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ARTICLE INFO ABSTRACT

Keywords: Purpose: Boron Neutron Capture Therapy (BNCT) is a treatment modality that uses an external neutron beam to
BNCT selectively inactive boronl0-loaded tumor cells. This work presents the development and innovative use of
UTCP radiobiological probability models to adequately evaluate and compare the therapeutic potential and versatility
TCP

of beams presenting different neutron energy spectra.

M&M: Aforementioned characteristics, collectively refer to as the performance of a beam, were defined on the
basis of radiobiological probability models for the first time in BNCT. A model of uncomplicated tumor control
probability (UTCP) for HN cancer was introduced. This model considers a NTCP able to predict severe mucositis
and a TCP for non-uniform doses derived herein. A systematic study comprising a simplified HN cancer model is
presented as a practical application of the introduced radiobiological figures of merit (FOM) for assessing and
comparing the performance of different clinical beams. Applications involving treated HN cancer patients were
also analyzed.

Results: The maximum UTCP proved suitable and sensitive to assess the performance of a beam, revealing
particularities of the studied sources that the physical FOMs do not highlight. The radiobiological FOMs eval-
uated in patients showed to be useful tools both for retrospective analysis of the BNCT treatments, and for
prospective studies of beam optimization and feasibility.

Conclusions: The presented developments and applications demonstrated that it is possible to assess and com-
pare performances of completely different beams fairly and adequately by assessing the radiobiological FOM
UTCP. Thus, this figure would be a practical and essential aid to guide treatment decisions.

Neutron beam performance

1. Introduction

Boron Neutron Capture Therapy (BNCT) is an advanced form of
particle radiotherapy that requires the intravenous administration of a
tumor-selective boron-10 compound. After an adequate time for the
compound to accumulate in tumor, the target region is irradiated with a
suitable neutron beam, producing highly localized dose of alpha and
lithium particles released after thermal neutron capture [1].

Considerable efforts are being devoted to the design of neutron
beams with the adequate physical characteristics to deliver a ther-
apeutic dose to the tumor, exploiting the selectivity of boron bio-dis-
tribution. Modifications or new designs of beam shaping assemblies,

aimed at moderating and collimating neutron beams for clinical ap-
plication, are being proposed for accelerators and for reactor-based
centers. It is thus important to establish criteria to evaluate the clinical
performance of these beams, using as a reference the outcomes ob-
tained in facilities that have already treated patients, for which it is
possible to draw conclusion on BNCT safety and effectiveness.

The development of more refined criteria to understand the po-
tentiality of a neutron beam is ongoing. Traditionally, in-air free-beam
physical characteristics have been almost the only common base on
which clinical beams were and continue to be designed, optimized and
compared with each other. For example, the technical report on neu-
tron capture therapy published by IAEA in 2001 [2] indicates that the
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two main characteristics of interest for a clinical beam are intensity,
and quality. The first determines the treatment time, while the latter
relates to the type, the energy and relative intensity of each radiation
components present in the incident beam. These figures of merit proved
suitable to guarantee adequate and safe epithermal beams for the
treatment of deep-seated tumors. However, their usefulness to assess
the therapeutic potential and the versatility of a beam for a given
treatment is limited. Moreover, beams with very different energy
spectra cannot be fairly compared. A pioneering work of different beam
and treatment strategies comparisons incorporating other types of fig-
ures, such as a probability of tumor control (TCP), was published by
Wheeler et al. in 1999 [3]. These authors showed how, from a simple
TCP model developed for brain tumors, it was possible to assess the
quality of various beams in a relative sense by setting a maximum
tolerable photon equivalent dose in normal tissue. Although the ana-
lysis contemplated epithermal beams, simplified models and single-
field irradiations only, this work marked a very important starting point
and opened new horizons to understand and compare the therapeutic
potential of different BNCT beams.

