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17.1 Introduction

The first treatments of patients with glioblastoma, in the early 1950s on the Medical
Research Reactor at Brookhaven National Laboratory, were carried out using a
thermal neutron beam and borax as the boron carrier [22]. Those treatments were
undertaken after extremely limited preclinical animal studies. Published are scant
details of experiments outlining the uptake of borax in transplanted, methylcholan-
threne induced brain tumors in mice, relative to plasma and normal brain [22].
Comparable data were also published for individual patients [42] along with
attempts to compute radiation energies and to estimate effects in normal and neo-
plastic brain tissue. However, the understanding of the increased biological effec-
tiveness of particle irradiation relative to x- or y-rays was in its infancy at this time.
Although never published, a small study was carried out on dogs (Calvo, personal
communication 1996) to assess the safety of the proposed clinical irradiation pro-
tocol. Four animals were exposed to thermal neutrons after the administration of
borax; they remained fit and well after 48 h, and thus, the treatment was judged to
be safe.

While such an approach might appear strange in the present era, it should be
recognized that none of the present concepts underlining the radiobiological basis
of radiotherapy were established at that time and then even conventional radiother-
apy had developed largely on the basis of anecdotal evidence from observations on
patients exposed to x-rays. Thus, the early attempts at boron neutron capture ther-
apy (BNCT) were understandably inadequate in terms of the ability to estimate and
predict responses from such a complex, mixed field, of irradiation. The use of an
inadequate boron compound and a poorly penetrating thermal neutron beam were
additional drawbacks of those earlier studies.

A greater understanding of the increased biological effectiveness of particle radi-
ation, relative to x- or y-rays, has come from studies related to the application of fast
neutron radiotherapy [23]. However, yet again, the initial clinical attempts at fast
neutron therapy were compromised by a lack of radiobiological knowledge. The
early investigators were well aware that fast neutrons were biologically more effec-
tive than x-rays and animal experiments were done to determine the relative biologi-
cal effectiveness (RBE), the ratio of absorbed doses from the novel experimental
radiation and x-rays required to produce the same biological effect. However,
patients were still seriously overdosed in the initial patient studies [78]. Later, it
became evident that this was because the initial neutron experiments were carried
out using large single doses and that the RBE values obtained were applied to
patients treated with fractionated irradiation doses. It was not recognized at that
time that the increase in RBE with decreasing dose per fraction is a relatively large
effect [25].

While relevant and extensive preclinical studies are now often the norm and
should indeed be mandatory, the problems of the past should serve as a pointer to
the future use of BNCT, particularly for new applications. Failure to take full account
of the current understanding of radiobiological principles or the application of
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inappropriate radiobiological weighting factors to new applications could result in
clinical under- or overdosage of patients and significantly delay the full clinical
application of this potentially useful radiotherapy modality.

17.2 Basic Radiobiological Considerations

BNCT considered as a mixed field irradiation exposure, the principle components
of which include, in addition to the alpha particles and lithium ions resulting from
the boron neutron capture reaction:

“B+ 'n= "Li+‘He (00)+2.79 MeV,

y-rays both incident within the neutron beam and those induced by the neutron
hydrogen capture reaction:

'"H+'n= *H+7y +2.2 MeV

plus protons, either as recoil protons from fast neutron interactions, largely with
hydrogen, or from neutron capture with tissue nitrogen:

“N+'n="C+'p+580 keV

These various absorbed dose components contributing to the total radiation dose
are usually assumed to act independently from each other in treatment planning
such that the total photon-equivalent dose (D) is given by the equation:

D, = (absorbed y-ray dose * DRF) + (absorbed recoil proton dose * RBE ) +
(absorbed nitrogen capture dose * RBE) + (absorbed '’B capture dose * CBE)
where DRF is the dose-reduction factor for y-rays, which varies with dose-rate;
RBE is the relative RBE of fast neutrons; RBE the equivalent value for protons
from the nitrogen capture reaction; and CBE the compound biological effectiveness
factor which is a compilation of the RBE of alpha particles and "Li ions and the
microdistribution of '°B in a particular tissue. Due to the short range of these parti-
cles in tissue, 9 and 5 pm, respectively, the biological effect of energy deposition
depends critically on both the gross and microscopic localization of boron in tissues
and cells. For example, the energy from the boron neutron capture reactions occur-
ring within the lumen of a blood vessel may be completely dissipated within the

blood volume and in a sense “wasted.”

For this reason, the radiobiological properties of each dose component need to be
examined separately, although consideration should also be given to the possibility
that there may be an interaction between high linear energy transfer (LET) compo-
nents of the total dose and the low-LET, y-rays.
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Fig. 17.1 1In vitro cell survival curves for Chinese hamster cells after irradiation with ®Co y-rays
at various dose-rates. The dose-reduction factor is the ratio of doses to produce the same effect
from different dose-rates, for example, A/B for a dose rate of 0.009 Gy/min. The dose-rates of
y-rays in typical clinical epithermal beams (e.g., FiR1, HFR, BMRR) are in the range 0.16—
0.009 Gy/min (Reproduced from Hopewell et al. [39]; with permission)

17.2.1 Radiobiological Properties of y-Rays

The radiobiological effects of low-LET x- or y-rays have been extensively inves-
tigated since they are the predominant radiation used in radiation therapy. The
radiobiological property of most significance for BNCT, where currently single
exposures are widely used, is the variation in the biological effectiveness of y-rays
with dose-rate. This dose-rate effect is due to the repair of sublethal radiation
damage to DNA with time. For prolonged exposures to low dose-rate y-rays, the
effectiveness is decreased compared to y-rays delivered at a dose-rate of 1 Gy/min
or more. This can be clearly illustrated by examining the effects of different dose-
rates on the clonogenic survival of cells in vitro [4]. For a given absorbed radia-
tion dose, the level of cell survival increases as the dose-rate is reduced (Fig. 17.1).
In this example, for a clonogenic cell survival of 1%, the DRF for an equivalent
effect would be <0.7 for dose-rates of <0.16 Gy/min (DRF: the ratio of doses at
high dose-rate to low dose-rate required to produce the same biological effect).
The y-ray dose-rates for the present generation of clinical epithermal neutron
beams are in the range 0.16-0.086 Gy/min, clearly indicating that these y-rays
would be less biologically effective than those delivered at approximately 1 Gy/
min, that is, a DRF of <1.0. The relative positions of the dose-rates for y-rays of
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Table 17.1 Variation in the y-ray characteristics of three different epithermal neutron beams that
have been used clinically for BNCT

BMRR
Beam (location) FiR1 (Helsinki) HFR (Petten) (Brookhaven)
y-ray contribution (%) 80.0 66.8 73.0
Dose-rate (Gy/min) 0.076 0.035 0.017
Dose-rate reduction factor 0.6 0.5 0.45
- (1.0)2 (1.0)*

“DRF values assumed by the centers involved

three epithermal neutron beams that have been used in clinical trials, Helsinki
(FiR1), Petten (HFR), and Brookhaven National Laboratory (BMRR), are indi-
cated in this example, and the detailed y-ray characteristics are given in
Table 17.1.

