tissue relative to tumour cells, and allows reoxygenation of hypoxic tumour cells.
However, the smaller therapeutic window of single dose of intraoperative radiotherapy (IORT) is moderated by the relatively low
a /B ratio (~4 Gy) for breast tumours. Furthermore, hypoxia is unlikely to be important in residual foci of tumour cells. Clinical
data for SBRT with 1-3 fractions support the use of the L-Q expression as an initial guide to isoeffective doses

Biological effects of high single doses

Genetic (chromosomal) instability may inhibit clonogenic proliferation, and non-targeted effects may contribute to radiation-
induced cell inactivation at higher doses. Ceramide-mediated apoptosis of endothelial cells activated by asmase may
radiosensitize tumours in the dose range 10-15 Gy while induction of ceramide synthesis in tumour cells may contribute to
inactivation at higher doses (>18-20 Gy). High dose irradiation may act as an adjuvant for immune reactions against tumour
cells, and may inhibit the pro-migration and pro-invasion cytokine profile in the microenvironment during wound healing

Non-uniform dose distribution

The low risk of recurrence of tumour cell foci in the high-dose region close to the applicator surface is estimated to partly
compensate the increased risk of recurrence at larger distances, defining a ‘Sphere of Equivalence’ with a uniform dose
distribution from an external beam. The risk of adverse reactions after IORT with low-energy X-rays is limited by the small volume

of the high-dose region

dose distribution from an external beam of high-energy
X-rays. This spherical shell defines a new target volume
concept termed the “Sphere of Equivalence” (116). Model
calculations estimated that this may extend up to a distance
of 8-10 mm from the applicators surface. Furthermore,
the calculations were fairly robust towards changes in the
assumptions of the model. Theoretically, the size of the
Sphere of Equivalence may be increased by fractionation
designed to be isoeffective for late normal tissue damage.
Thus the therapeutic window is predicted to be increased
by APBI in ten fractions in a perioperative setting (107).
However, this may compromise the advantage of IORT in
eliminating tumour cell proliferation between surgery and
radiotherapy as suggested by the inferior outcome in the
TARGIT trial of patients receiving post-pathology IORT
in a second surgical session (118).

As the number of cancer survivors increases owing to
earlier and better diagnostics and improved therapy options,
very late effects such as the development of 2" primary
cancers after therapy is becoming more important. Although
the risk is small (119), modelling calculations based on the
dose distributions suggest that IORT with LEX as given in

© Pioneer Bioscience Publishing Company. All rights reserved.

TARGIT may decrease the risk even further (120).

Summary and conclusions

Radiation therapy is an important adjuvant therapy to
surgery in the treatment of malignant tumours. Applying
radiotherapy as IORT to the tumour bed during surgery
eliminates repopulation of tumour cells which otherwise
increases the load of tumour cells during wound healing
before conventional postoperative radiotherapy can begin.
Thus the isoeffective dose of IORT to achieve identical tumor
control rates may be smaller. On the other hand, giving a
single nonuniform dose of LEX instead of a conventional
course of fractionated RT high-energy X-rays with uniform
dose distribution may reduce the therapeutic window between
tumour control and late tissue reaction. Furthermore, lower
doses at large distance from the applicator might compromise
control of residual tumour cells.

However, a number of factors work in the favour of
IORT with LEX (LEX-IORT). For breast cancer, residual
cancer cells after removal of the tumour are likely to be
present as single foci with varying cell numbers so that
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even small doses should contribute to reducing the risk of
recurrence. The RBE is increased so that the equivalent
dose of reference radiation will be higher than the physical
dose. Furthermore, the difference in sensitivity of tumour
and normal tissue to changes in fraction size may be
smaller than previously thought, thus helping to preserve
a therapeutic window. Furthermore, biological effects of
high single doses may be different from those observed at
low dose per fraction which may compensate the potential
disadvantages of high single doses. Clinical modelling of
tumour-bed IORT in breast cancer suggests that high
doses close to the applicator surface produce a Sphere of
Equivalence with external beam radiotherapy, and that the
small volume of normal tissue exposed to high doses limits
adverse normal-tissue reaction (1able 1).
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