Since that time, new research in BNCT has emerged offering not
only more accurate models of photon iso-effective dose calculation, but
also suitable probability models that describe the dose-effect relation-
ship observed in the treatment of humans for both tumor and normal
tissue. In this work, the use of radiobiological figures of merit (FOMs)
specially developed for BNCT were proposed

1. to assess the therapeutic potential and versatility of a beam, that
collectively are referred to as “the performance of a beam”, and

2. to compare the performance of existing or developing beams re-
gardless of their spectral characteristics.

The starting point of this work is based on the probability models
published in Gonzélez et al. (2012) [4] for treatment of head and neck
cancer. The first step is the development of the TCP model for non-
uniform dose distributions. From this model and the normal tissue
complication probability (NTCP) introduced in Gonzélez et al. (2017)
[5], the Uncomplicated Tumor Control Probability (UTCP) is defined
and proposed.

The existing neutron sources at the Argentine RA-6 Reactor (RA-6
B2) and at the Finnish Research Reactor (FiR 1) used in the clinic of
BNCT for the treatment of both superficial and deep-seated tumors were
evaluated and compared. In addition, the performance of two realistic
epithermal beam designs, that include modifications of the current
mixed thermal-epithermal beam of the RA-6 reactor and the proton
Radiofrequency Quadrupole accelerator (RFQ) manufactured by INFN
in Italy [6], were also assessed and discussed. A systematic study
comprising a standard geometry for HN cancer is presented as a prac-
tical application of the introduced radiobiological figures of merit for
assessing and comparing the performance of the different BNCT beams.

Finally, the application of the introduced figures in a real clinical
context involving HN cancer patients treated in Finland is analyzed and
the results are discussed in the light of physical characteristics of the
studied beams and treatment outcomes.

2. Materials and methods

2.1. Current status of desired neutron beam parameters based on IAEA
recommendation

In 2001, a technical document with the status of neutron capture
therapy was published by IAEA [2]. The report compiles an extensive
analysis of the scientific and technological development achieved up to
the publication date. At that time, the international interest about re-
actor-based BNCT was mainly focused in clinical trials of brain tumors.
Since for target volumes well below the surface epithermal beams are
preferred (with the epithermal energy range defined between 0.5 eV

10

Physica Medica 67 (2019) 9-19

and 10keV), a set of desired parameters for these intermediate energy
beams was recommended to guarantee an adequate and safe treatment.
According to the IAEA report, intensity and quality are the two main
characteristics of interest to describe a neutron beam. What follows
summarizes the figures of merit suggested for epithermal beams and the
recommended values. Although it was not clearly stated in the report, it
is expected that all parameters correspond to the average values over
the beam aperture at the exit port (i.e., at the patient position).
Recommended figures of merit are also summarized on Table 3.

1. Epithermal beam intensity: based on clinically relevant data about
tumor boron concentration values and reasonable treatment times
(~1h), the recommended minimum value is 10° epithermal neu-
trons cm ™ %s L.

2. Four parameters under free beam conditions were suggested to de-
scribe the incident beam quality:

a. The fast neutron component: fast neutrons (> 10keV) in the in-
cident beam produce undesired intermediate-LET protons that
are more biologically damaging than photons and are not selec-
tive for tumor. The dose from this component should be reduced
as much as possible while epithermal neutrons are maximized.
The recommended maximum value is 2 x 10~ **Gycm? per
epithermal neutron

b. The gamma ray component: gamma radiation in the incident beam
is also an undesired radiation due to its non-selective dose de-
position. The recommended maximum value is 2 x 10~ '® Gy cm?
per epithermal neutron.

c. The ratio between the thermal flux and the epithermal flux: thermal
neutrons in the incident beam are expected to increase the dose
near the surface. To lower the probability of radiotoxic effects in
superficial healthy tissues, the recommended maximum ratio of
the thermal flux to epithermal flux is 0.05.

d. The ratio between the total neutron current and the total neutron flux:
this figure of merit provides a measure of the fraction of neutrons
in the forward direction. The higher the value, the lower the
unwanted doses to other tissues and the greater the flexibility in
patient positioning along the beam. The minimum target value
recommended is 0.7.