When BNCT is used for the treatment of glioblastoma, then the dose-limiting
normal tissue is the central nervous system (CNS). The radiation response of this
tissue, along with many other tissues has been shown to depend on dose-rate and as
a consequence the time of exposure. In the case of the spinal cord, a useful model to
study for CNS responses, the dose-rate effect is demonstrated by an increase in the
dose associated with a 50% incidence of radiation-induced myelopathy (ED, ), as
the dose-rate is decreased in two species, the rat and the pig (Fig. 17.2). When these
ED,, values are normalized, relative to the value for irradiation at the highest dose-
rate in this instance of 1.8 Gy/min, there is a linear relationship between dose-rate
(log scale) and the DRF. For dose-rates <0.1 Gy/min, comparable to existing epith-
ermal neutron beams, the DRF is <0.7 as is illustrated in the examples in Table 17.1.
The dose-rate effect for y-rays was not taken into account in the initial studies in
many centers, including Petten and BMRR. The likely implications of this are dis-
cussed below.

The effects of dose-rate, based on extensive historical data [21], were considered
in recent experimental animal studies to determine weighting factors for normal
lung tissue [45], just as they were for studies of CNS toxicity in experiments on dog
brain at the FiR1 reactor [6]. When overall exposure times are short (<10 min) as in
some biological studies with thermal neutron beams [20, 59, 60], then, and only
then, can the effects of repair of sublethal damage be considered sufficiently small
to be ignored.

Recently, models have been developed to enable the calculation of equivalent
doses based on the kinetics of repair of sublethal irradiation damage for photon
irradiation [54]. This allows the calculation of equivalent photon doses for differ-
ent overall irradiation times, for single exposures, and for fractionated irradiation
with incomplete repair intervals. The kinetics of repair of sublethal damage have
also been established for CNS tissue following exposure to a wide range of expo-
sure times using irradiation sources of differing dose-rates [75]. This is character-
ized by a short and a long repair parameter with half-times of 0.19 and 2.16 h,
respectively.
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Fig.17.2 Variation in the ED_ for radiation-induced myelopathy in the pig (A) and rat (0) as a func-
tion of dose-rate. The ED, values for dose rates of <1.0 Gy/min are expressed as a ratio of the high-
est dose-rate of 1.8 Gy/min (Dose reduction factor — DRF). The DRF (o) was linearly related to the
dose-rate, correlation coefficient 0.996 (Reproduced from Hopewell et al. [39]; with permission)

17.2.2 Radiobiological Properties of Fast Neutrons

Studies into the relative biological effectiveness of fast neutrons have been carried
out in relation to neutron therapy. Neutron facilities for therapy vary in the energy
spectrum of the neutrons produced. The implications of this have been compared
using a range of in vitro and in vivo assays. The most extensive set of comparative
studies has used the mouse intestinal crypt assay [31]. These studies showed up to a
50% difference in biological effectiveness when other neutron beams were com-
pared to a relatively high average energy reference beam. The higher the mean
energy of the neutron beam, the lower the RBE.

In vitro studies, using V79 cells, with relatively monoenergetic neutron sources,
have shown a defined relationship between neutron energy and RBE [34]. For this
cell line and for damage assessed at the doses required to reduce the surviving frac-
tion to 37% (D,,), neutrons with an energy of 0.3-0.4 MeV appeared to be the most
biologically effective with an RBE of ~6.0. As the energy of the neutrons was
increased, the RBE value decreased, appearing to reach a minimum value of 1.7 for
neutron energies in the range 5-15 MeV (Fig. 17.3). For neutron energies lower
than 0.3 MeV, the RBE also declined, being less than 4.0 for 0.1 MeV (100 keV)
neutrons. In an unrelated study with 24 keV neutrons from a filtered reactor beam,
the trend continued for the same endpoint [58]. The recoil protons from these lower
energy neutrons would be expected to have the highest LET.
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Fig. 17.3 Variation in the RBE, based on a surviving fraction of 37% (D,,) of V79 cells, with
neutron energy (Data from Hall et al. [34] (e))

These in vitro studies also showed that the RBE depends on the level of effect at
which doses are compared. Based on the linear quadratic (LQ) model of cell survival,
there will be an upper limit to the RBE for the different energy neutrons and this will
be the ratio of the values of ¢, the initial slope of the cell survival curves [8] such that:

RBE, =0, /0

where o, and ¢ are the values of alpha for fast neutrons and photons,
respectively.

This dependence of the RBE on the level of effect is reflected in the increase in
RBE with decreasing dose/fraction in dose fractionation studies [23]. This repre-
sents the decreasing level of effect produced by a reduction in the dose/fraction as
fraction numbers are increased. RBE values can also be highly dependent on the
particular tissue studied by a factor of ~2 [23]. Thus, the use of a single value for the
RBE of a particular radiation quality is most unlikely to be applicable to all tissues.

17.2.3 Radiobiological Properties of Protons from the Nitrogen
Capture Reaction

The protons produced as a consequence of the thermal neutron/nitrogen capture
reaction have a low energy of 580 keV and thus have very high-LET characteristics.
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Fig. 17.4 Variation in RBE _for V79 cells with proton energy. RBE values at D,, have been
calculated for comparison

There are no ways of directly determining the RBE of this energy of protons from a
mixed field irradiation involving either thermal or epithermal neutron irradiations,
and hence, for practical reasons, the nitrogen capture dose is frequently included
with the fast neutron dose, as a combined beam high-LET dose.

Only a limited number of studies have been undertaken using monoenergetic
protons at similar energies [5, 72]. Those studies, like those with fast neutrons, were
carried out using V79 cells. For protons of decreasing energy (increasing LET) from
7.4t01.16 MeV, the RBE increased from a little over 1.0 up to a maximum value
of ~7.0. For lower proton energies of 0.84 and 0.73 MeV, the RBE__ declined
progressively from the maximum value (Fig. 17.4). In order to be able to compare
the RBE values from these studies with those involving different energies of fast
neutrons, the D, was calculated from the LQ cell survival curve parameters reported
by the authors. This information is plotted on the same figure for comparison. The
D,, RBE values for V79 cells show the same general pattern of change with increase
in LET but are lower than the corresponding RBE _ values. These RBE values,
based on the D, , appeared to be lower than might have been anticipated from
the fast neutron studies (Fig. 17.3). This observation brings into question any
assumption that the biological weighting factor used for recoil protons should be the
same as that for fast neutrons and for protons from the nitrogen capture reaction, a
common assumption in BNCT treatment planning.
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17.2.4 Implications for the Weighting of Dose for Epithermal
Neutron Beams

For reactor-based epithermal neutron beams, where there is likely to be major dif-
ferences in the dose-rate of the y-ray dose component, and also in the fast neutron
spectra of the incident beam, there would appear to be a need to compare their
biological effectiveness, as was the case for fast neutron therapy facilities [31]. The
short-term crypt colony assay, which proved to be so useful in comparing the bio-
logical effectiveness of different fast neutron beams, has been used to examine the
RBE of a number of thermal/epithermal neutrons beams. In an initial publication,
the RBE of the epithermal neutron beam at the Massachusetts Institute of Technology
(MIT) was determined at two depths in a phantom, 2.5 and 9.7 cm [32], and was
found to decrease with depth, reflecting the reduced contribution of the high-LET
component to the total dose at the greater depth. An attempt was made to estimate
the RBE of the high-LET component of the total dose at these two depths. However,
for that analysis, the authors used a DRF of 1.0 for the y-ray dose component, despite
the fact that the photon dose-rate at the greater depth in particular was low (~0.15 Gy/
min) compared to that of the photon irradiation used in the control experiments
(0.83 Gy/min). In their paper, the authors did express concern that all radiobiologi-
cal mechanisms had not been taken into account in the analysis. Although not as
extensive as for the dose-rate information for the spinal cord and lung, information
does exist for the effects of dose-rate on jejunum crypt survival [26]. Those studies
suggest that a DRF of ~0.7 would have been more appropriate to use in the calcula-
tions of the high-LET dose component RBE at a depth of 9.7 cm. At a depth 2.5 cm
a larger DRF (<1.0) would be applicable. Use of more appropriate weighting factors
for the y-ray dose component would have resulted in a higher estimate of the weight-
ing factor for the high-LET dose component. These details may not be that impor-
tant because within a given facility, the overall RBE of the beam at a given depth for
a specified tissue does not change. The problem arises when these separate weight-
ing factors of an individual beam’s dose components are used to estimate the pho-
ton-equivalent dose in a different facility where not only the y-ray dose-rate may be
different but also the fast neutron spectra. This view is supported by a more recent
publication [33] where the results from the crypt colony assay are compared for 7
BNCT facilities worldwide.