Low to intermediate energy neutron beams have been used in the
clinic of BNCT to treat different tumor targets [7,8]. However, IAEA
recommendations to establish the characteristics desired for NCT were
only addressed for epithermal beams. The lack of suitable figures for
low energy neutron beams designed to treat superficial tumors
prompted the introduction of a similar set of FOMs in this work. This is
shown and discussed in Section 2.4. Moreover, to establish objective
criteria based on tridimensional dose distributions that allow an ade-
quate comparison of the therapeutic potential of the neutron beams
regardless of their energy spectra, radiobiological figures of merit were
introduced and discussed.

2.2. Model for dose calculation

The dose in BNCT is due to a mixed field of radiation, made up of
high LET alpha particles and lithium ions coming from thermal neutron
capture in '°B, intermediate LET protons produced as a result of the
thermal neutron capture reaction by '*N and neutron elastic collision
with 'H nuclei, and low LET gamma-ray present in the neutron beam
and arising from thermal neutron capture in 'H. Traditionally, photon-
equivalent dose has been calculated in BNCT weighting each compo-
nent with fixed (dose and dose rate independent) Relative Biological
Effectiveness (RBE) and Compound Biological Effectiveness (CBE) fac-
tors [9]. The dose obtained with this model is commonly referred to as
“RBE-weighted dose” and expressed in Gy-Eq.

As the standard RBE/CBE dosimetry model was proven to fail in
explaining the BNCT outcome when compared to conventional photon
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radiotherapy [4], a more accurate model was employed in this work.
The photon iso-effective dose formalism translates BNCT doses into
photon doses with the same biological effect, without using RBE or CBE
factors [4]. Essentially, it defines the photon iso-effective dose as the
photon reference dose that produces the same effect (i.e. tumor control
or normal tissue toxicity) as a given combination of the absorbed dose
components of BNCT [5]. Since predictions based on this model were
shown to be compatible with the observed clinical outcome for different
BNCT protocols (e.g., in the Argentine [10,11] and Finnish BNCT
treatments of cutaneous melanoma and recurrent head and neck cancer
[8]), photon iso-effective doses were estimated in the present work. The
unit Gy(IsoE) is used for this model.

2.3. Radiobiological and clinical perspective for neutron beam assessment

The aim of radiotherapy is to achieve a high probability of local
tumor control at a low risk of normal tissue complications. In order to
estimate the expected success of a radiation treatment, suitable models
for computing the tumor control probability (TCP) and the normal
tissue complication probability (NTCP) are required. Probability models
are mathematical expressions that describe the probability of a given
effect. The more general and sophisticated the model is, the more
complex the expression results. However, recognizing which particu-
larities of the radiation treatment must be represented in full detail to
predict the effects, probability models are very valuable tools. Among
the most salient features, they manage to condense tridimensional in-
formation into a single score. In BNCT, these models can be used to
predict the probability of success of a radiation treatment, or as clini-
cally relevant figures of merit to assess the therapeutic potential of a
beam. Moreover, different beams can be inter-compared on these bases,
regardless their energy spectra and physical characteristics.

The development of suitable probability models for BNCT is
growing in recent years due to the introduction of more adequate dose
calculation models that explain the clinically observed effects in light of
the results obtained with conventional photon radiotherapy
[4,5,12,13]. Examples of the probability models can be found in Lar-
amore et al. (1997) [14], Gonzéilez et al. [4,5] and Farias et al. [15].

The following shows the extension of the existing TCP models for
HN cancer to take into account inhomogeneous tumor dose distribu-
tions. In addition, the uncomplicated tumor control probability (UTCP)
is defined from the derived TCP model for BNCT, and the dose-limiting
normal tissue complication probability for HN cancer presented in
Gonzélez et al. [5].

2.3.1. Tumor control probability for inhomogeneous dose distributions

It is widely known that in radiation therapy, the release of a
homogeneous high dose to the tumor region is one of the cornerstones
[16]. Since, under this condition, the average absorbed dose is re-
presentative of the dose to the target volume, most TCP models do not
need to deal with large dose inhomogeneity. In BNCT, the dose dis-
tribution varies significantly with depth, and despite tailored treatment
planning using multiple portals, dose uniformity conditions are vir-
tually impossible to achieve, particularly in large tumor volumes.

In Gonzalez et al. [5] tumor control probability models for photons
(TCPg) and for the mixed field BNCT radiation (TCP) were introduced.
The proposed expressions are valid for uniform doses, and take into
account fir first-order repair of sublethal damage and synergistic in-
teractions between the main different radiations in BNCT. The para-
meters of the TCP models were determined using dose-response curves
obtained from photon and BNCT studies performed in the hamster
cheek pouch in-vivo models of oral cancer [5]. Since this animal model
has been extensively used as a surrogate model for human oral cancers
[17-20], the proposed expressions with the obtained parameters were
considered radiobiological figures of merit potentially useful to assess
and compare head and neck treatments with photons and BNCT.

Target volumes of HN cancer patients treated with BNCT are
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typically large, ranging from 20 cm® to 400 cm® [21,8,22]. Therefore,
differences over 20% between maximum and minimum values of the
tumor dose distribution are expected. The equivalent sub-volume model
introduced by Gonzélez and Carando [23] was applied to the uniform
dose TCP models for photons and for BNCT mentioned above, in order
to handle the inhomogeneous dose distributions. The irradiation using
photons is a particular case of the more general scenario combining
different radiation qualities, thus it is enough to develop the TCP model
for inhomogeneous doses for BNCT. The mathematical derivation of the
model is presented in Section 3.1 along with examples that highlight
the importance of considering the inhomogeneous tumor dose dis-
tributions in the TCP calculation.

2.3.2. Uncomplicated tumor control probability

The tumor control and normal tissue complication probabilities can
be combined to determine both the positive and detrimental effects of a
given treatment into a single parameter. In its simplest form, the
treatment utility is given as the uncomplicated tumor control prob-
ability (UTCP), defined as the probability for controlling a given tumor
without complications in single nearby healthy organ or tissue.
Assuming that tumor control and normal tissue complications are sta-
tistically independent processes, the UTCP is given by

UTCP = TCP(1 — NTCP). 1)

By definition, the UTCP takes values between 0 and 1. Thus, the
closer the value of the UTCP to 1, the higher the probability of un-
complicated tumor control. Given a number of patients with (ideally)
equal clinical scenarios, the UTCP can be interpreted as the fraction of
those patients that is expected to be cured without complications. Fig. 1
shows a schematic example of the UTCP as a function of the irradiation
time. From the UTCP curve, it is possible to calculate the optimal
treatment time t,p for which the probability of controlling the tumor
without complication is maximized.

Expression (1) is now introduced for the case of HN cancer treat-
ments with BNCT using the TCP model derived for inhomogeneous dose
distributions in this work (see Section 3.1) and the NTCP model in-
troduced in Gonzélez et al. [5].

NTCP models that can predict mucositis grade 3 or higher (=G3)
after head and neck cancer radiotherapy with photons and with BNCT
were introduced in Gonzélez et al. [5]. The proposed model for a single-
fraction photon reference dose Dy is given by

s 2
NTCP(Dg) = % S exp(—%)dt,

o o
o ©

Probability
o©
S

S
o

topt
Treatment time [min]

Fig. 1. Uncomplicated tumor control probability (UTCP) as a function of
treatment time, for a single tumor with probability TCP to be controlled, and a
single dose-limiting normal tissue with probability NTCP of unacceptable
complications.
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where
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In Eq. (2), (a/B)r is the ratio of the coefficients of the single fraction
LQ model and m and TDs, are the slope of the NTCP vs. dose curve and
the tolerance dose for a complication probability of 0.5, respectively. In
particular, values of (a/B)z, m and TDs, equal to 10 Gy, 0.17 and
39.8 Gy, respectively, were taken or calculated from Strigari et al. [24].
The time factor Gg was computed for fast and slow characteristic repair
times to; = 27/In2 min and to; = 150/In2 min [25].