It has already been mentioned that, although a low DRF of 0.45 (relative to a high
dose-rate of 1.8 Gy/min ) has been estimated to be appropriate for the CNS for use
with the epithermal neutron beam at the BMRR and elsewhere, a value of 1.0 was
actually used (Table 17.1). In a separate analysis [6], the dose-related incidence of a
number of different endpoints, after epithermal neutron irradiation of dog brain on the
FiR1 beam, were converted into photon-equivalent doses based on the weighting fac-
tors derived from studies on dogs and used clinically for the epithermal neutron beam
at BMRR, namely 1.0 for low-LET y-ray component and 3.2 for the high-LET com-
ponent of the beam [30]. The use of the above weighting factors, adopted for use with
the BMRR beam, for the FiR1 beam consistently produced an overestimate of the
equivalent photon dose received when compared with the actual data for dogs irradi-
ated with 6 MV x-rays. This is illustrated for the endpoint of single and multiple
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Fig. 17.5 Dose-related incidence of either (a) single or (b) multiple contrast-enhanced lesions on
T1-weighted magnetic resonance images in the brain of dogs after irradiation with either epither-
mal neutrons (m) from the FiR1 beam or from 6 MeV x-rays (®). The photon-equivalent doses for
the different physical epithermal beam doses used in this study were also calculated using the
weighting factors developed for the BMRR (0). These weighted doses produced ED, (= SE) values
that were significantly higher than the experimentally observed ED, values for photon irradiation
(Reproduced from Hopewell et al. [39]; with permission)

permanent contrast-enhancing lesions on MRI in Fig. 17.5. The average overestimate
of the photon-equivalent dose using the BMRR weighting factors for the FiR1 beam
was 12%. These data illustrate the inherent dangers of applying weighting factors
derived in one epithermal neutron beam to another neutron beam, no matter how simi-
lar the two beams may appear from the point of view of the absorbed dose
components.

This view is strongly supported by recent re-evaluation (Millar, personal com-
munication, 2010), where the kinetics of repair of sublethal damage for CNS tissue
have been considered in the calculation of equivalent x-ray doses for the different
experiments that were carried out to establish weighting factors for the FiR1 and
BMRR epithermal neutron beams. For example, for the endpoint of multiple contrast-
enhancing lesions in the brain of dogs, the x-ray ED,  for that effect of 15.01 Gy was
given in 18.75 min (0.8 Gy/min). The experimentally derived iso-effective dose for
the FiR1 beam (~80% photons) would have been delivered in 158 min. The calcu-
lated dose, equivalent to 15.01 Gy of x-rays in 18.75 min, delivered in 158 min, is
19.31 Gy based on repair kinetic parameters. This indicates a DRF of 0.78, higher
than the value of 0.6 used in an earlier publication [6]. In the original calculation of
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the DREF, the actual reference dose-rate of 0.8 Gy/min was not used and, based on the
information provided in Fig. 17.2, the dose-rate of the epithermal neutron beam was
compared with a reference dose rate of 1.8 Gy/min to give the DRF. Using the revised
DREF of 0.78, calculated using the parameters for the kinetics of repair in CNS tissue,
where the times for repair of sublethal damage were matched for the beam and
x-rays alone, a lower estimate of the RBE of the high-LET component of the FiR1
beam was obtained, 3.3 as compared with the original 3.9 [6].

For the experimental studies on the BMMR, historical data based on the results
from CT and not MRI to recognize changes in the brain of Beagle dogs were used
[24]. The x-ray doses in this study were given at a higher dose-rate of 3 Gy/min. To
calculate weighting factors for the BMRR epithermal beam using the endpoint of
lethal necrosis, the ED, for this effect was 14.8 Gy (4.9 min exposure) of x-rays
compared with 9.23 Gy (158 min exposure) for the BMMR epithermal beam. There
is also a need for caution in accepting these data since only two dogs were irradiated
at this epithermal beam dose and also because Labradors and not Beagle dogs were
used. Despite the limitations of the BMMR study, calculations, based on the same
repair parameter, the x-ray equivalent dose for 14.8 Gy given in 4.9 min was
20.24 Gy in 158 min, DRF 0.73. The associated RBE of the high-LET component
of the BMMR epithermal neutron beam (~73% photons) is thus 4.1, higher than that
for the FiR1 beam. These weighting factors are closer to the alternative weighting
factors of 0.6 and 4.4 for the low- and high-LET components of the BMMR beam,
originally proposed by Gavin et al. [30], but never adopted.

The difference in the DRF for the photon components of the dose in the FiR1 and
BMMR epithermal neutron beams of 0.78 and 0.73, respectively, is due to the dif-
ference in the original exposure times required to give the reference x-ray only
doses in the two experiments. Had the reference x-ray dose, in the above example
for multiple contrast-enhancing changes on MRI, of 15.01 Gy given in 18.75 min
(0.8 Gy/min) been delivered at 3 Gy/min as in the BMMR related study, then the
equivalent x-ray dose would have been reduced to 14.15 Gy (given in 4.7 min), and
as a result, the DRF would be the same: 0.73. This finding points to the importance
of taking into account the significance of the fast component of repair for reference
x-ray exposure times of 10-30 min.

An alternative approach for the comparison of the biological effectiveness of the
high-LET components of the dose, both within the same beam and between beams,
involved the use of a simple in vitro cell survival model. This was initially described
in 2001 [48]. Briefly, V79 cells were irradiated in suspension at different depths
(20-65 mm) in a water-filled cylindrical phantom.

Over the period of irradiation, the temperature of the water was kept at 4 °C. This
prevented the repair of sublethal irradiation damage over the variable exposure times
both within the same beam and for different beams. Thus, the need to correct for the
variable dose-rates of the y-ray components to the dose was avoided, DRF 1.0.