Let Dy, ---,D; denote the boron, thermal neutron, fast neutron and
gamma uniform absorbed dose components of the mixed field BNCT
radiation. The complication probability after a BNCT irradiation
NTCP = NTCP (D, ---,D,) is obtained by replacing Dy in expression (2)
byDg = Dg(Dy,++,Ds)

Dg(Dy,-++,Dy)
1@, 4 (S S oo mEnn)
2 GR \f OCR(OC/ﬁ)R i-1 o i=1 j=1 ! SR

3

Table 1 lists the radiobiological parameters of the NTCP model for
the reference radiation and for BNCT used for calculation in this work.
It is worth mentioning that in Gonzélez et al. [5] this NTCP model
proved suitable to predict the toxicity outcome of small cohort of pa-
tients treated within the HN cancer clinical trial carried out in Finland
with BNCT. Afterwards, the predictive power of the model was assessed
using the whole cohort of 30 patients reinforcing the previous results:
the predicted number of patients that should develop mucositis = G3
coincides with the observed outcome. Details of this work are beyond
the scope of this paper and will be published elsewhere.

2.4. Studied neutron beams

Four neutron sources have been considered in this work. These
sources were represented in the dosimetry calculations by angular-flux
probability density functions or by a track-by-track description at a
plane near the exit port. The first two correspond to the existing, well-
characterized, clinical beams operated by the National Atomic Energy
Commission of Argentina (CNEA) at the RA-6 Reactor (named, RA-6
B2) and by the Technical Research Centre of Finland (VTT) at the
Finnish Reactor (named, FiR 1) [26,27]. In addition, two realistic epi-
thermal beam designs, based on suitable modifications of the B2 clinical
beam and on the proton Radiofrequency Quadrupole accelerator man-
ufactured by INFN, were also studied. Following, the general char-
acteristics of these beams are described. The corresponding neutron-
energy spectra and depth-flux profiles in the standard water phantom

Table 1

Radiobiological parameters of the NTCP model ( = 1SD) for the reference ra-
diation and for BNCT based on in vivo oral cancer model data (Gonzélez et al.,
2017).

NTCP m = 0.17, TDso = 39.8 Gy

Alpha (Gy™ 1) Beta (Gy ™~ %)
9Co or 6MV LINAC
Reference radiation 0.35 0.035
FCCT (RA-3 reactor)
Beam gamma photons 0.35 0.035
Neutrons 2.47 + 0.03 ~0
Boron (L-BPA-F) 3.09 = 0.03 ~0

FCCT: Thermal column central facility of the RA-3 nuclear reactor (Buenos
Aires, Argentina); L-BPA-F: L-boronophenylalanine fructose.
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are shown in Fig. 2. All the calculations were performed with MCNP
Monte Carlo code [28]. Results shown have statistical uncertainties of
less than 1%.

2.4.1. RA-6 clinical beam B2

The BNCT clinical facility located at Bariloche Atomic Center
(CNEA, Argentina) was developed in RA-6 open-pool reactor and it
currently operates with 20% enriched U-235 fuel elements at a nominal
power of 1 MW. This facility provides the so-called clinical beam RA-6
B2 with a mixed thermal-epithermal neutron spectral composition
especially tuned for treating shallow tumors (Fig. 2A). The beam port
comprises a conic delimiter of borated polyethylene and lead with a
circular aperture of 15 cm in diameter spaced 15 cm from the cone base.
At the exit aperture, a flat and radially well-delimited in-air neutron
flux distribution is obtained [26]. Table 2 summarizes the in-air para-
meters tallied at the patient position and averaged over the beam
aperture. Note that the proposed figures of merit follow the spirit of
those introduced in the IAEA report, taking into account those neutrons
therapeutically useful to treat shallow tumors (i.e., both thermal and
epithermal neutron energies). The resulting in-phantom thermal neu-
tron flux attains its maximum at 1.0cm in depth and its value is
1.1 x 10°ng, ecm ™~ 25! (Fig. 2B).