The usefulness of this model can best be illustrated by reference to a recent
comparison of the biological effectiveness of the moderated accelerator-based
epithermal neutron beam at the University of Birmingham, UK, and the reactor-based
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Fig. 17.6 Variation in survival of V79 cells irradiated with epithermal neutrons from either the
Studsvik reactor-based beam (m, 0) or the Birmingham accelerator-based beam (®,). The curves
are shown for irradiation at (a) 20 mm, (b) 35 mm, (¢) 50 mm (m, @) plus 65 mm (0, ©) depths in
the phantom. Error bars represent+ SE (Reproduced from Hopewell et al. [39]; with permission)

epithermal neutron beam at Studsvik Medical, Sweden [49]. At all depths in the
phantom, the biological effectiveness of the Studsvik beam, for a given total
absorbed dose, were always greater than that for the Birmingham beam. For both
beams, the survival data obtained for irradiation at 50 and 65 mm depths in the
phantom were comparable and have been combined in this analysis. Cell survival
curves were not always complete down to a surviving fraction level of 0.1%,
especially for the Birmingham beam. This was due to the very low dose-rates
(0.58-1.04 Gy/h, depending on depth in the phantom) resulting in very long
exposure times, compared with the comparatively higher dose-rates at Studsvik
(8.2-16.2 Gy/h). Extrapolation of the cell survival curves was based on the linear
and quadratic parameter fits to data points available (Fig. 17.6). The ratio of
doses for the same level of cell survival was independent of the depth in the phan-
tom, 1.3, 1.3, and 1.33 for a depth of 20, 35, and 50 plus 65 mm, respectively.
However, the dose ratio did depend on the survival level used for the comparison,
for example, ranging from 1.41 at 10% survival to 1.25 at 0.1% survival. These
differences seem to be related to the differences in the neutron spectra, particu-
larly the fast neutron contribution to the total dose, in the Studsvik beam
(Fig. 17.7). The difference in the fast neutron contribution to the total absorbed
dose was 51% at 20 mm and 83% at 65 mm depth, while the difference in the
total high-LET contribution was 24-26%. Comparable neutron spectra at 50 and
65 mm depth are consistent with the similar cell survival data at these two depths
for both beams. Similar differences in the high-LET content of the beam as a
function of depth might be a simple explanation as to why the dose ratios for a
given level of cell survival were independent of the depth in the phantom. However,
more intercomparisons are required before any definitive general conclusions can
be drawn.
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Fig. 17.7 MCNP model calculations for the neutron spectra of the Studsvik reactor- (e--e ) and
Birmingham accelerator-based (--1 ) epithermal neutron beams at depths of 20, 35, 50, and
65 mm in a phantom, the depths used for V79 cell irradiations. Each data point represents the
midpoint in an energy bin of finite width (Modified from Mason [49], modified by Mason and
Giusti, personal communication 2006)

17.3 Radiobiological Properties of Boron Capture Agents

The poor selectivity for tumor of the boron compounds used in the early BNCT
clinical trials was recognized as one of the factors contributing to their unsuccessful
outcome. A search for better boron delivery agents was initiated in the 1960s. The
amino acid, p-boronophenylalanine (BPA) and the sulthydryl borane (Na,B H  SH,
or BSH) were two of the compounds evaluated in those studies. Compound devel-
opment continues to be an active area of BNCT research.

However, given the degree of characterization required, in particular, toxicity
evaluation and radiobiological studies, it would take several years for any new com-
pound to enter a clinical trial. At this time, BPA and BSH are the only two boron
compounds in use for clinical BNCT, hence, much of this section of the chapter will
necessarily focus on the radiobiological studies that have been reported for these
two agents. The approaches used to characterize these compounds for both normal
tissues and tumors should also be applied to newer agents.

The absorbed dose to tissues resulting from '°B capture is a function of the
neutron fluence and the '°B concentration in blood and in the parenchymal tissue
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surrounding the blood vessels. For the compounds BPA and BSH, the dose
contribution from the '°B(n,o)’Li reaction for normal tissues is routinely calcu-
lated based on the blood °B concentration over the course of irradiation. No direct
account is taken of the '°B content of the parenchyma or of the vascular endothelial
cells in any dose calculations. This is because it is not yet possible to measure
normal tissue concentrations of °B during the course of irradiation. Noninvasive
imaging techniques are under development to achieve this objective [41, 56].
However, there would be a requirement to measure tissue boron levels if, for
example, compounds such as one from a family of porphyrins, copper tetra-phe-
nyl-carboranyl porphyrin (CuTCPH), were developed. These compounds are
retained in tumor and normal tissues to variable degrees but are cleared from the
blood [57]. The use of blood boron levels, which may be approaching the lower
limit of accurate measurement, may then be misleading. However, for BPA and
BSH, the physical absorbed dose delivered to normal tissues has historically been
described in terms of the absorbed dose delivered to the blood and the CBE factors
calculated are defined so as to be the multiplicative factor that transforms the blood
dose into the biologically effective normal tissue dose. Thus, if in the future, mea-
surements of boron levels in normal tissues become available, these CBE factors
should not be used. If the normal tissue blood ratio is <1.0, then the photon-equiv-
alent dose to the normal tissue, from the '°B(n,o)’Li reaction, would be underesti-
mated, while if the ratio was >1.0, then the photon-equivalent dose would be
overestimated. The photon-equivalent dose, from the °B(n,a)’Li reaction, has
been overestimated in some publications. For example, in a therapeutic study
involving the treatment of spontaneous nasal planum squamous cell carcinoma in
cats [82], the photon-equivalent doses to the skin and oral mucosa were calculated
using the available CBE factors based on blood boron levels. The tissue boron
levels and not the blood boron levels were used in this example, and thus, the dose
contribution from the '"B(n,a)’Li reaction was overestimated because normal tis-
sue blood ratios were >1.0.

Experimentally derived CBE factors must always be used with caution in clinical
treatment protocols. The biodistribution profile of a given boron delivery agent
needs to be as thoroughly characterized as possible in the relevant animal models
and in patients. In particular, the vascular/nonvascular '°B partition ratio in the ani-
mal model used to derive the CBE factor must be similar to the ratio in patients at
the time of irradiation. It must be emphasized that comparability of '°B biodistribu-
tions is a prerequisite to translating an animal model-derived CBE factor to the
clinical situation. At the low doses of BPA (250-290 mg BPA/kg body weight) that
were used in the BNL clinical trial, the '°B distribution in human brain was similar
to that measured during radiobiological studies in the rat and dog from which the
clinical CBE factors were estimated [11, 17].

Given the historical focus on the use of BNCT for treatment of brain tumors
(primarily glioblastoma multiforme), the evaluation of effects on the important
dose-limiting normal tissues, namely skin, central nervous system (CNS), and oral
mucosa have assumed central importance.
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17.3.1 Normal Tissue Effects

17.3.1.1 Skin

The response of rat skin to BNC irradiation using BPA or BSH has been studied
using the thermal beam of the BMRR [59]. The CBE factors for BPA using the early
endpoint of moist desquamation and the late endpoint of dermal necrosis were
3.7+0.7 and 0.73 +0.42, respectively. The CBE factors for BSH with moist desqua-
mation and dermal necrosis endpoints were 0.55+0.06 and 0.86 +0.08, respectively.
It is evident from these findings that the microdistribution of these two compounds
had a marked effect on the CBE factor obtained. BPA would appear to accumulate
in metabolically active basal stem cells within the epidermis, which would account
for the very high CBE factor. For the endpoint of dermal necrosis, where the vascu-
lar endothelium represents the likely target cell population, the CBE factor values
for BPA and BSH were comparable. Observations using neutron activation autora-
diography suggest that BPA and BSH have a similar microdistribution in the dermis
(Morris, unpublished data, 1999). The clinical implications of these findings are
that, per unit boron concentration, BSH mediated BNCT causes less damage to the
epidermis than BPA mediated BNCT.

The biological effect of BPA based BNCT on human malignant melanoma using
thermal neutrons has produced important information on the effect of this treatment
on human skin [27]. Based on boron measurements in blood and skin, these inves-
tigators estimated the boron concentration in the skin at the time of BNCT to be
between 1.3 and 1.5 times the concurrent level in the blood.

The CBE factor has been derived for the skin in other species. A value of 2.4 has
been reported for BPA using acute reactions in hamster skin as the endpoint [37].
The results of dog irradiations with epithermal neutrons at the BMRR indicated a
CBE factor for BSH of 0.5 [29].

For the porphyrin CuTCPH, a promising experimental boron delivery agent, the
CBE factor was 1.8, for the early endpoint of moist desquamation, calculated in the
standard way, using the boron concentration in the blood [66]. In the CuTCPH
study, irradiation was carried out when the blood boron level was low (~1.5 pg/g),
72 h after the initiation of a 48 h infusion of the compound. The CBE factor was
much lower, 0.1, if the boron concentration in the skin was used in the calculations.
This suggests that although there was a significant accumulation of boron in the skin
at the time of irradiation, there were relatively low levels of boron in epidermal
cells, and that the bulk of the boron was in the dermis.

17.3.1.2 CNS

The development of late changes in the CNS after radiation exposure has tradition-
ally been described in terms of damage to specific target cell populations, the loss
of which is responsible for specific functional and histologically identifiable injury.
Conflicting theories have considered either the vascular endothelial cell or elements
of the CNS parenchyma, or both, to be the critical target cells. More recently, radia-
tion damage to the vasculature during BNCT has been shown to be the probable
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cause of necrosis in the rat spinal cord, suggesting that the vascular endothelium is
the primary radiation target in the CNS [20, 61].

The spinal cord of rats has been used to study the response of normal CNS to
BNCT [60, 63]. The late effects seen in the spinal cord following single BNCT
exposures are similar to those seen in the brain [30, 61]. The radiosensitivity of
the rat brain and spinal cord to fractionated irradiation are also comparable [83].
The late end point of limb paralysis (myeloparesis) for the evaluation of radiation-
induced spinal cord damage is clearly defined while histological and morpho-
metric endpoints that have been used to assess damage to the brain are time
consuming.

The CBE factors for BPA and BSH, measured experimentally, do indeed reflect
the different biodistributions of these two boron compounds in the sense that BPA
crosses the blood brain barrier while BHS does not. In the case of BSH, the CBE
factor was calculated to be 0.53+0.10 [60]. This value is approximately three times
lower than that for BPA (1.34+0.13) at a comparable blood '°B concentration
of ~20 ng °B/g. The threefold difference in the CBE factors was of the same order as
that predicted by Rydin et al. [76] who calculated that the fraction of the dose received
by the vessel wall would be one-third to one-fifth that delivered to an infinite pool of
blood, depending on the diameter of a vessel, based solely on geometry.

In the derivation of CBE factors for potential use in clinical protocols, it is advis-
able to use a wide range of blood !°B concentrations. Studies carried out using BSH
indicated that the CBE factor estimate remains constant at about 0.5 for blood ''B
levels ranging from 20 to 120 pg/g [62]. However, progressive escalation of the
blood dose of BPA to deliver blood °B concentrations in the range 20-90 pg/g
resulted in CBE factors that varied from 0.66 to 1.34 [63]. Irradiations of the spinal
cord in these studies took place 1 h after the administration of the BPA. At this time
point, major differences were found in the relative distribution of '°B in the blood
and the CNS parenchyma, such that for the highest blood '°B concentration (90 pg/g),
the ratio of the level of 1°B in the blood to that in the CNS parenchyma was a factor
of 3.5 higher than at the lowest blood °B concentration (20 pg °B/g). This major
change in the partition ratio of '°B between the blood and parenchyma at the time of
irradiation was the reason for the observed variations in the calculated CBE factors
for different concentrations of '°B in the blood [63]. In the clinical situation, BPA is
administered more slowly (e.g., 2 h i.v. infusion), and as a result, it is unlikely that
there would be a pronounced change in the '°B concentration ratio between the
blood and the CNS parenchyma at higher BPA doses than those currently used.
These experimental data emphasize the importance of thorough preclinical and
clinical biodistribution studies in protocols involving escalation of the dosage of a
boron compound or an alteration in the infusion schedule. In addition, the depen-
dence of CBE factors on experimental conditions makes it critical that studies
intended to provide CBE factors for clinical use must be designed to approximate
the clinical situation as closely as possible.

Studies of the response of the brain of dogs to single-dose BNCT were carried
out using the epithermal neutron beams at the BMRR and at the high flux reactor
at Petten using BPA or BSH, respectively [28, 30, 40]. The attenuation of the
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epithermal neutrons, as a function of depth, produced a nonuniform dose across
the brain. The BNCT doses used for comparison to the published x-ray data [24]
were defined as the average absorbed dose (Gy) in the volume of the dog brain
that received between 90 and 100% of the maximum brain dose. This corre-
sponded to a volume of about 30 cm?®, or about 20% of the brain volume. There
were differences in the volumes and dose distributions between the 4 MeV x-rays
used in the historical studies and the BNCT irradiations; however, the volume that
received the prescribed doses were relatively large and potential volume effects
on the iso-effect dose (ED, for abnormalities noted on MRI scans and severe
neurological deficit requiring euthanasia) could be excluded. The CBE factors,
determined by comparing effects on the normal brain to the published data for
hemi-brain irradiation with 4 MeV x-rays [24], were 1.1 for BPA and 0.3-0.5 for
BSH [28, 30, 40]. These CBE factors are in agreement with the values derived
independently for the rat spinal cord [60]. It should be noted that the historical
photon results were based on the results of CT scans and not MRI, and although
considerable thought was given to the comparability of effects using these two
methods, this is the type of comparison that should be avoided if at all possible.
As already indicated, historical photon controls were not used for the determina-
tion of the RBE of the FiR1 epithermal neutron beam [6]. This enabled the same
MRI and histological methods to be used to evaluate dose-related changes in dog
brain from both the epithermal neutron beam and the photon irradiation controls.
For CuTCPH, the CBE factors calculated using the same rat spinal cord as in the
studies described previously were 4.4 and 3.8, calculated on the basis of the boron
concentration in the blood or the parenchyma, respectively [66]. This finding is in
accord with measurements of the boron concentration in the parenchyma of the cord,
which were higher than in the blood, tissue: blood concentration ratio 1.9:1. These
relatively high CBE factors could also indicate a selective accumulation of this
boronated porphyrin in the walls of blood vessels in the CNS, damage to which is
believed to be responsible for late CNS morbidity [20]. There is general evidence to
indicate that porphyrins have a significant affinity for blood vessels (e.g., [7, 68]).