2.4.2. FiR 1 reference beam

This is the reference epithermal beam of this study. It belongs to the
clinical facility built at the TRIGA research reactor FiR 1, where more
than 250 patients have been treated with BNCT, among which more
than 100 were affected by head and neck tumors [8,29]. This facility
provided an epithermal neutron beam with low hydrogen-recoil and
incident gamma doses [27]. Table 3 reports the IAEA in-air parameters
for FiR 1. Fig. 2A and B depict the neutron flux spectrum tallied over
the 14 cm exit aperture, and the corresponding in-phantom thermal
neutron flux profile, respectively. The maximum is attained at 2.0 cm in

depth and its value is 2.5 x 10°ng cm ™ 2571

2.4.3. RA-6 designed beam B3

The Argentine BNCT project is working towards opening a clinical
BNCT trial for head and neck cancer patients at RA-6 reactor. Within
this context, several studies are underway including computational
assessment of the therapeutic potential of the present clinical beam B2
[26], and BNCT clinical-veterinary studies to treat dogs and cats with
spontaneous head and neck tumors with no therapeutic option. Mod-
ifications of the BNCT external filter of the RA-6 reactor are currently
being evaluated.

These modifications allow tuning the neutron beam in two config-
urations: a mixed thermal-epithermal beam such as the actual B2, and
an epithermal beam -named B3- similar to those used in HN cancer
BNCT (see Fig. 2). In-air parameters of the designed RA-6 B3 beam are
listed in Table 3. In addition, evaluations based on the designed B3
beam show that the epithermal neutron flux attains a maximum of
2.3 X 10°ng em™%s~ ! at 1.8 cm depth in phantom.

2.4.4. RFQ designed beam

In the frame of the project to install a clinical BNCT facility in Italy
based on the proton RFQ accelerator designed and manufactured by
INFN, an epithermal neutron beam has been projected by simulating a
suitable beam shaping assembly (BSA). Neutrons are produced by
5MeV protons interacting with a Be target, and moderated to obtain a
beam centered around 1keV and with contaminations as low as pos-
sible (Fig. 2). The structure of BSA has been optimized through an ex-
tensive study comprising treatment planning in real cases of deep-se-
ated tumor, peripheral doses delivered to healthy organs and
radioprotection issues [30].

Table 3 reports the in-air parameters for the optimized beam con-
figuration that comprises a circular aperture of 12 cm in diameter. From
Fig. 2 it follows that the in-phantom thermal neutron flux peak is
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Fig. 2. Comparisons of (A) neutron flux-energy spectra averaged over the corresponding beam exit apertures and (B) thermal neutron flux profiles along the central
axis of the standard water phantom, for the clinical beams RA-6 B2 and FiR 1 (operated by CNEA and VTT at the Argentine RA-6 and Finnish Reactors, respectively),
and for the two realistic epithermal beam designs, RA-6 B3 and RFQ (Provenzano et al., 2014, Auterinen et al., 2001, Esposito et al., 2009).

Table 2

In-air parameters of the B2 clinical beam of the RA-6 reactor tallied and
averaged over the circular aperture of 15 cm in diameter. Subscripts “th”,
“epi” and “fast” denote thermal (< 0.5eV), epithermal (0.5eV and
10keV), and fast (> 10 keV) neutron flux (¢), respectively. D, /¢;,,,; and
Diust/$ip.epi are the specific photon and fast dose, respectively. J/¢ is the
total current to total neutron flux ratio.