17.3.1.3 Oral Mucosa

Only a limited number of reports have documented the CBE factors (based solely
on the '°B concentration in the blood) for the oral mucosa, using ulceration of the
ventral surface of the tongue of rats as the end point. For the boron delivery agent
BPA, a CBE factor of 4.9 was estimated [19]. This CBE factor is considerably
higher than that reported for BSH (CBE factor ~0.3) in the same model [64]. These
major differences in the CBE factor indicate variations in the microdistribution of
these two boron delivery agents in the mucosal epithelium. Average boron mea-
surements (DCP-AES) of whole tissue samples from the ventral surface of the
tongue showed appreciable uptake of 1°B (~21 pg/g) at 3 h after administration of
BSH at a dose of 55 mg/kg [64]. A similar finding was reported for BPA adminis-
tered at a '°B concentration similar to that used for BSH, where the level of '°B in
the ventral surface of the tongue at 3 h after administration was estimated to be
~23 ng/g [64, 65].
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These data, while indicating that the overall concentrations of °B in the tongue
were similar for both boron delivery agents, provide no information with regard to the
biodistribution profile in different anatomical regions of the tissue. Ion microscopy
studies of '°B in tissues [64, 65] have enabled the microdistribution of this element to
be analyzed with considerably greater precision than previously possible. Ion micros-
copy analysis revealed that the level of 1°B in the mucosal epithelium was very low
after BSH administration [64]. In contrast, the !°B content of the mucosal epithelium
was ~3.5 times higher in rats receiving BPA. In the case of BSH, the majority of '°B
was located in the lamina propria and not in the mucosal epithelium. This differs from
the findings for BPA where the '°B content of the mucosal epithelium was fairly
similar to that in the lamina propria; the boron concentration ratios for mucosal epithe-
lium: lamina propria were 1:6 for BSH and 1:1.5 for BPA. Also, '°B accumulation in
the mucosal epithelium was five times higher with BPA than BSH. These data indi-
cated that a major factor contributing to the difference in the CBE factors for BSH and
BPA, despite similar gross boron tissue concentrations, was the relatively low uptake
of BSH in the mucosal epithelium.

When using CuTCPH as the boron capture agent, gross levels of boron in the oral
mucosa of the rat were found to be high, with a mucosa: blood ratio of 49:1 [67].
Irradiation with thermal neutrons in the presence of CuTCPH gave a CBE factor of
~0.04, using ulceration as the endpoint. This value was calculated using measure-
ments of the estimated content of boron in the oral mucosa at the time of irradiation
[67]. If the absorbed dose from the '°B(n,o)’Li reaction was calculated on the basis
of the boron concentration in the blood at the time of irradiation, the CBE factor was
appreciably increased to ~1.7 [67]. However, as mentioned previously, the boron
levels in blood were very low at the time of irradiation. Indeed, the boron concentra-
tions in the blood were close to the level of detection in this irradiated series of
animals. As a consequence, the CBE factor calculated on the basis of blood levels
can only be viewed as a rough approximation.

17.3.2 Tumor Response

Experimental therapeutic studies related to BNCT have been carried out in a variety
of animal tumor models. BPA mediated BNCT has been shown to inhibit the growth
of melanoma, producing high local tumor control rates, in mice, hamsters, and pigs
[13, 55]. BPA has also proved to be effective in BNCT studies on hamster derived
melanoma, grown as xenografts, in the rabbit eye [71]. The first successful treat-
ment of a brain tumor (rat 9L gliosarcoma) was carried out by Joel et al. in the late
1980s using the dimeric form of BSH as the boron capture agent and the BMRR
thermal neutron beam [44]. This was followed, in 1992, by another study involving
the first irradiation of the 9L gliosarcoma in the rat with BPA-mediated BNCT [14].
These experiments were repeated in 1994 using an improved BPA delivery system
of BPA complexed with fructose (BPA-F) to increase the solubility. This produced
long-term tumor-free animal survival rates approaching 100% [16]. Additional
studies by Saris et al. [77], with the murine GL 261 glioma, and Matalka et al. [51],
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with a human melanoma cell line (MRA 27) implanted in the brain of nude rats, also
demonstrated the efficacy of BPA mediated BNCT. More recently, the preferential
uptake of BPA and BSH by the rat F98 glioma has been considerably enhanced by
the disruption of the blood brain barrier following the intracarotid injection of man-
nitol [84, 85]. Dramatic further improvements in FO8 tumor growth inhibition were
subsequently observed in BNCT studies, using a combination of both BPA and BSH
[1] using the blood brain barrier disruption approach. Since this earlier work, mul-
tiple translational studies have been performed in different tumor models, using
different boron compounds, routes of compound administration, and a range of
administration strategies [3].

While the CBE factors for the skin, CNS, and oral mucosa are fairly well defined
for both BPA and BSH, those for use in estimating the photon-equivalent dose to
tumor are much less certain. For BPA, CBE factors of 4.0, 3.8, and 3.6 were obtained
for a surviving fraction of 10, 1, and 0.1 %, respectively, for the rat 9L gliosarcoma
model, based on the in vivo irradiation of intracranially implanted tumors in situ,
with removal immediately after irradiation and the assay of clonogenic cell survival
in vitro [15]. CBE factors of 1.3, 1.2, and 1.2 were also derived in the same way for
BSH for the 9L gliosarcoma. Again, as would be expected, slightly higher values
were obtained for the highest level of cell survival. This later study was based pri-
marily on values for the oxidized dimeric form of BSH (BSSB). The CBE factors
for both BSH and BSSB evaluated for cultured cells in vitro were much higher both
for BSSB (range 3.6-3.1) and BSH (range 3.2-2.8) [15]. This difference reflects the
likely heterogeneous boron distribution in solid tumors relative to cells in culture
and warns against the application of any CBE values derived totally from cells
in vitro to an in vivo situation. Ideally, CBE factors for boron capture agents such as
BPA and BSH should be derived directly using an in vivo assay. This is difficult for
the intracranially implanted 9L gliosarcoma because of the high risk of normal
tissue complications that would result from the large single dose of x-rays that
would be needed to control this tumor. An assessment of local tumor control after
x-irradiation is an essential requirement for the calculation of a CBE factor.

An assumed requirement for an effective boron capture agent is that the com-
pound should accumulate in tumor relative to blood and normal tissues. However, the
preferential uptake of the boron compounds by tumor tissue does not explain differ-
ences in CBE values between tumor tissue and normal tissue. Potentially, differences
in the microdistribution determined by features such as tumor cell metabolism and
tumor cell geometry (large nuclei, changes in nucleus/cytoplasm ratio, etc.) vs. nor-
mal cell metabolism and geometry account for differences in CBE values. Historically,
calculations of the physical radiation dose from the '°B(n,a)’Li neutron capture reac-
tion have been made based on an estimate of the gross boron concentration in tumor
tissue. Since this cannot be routinely measured directly, biodistribution studies need
to be carried out in advance of experimental animal or patient studies to determine
the tumor: blood or tumor: normal tissue concentration ratios for boron. The tumor:
blood boron ratio is then used to estimate tumor boron levels from measurements of
blood samples at the time of irradiation, which in the case of the boron compound
currently used clinically, occurs within a few hours of compound administration.
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This is different from studies in normal tissues where the boron concentration in the
blood at the time of irradiation is used directly to calculate an absorbed dose. This is
then converted into a weighted dose using the appropriate CBE factor. Examples of
published tumor:blood boron concentration ratios include those for the rat 9L gliosar-
coma, which are 3.3 +0.5 for BPA (oral administration) and 3.2 +0.4 for BPA-F. For
BSH and its dimeric form, BSSB, the corresponding values were much lower,
0.71+0.2 and 0.76+0.2, respectively [38]. This low ratio, suggesting no selective
uptake relative to blood, was not considered to be a drawback because this com-
pound, which does not cross the intact blood brain barrier, had been developed
specifically for the treatment of primary gliomas. The tumor:brain boron concentra-
tion ratios for these two compounds, BHS and BSSB, were very high, that is, ~8 and
~17, respectively; these boron carriers cross easily through the disrupted blood brain
barrier into tumor tissue [38]. These numbers have to be viewed with caution because
boron measured in brain, or indeed in other normal tissues, may reflect the amount of
boron present in the residual blood in any tissue sample. The concentration ratios
reported above in the rat 9L gliosarcoma model are comparable with those obtained
for gliomas, based on pharmacokinetic studies in man [18, 79].

More recently, biodistribution studies have been carried out on chemically
induced primary squamous cell carcinomas in the hamster cheek pouch. For com-
pounds such as GB-10 (Na,'’B, H, ), which is related to BSH, the distribution of
boron in tumor, relative to adjacent normal tissues, is not influenced by a selective
blood vessel barrier of the type found in the CNS. The tumor:blood boron concen-
tration ratios ranged from 2.8 to 4.8 for BPA and from 0.8 to 1.0 for GB-10, depend-
ing on the dose and administration protocol but not in a clearly defined way [35].
Thus, based on these two tumor models, uptake of the current group of clinically
used boron carriers and related compounds by tumor relative to blood does not
change significantly with tumor model. However, it must be emphasized that this in
itself does not indicate the same biological effectiveness. There is an urgent need to
establish CBE factors for different tumor types and to avoid the use of CBE factors
derived for the 9L gliosarcoma for other tumor types.

Another boron carrier for which comparative data exist for these two tumor types
is CuTCPH. Tumor:blood boron concentration ratios ranged from 80:1 in subcuta-
neously implanted 9L gliosarcoma to 16:1 in the same tumor implanted intracere-
brally [57]. In squamous cell carcinomas of the hamster cheek pouch, even higher
values of 99:1 were obtained [47]. These high tumor: blood boron concentration
ratios were all measured 3 days after the first administration of a series of i.p. injec-
tions of the compound, delivered over periods up to 48 h. They were associated with
very low blood boron concentrations, which cannot be reliably used to estimate
tumor boron levels in a clinical scenario. These high tumor:blood boron concentra-
tion ratios measured in the hamster cheek pouch model do not necessarily correlate
with high levels of local tumor control. A combination of high absolute boron con-
centration values and a favorable compound localization, that is, a high CBE factor
are pivotal to obtaining the greatest biological effect. This fact stresses the need for
radiobiological studies to evaluate the potential therapeutic efficacy of a particular
boron carrier. The therapeutic effect of boron carriers must not be predicted on the
basis of tumor:blood boron concentration ratios alone.
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The importance of the use of in vivo models to assess the likely effectiveness of
BNCT mediated by a boron compound has recently been illustrated by studies with
GB-10 on induced squamous cell carcinomas in the hamster cheek pouch [81]. As
indicated above, GB-10 does not target these tumors selectively and yet GB-10
mediated BNCT still produced a 70% overall initial tumor response rate with no
damage to the normal tissues of the cheek pouch. Analysis using light microscopy
has indicated that GB-10 mediated BNCT damages the abnormal tumor blood ves-
sels, but spares blood vessels in precancerous and normal tissue. The stroma of the
tumor was characterized by marked hemorrhaging, caused by the rupture of blood
vessel walls, congestion, and edema. No damaged or ruptured blood vessels were
detected in any of the fields of precancerous or normal tissue examined throughout
the follow-up period of 30 days. Blood vessels of tumors are believed to be structur-
ally and functionally abnormal. Tumor blood vessels have been reported to be
dilated and altered in the sense that their walls exhibited fenestrations, vesicles, and
transcellular holes. There were widened interendothelial cell junctions and a dis-
continuity or absence of the basement membrane [9]. Regardless of the effective-
ness of GB-10 mediated BNCT, the working hypothesis is that GB-10 leaks from
the abnormal tumor blood vessels into the extracellular space and accumulates in
the vicinity of endothelial cells. In addition, in terms of purely physical geometric
considerations, the dose distribution in dilated tumor vessels would be closer to the
charged particle equilibrium distribution than in normal (narrower) blood vessels
where a boron concentration gradient will exist between blood adjacent to the lumi-
nal wall of the blood vessel, the endothelial cell, and the surrounding tissue. With
GB-10 located in the blood and in the extracellular space around blood vessels, a
selective tumor effect would result from selective blood vessel damage rather than
from the selective uptake of the boron compound by the tumor [81]. This proposed
mechanism is in contrast to the traditional BNCT paradigm which ascribes selective
tumor damage to selective boron uptake by tumors. Furthermore, it illustrates the
limitations of gross bio-distribution studies and the need to perform in vivo BNCT
studies to evaluate the potential therapeutic efficacy of a boron compound.

As indicated previously, achieving high tumor:normal tissue and tumor:blood
mean boron concentration ratios is clearly an asset. However, using this approach
alone, BNCT will not be optimized unless at least the majority of all the tumor clo-
nogenic cells are targeted, regardless of their position in the tumor and metabolism
and degree of differentiation or proliferation. Given that tumors are very often het-
erogeneous, targeting of all the appropriate tumor cell populations is an acknowl-
edged challenge in oncology. In the case of BNCT, the tumor cell populations that
are poorly loaded with boron will be significantly underdosed. The combined
administration of boron compounds with different uptake properties should contrib-
ute to a more homogeneous targeting within a heterogeneous tumor and in this way
to the therapeutic efficacy of BNCT [2, 35, 36, 70, 80]. Studies with induced
squamous cell carcinoma in the hamster cheek pouch model have highlighted the
difficulty of achieving complete remissions, within 30 days, in larger tumors
(>100 mm?®) treated with BPA-mediated BNCT alone [46]. Conversely, BNCT
mediated by GB-10 and BNCT mediated by a combination of GB-10 and BPA
induced complete remission in some of these large tumors [81]. Improved tumor
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response could be partially ascribed to improved tumor cell targeting by a combined
compound administration protocol [36]. The combined administration of GB-10
and BPA achieved a statistically significant 1.8-fold increase in the targeting homo-
geneity of boron, over GB-10 alone, and a statistically significant 3.3-fold increase
in targeting homogeneity of boron over BPA alone [36]. This conclusion was based
on a reduced coefficient of variation in the gross measurements in multiple samples
in individual animals. Thus, in this case at least, combined administration of two
boron compounds with different properties and uptake mechanisms (BPA and
GB-10) improved targeting homogeneity. Moreover, GB-10 mediated BNCT, in
particular, may contribute, via a selective effect on tumor blood vessels, to the treat-
ment of larger tumors that are more difficult to treat on a “cell by cell” basis. GB-10
and BPA could combine vascular targeting and cellular targeting, respectively, to
achieve an improved tumor response in a similar manner to what was recently been
reported for dual-mode photodynamic therapy [10].

An additional potential advantage of combined boron compound administration
protocols lies in the finding that they can deliver increased absolute amounts of
boron to tumor tissue [35]. For similar tumor:normal tissue ratios, high, non-toxic,
absolute '°B concentrations are an advantage because they allow for shorter irradia-
tion times and a concomitant reduction in the background dose from the neutron
beam [12]. In addition to the multiple variables described above that influence the
value of CBE factors for tumors, for a single boron carrier, little is known about the
interaction between boron carriers administered concomitantly in different propor-
tions. The improvement in targeting homogeneity described above, for example,
would conceivably result in a synergistic therapeutic effect when boron carriers are
administered jointly. Within this context, the CBE value of a combination of boron
compounds must be determined in vivo and cannot be calculated based on the indi-
vidual CBE values for each boron compound. The fact that tumor control by BNCT
mediated by certain boron compounds might be due to vascular damage rather than
direct killing of tumor cells and available evidence that targeting of heterogeneous
tumor cell populations plays a pivotal role in the biological effect of BNCT [81]
also questions the validity of some CBE values determined using in vivo irradiation/
in vitro assays [19] since this excludes the evaluation of any effect on tumor response
specifically involving the tumor vasculature.

All of the above considerations stress the need to establish CBE factors under
conditions that resemble, as closely as possible, the clinical scenario that the
experiments are attempting to characterize.

17.4 Future Research Requirements
17.4.1 Interaction Between High and Low-LET Radiations

In the routine practice of BNCT, it is, as indicated previously, assumed that the
different components of the mixed field irradiation act independently of each other.
However, only a relatively small increase in the biological effectiveness of y-rays,
when given in combination with a high-LET radiation relative to y-rays alone, would
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significantly reduce the apparent RBE/CBE of the high-LET components of this
mixed beam irradiation. While of considerable importance for the understanding of
BNCT, the potential interaction between high- and low-LET radiations has not been
extensively studied nor directly investigated in relation to BNCT. The only studies
that have been undertaken, with relevance to this question, have been the sequential
irradiation of V79 cells with fixed doses of either fast neutrons or ***Pu a-particles
(140 keV/um), prior to exposure to high dose-rate x-rays [52, 53].

For high dose-rate x-rays and o-particles given totally separately, the RBE of
the a-particles, relative to x-rays, was approximately 6.0, 3.0, and 2.4 for clono-
genic cell survival levels of 50, 10, and 1%, respectively (Fig. 17.8a). When a fixed
dose of 0.5 Gy of a-particles, which reduced clonogenic cell survival by 50%, was
given immediately prior to x-rays, the resulting x-ray cell survival curve was still
curvilinear. Normalization of the data back to an initial 100% survival showed the
x-ray (with 0.5 Gy of a-particles) cell survival curve to be unchanged relative to
x-rays alone (Fig. 17.8b). This was not the case when the initial a-particle dose
was increased to a fixed dose of either 2.0 or 2.5 Gy. The RBE of x-rays combined
with the higher dose of a-particles was >1.15 when compared with x-rays given
alone (Fig. 17.8c, d). McNally et al. [53] concluded that “alpha particles cause
damage capable of interacting with x-ray damage.” However, the relationship is
not a simple one; it depends on the relative mix of high- and low-LET radiation.
These results raise important questions although results from studies with fixed
doses of a-particles or neutrons do not necessarily predict the response of cells
and tissues when a fixed percentage of high-LET radiations (recoil protons from
fast neutrons, protons from nitrogen capture and o-particles, and lithium ions from
the !B capture) is given concomitantly with y-rays, sometimes at relatively low
dose rates. Carefully designed investigations are needed to address this issue,
using a proportion of high-LET radiation to the total absorbed dose, of the same
order of magnitude as that present in tissue during BNCT exposures. In a recent
study [73] in which V79 cells were concomitantly irradiated with x-rays and alpha
particles, no evidence for any interaction was found. However, in this study, the
percentage contribution of alpha particles to the total absorbed dose was <19%),
and thus, the results obtained are still consistent with the earlier studies of McNally
et al. [53]. This as been reaffirmed by a very recent study [50] where evidence for
the interaction between gamma-rays and fast neutrons, in a mixed field irradiation
with epithermal neutrons , was not only shown to be dependent on the proportion
dose of contribution from the high-LET dose component but also suggested that it
might also be influenced by the energy spectrum of the fast neutron dose
component.

17.4.2 Use of Existing Boron Compounds for New
Medical Applications

The determination of CBE factors, which represent the biological effectiveness of
the °B(n,a)’Li reaction products in specific normal tissues at risk as a result of any
new application, should be a mandatory part of any development program. Reports
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Fig. 17.8 Clonogenic cell survival curves for V79 cells after irradiation with either (a) x-rays
[3 Gy/min] or a-particles [0.35 Gy/min; 140 keV/um] alone or with a fixed dose of a-particles, (b)
0.5 Gy, (¢) 2.0 Gy, or (d) 2.5 Gy followed by a variable dose of x-rays. For these combined irradia-
tions, the curve for each irradiation type is given as a reference. For these combined irradiations,
the actual data (O-O) has been normalized to 100 % cell survival (-). The RBE values result from
the comparison of this normalized data with x-irradiation alone (Reproduced from Hopewell et al.
[39]; with permission)

of adverse normal tissue reactions with any new radiotherapy modality are a cause
for concern and a justifiable reason for the closure of studies, as has proven to be the
case for BNCT in the past. CBE factors for a specific normal tissue, using existing
boron carriers, cannot safely be applied to other normal tissues.
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An example that perhaps demonstrates these concerns was the extrapolation of
weighted doses, obtained from the clinical studies at Brookhaven National Laboratory
with an epithermal neutron beam, for the safe treatment of patients with glioblas-
toma with BPA-mediated BNCT, to the extracorporeal treatment of livers in patients
with colorectal metastases using the same neutron capture agent [74]. An additional
complication in these investigations was that a thermal, and not an epithermal neu-
tron beam, was used. This was judged to be acceptable, and it was suggested to be a
conservative choice because the RBE of 14.3 MeV D-T generated fast neutrons for
liver tissue was more than 30% greater in comparison with that of thermal neutrons
for brain tissue. The end point selected for the liver was the clonogenic survival of
hepatocytes in vitro [43], which has no proven link with the development of late
radiation damage to liver and where the RBE will depend on the level of cell survival
at which damage was assessed. The brain endpoint was based on the ED, for radia-
tion myelopathy in rats [59, 60]. This endpoint is associated with an approximately
fixed level of cell survival in endothelial cells, and not parenchyma cells [20], mak-
ing this a very poor comparison. Although it was recognized that a limiting tolerance
dose was needed to be established for the liver using appropriate animal experiments
[69], the same assumptions were still used in subsequent dose modeling studies. In
the absence of appropriate data, there is always the tendency for early proposals to
be perpetuated. In such situations where there is considerable uncertainty in the
radiobiological parameters, it is much more appropriate to quote total absorbed
doses, including the breakdown of that total absorbed dose into its different compo-
nents. Otherwise, important information for potential future use will be lost.

17.4.3 Use of Novel Boron Compounds and Alternative
Neutron Sources

Experience from fast neutron therapy has shown that even small changes in the
neutron spectra can result in a change in the relative RBE of a particular beam [31].
With the currently available beams for BNCT, there is at present insufficient infor-
mation to be able to predict the likely biological effectiveness of any new neutron
source. More studies of the type that used V79 cells to compare the biological effec-
tiveness of the fast neutron component of epithermal beams at Studsvik and
Birmingham are required. This would avoid the difficulties in interpretation brought
about by other confounding variables, such as the variations in effects resulting
from the dose-rate of the y-ray dose component. Simple short-term studies, such as
those proposed by Gueulette et al [32], would also provide a guide to the relative
effectiveness of different beams.

For new compounds, the key issue is the determination of the CBE factor for the
specific normal tissues at risk of developing adverse effects and depends on the
tumor site treated for which a particular boron compound is proposed. These studies
do not need to be undertaken on an epithermal beam, which for most tissues may
require the use of a large animal model. The use of a well characterized thermal
beam would be suitable, preferably one where exposure times are short so the con-
founding effects of a low dose-rate from the y-ray dose component can be avoided.
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BNCT may be one of the most complicated therapeutic modalities ever to reach
the stage of human clinical trials. As the application of BNCT continues to expand
into new tumor sites, the radiobiological principles discussed in this chapter assume
central importance. It is essential that all available radiobiological information from
prior BNCT experience, as well as from other modalities such as fast neutrons, be
evaluated and integrated into the plans for future BNCT development.

Those who cannot remember the past are condemned to repeat it.
George Santayana
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