Figure of Merit RA-6 clinical beam B2

Binpep mem s 4.62 x 10°
Dy/$pepi (Gy cm®n™") 1.74 x 10~ 2
Dfust/ i 1epi (Gy cm®n™") 5.71 x 10713
W) 0.75

2.5 x 10°ng cm ™25~ ! and occurs at 2.3 cm depth.

2.5. Standardized case study for head and neck tumors

A systematic study comprising a cylindrical phantom and a sphe-
rical tumor of variable size is presented as a practical application of the
introduced radiobiological figures of merit for HN cancer BNCT. The
purpose of this study carried out in a simplified clinical context is
twofold: a) to propose a suitable procedure to assess the therapeutic
potential and versatility of a beam, and b) to compare the performances
of different BNCT beams.

For a given clinical scenario, the therapeutic potential is defined as
the ability of the beam to control a tumor without unacceptable com-
plications. The versatility, on other hand, is related with the variety of
scenarios for which the therapeutic potential is acceptable.

2.5.1. Description of the standard geometry for HN cancer

Solid PMMA cylindrical phantoms have been extensively used in
BNCT facilities for performing experimental dosimetry for head and
neck cancer [31,32]. Then, a standard cylinder of 20 cm diameter and
24 cm high was selected for the systematic study. The tumor lesion
representing the gross tumor volume (GTV) was modelled starting from

Table 3

a spherical volume positioned at 1 cm depth from the surface. The ra-
dius of the GTV was varied from 0.5 to 3.5cm in a 0.5 cm-step. Thus,
the maximum target depths ranged from 2 cm to 8 cm from this surface.
A safety margin of 1 cm was added around the GTV to create a planning
target volume (PTV) for each tumor lesion.

2.5.2. Dose calculations and evaluations

The MultiCell algorithm [33] was used to generate the 3-dimen-
sional model of the standard geometry and for dose calculations with
MCNP5 [28]. The elemental compositions and mass densities of air and
PMMA materials were taken from ICRU 44 report [34]. Following the
current clinical practice of HN cancer treatments with BNCT
[21,8,35,36,22], a single and two lateral 90°-apart treatment fields
were considered in the analysis. As depicted in Fig. 3, displacements of
0 and 7.5cm between the geometry and irradiation field were eval-
uated.

Photon iso-effective doses to the GTV, PTV and to the mucosa tissue
(for simplicity, defined as any point in the volume outside the GTV and
PTV) were computed assuming a blood boron concentration value of
15ppm and constant tumor-to-blood and mucosa-to-blood ratios of
3.5:1 and 2:1, respectively [8].

Calculations of the introduced radiobiological figures of merit were
carried out for the treatment strategy employed in the Finnish clinical
trial of HN cancer. In this protocol, patients received two BNCT appli-
cations separated by 3-5weeks. Then, while the effect on the tumor
was assumed additive for calculations of the TCP, complete repair of the
mucosal membrane damage was assumed between BNCT applications
to estimate the NTCP. The uncomplicated tumor control probability as a
function of the total irradiation time was calculated for the four studied
beams considering the mentioned clinical scenarios and irradiation
conditions. From the results of the maximum UTCP for each tumor size,
the therapeutic potential and versatility of each neutron source are
discussed. Finally, comparisons of the performance of different BNCT
beams on the basis of the maximum UTCP for each clinical scenario are
presented.

In-air parameters of the studied epithermal beams (FiR 1, RA-6 B3 and RFQ), tallied and averaged over the corresponding exit apertures. D,/ ¢, and Dpase/ ¢,y: are the

specific photon and fast dose, respectively. ¢,,/,, is the ratio between the thermal flux and the epithermal flux. J/¢ is the total current to total neutron flux ratio.

Figure of Merit TAEA TecDoc-1223 Recommendation

FiR 1 Reactor Existing beam

RA-6 B3 Reactor Design RFQ Accelerator Design

$opi mem™2s71) > 1.0 x 10° 1.03 x 10° 0.86 x 10° 1.08 x 10°
Dy/¢hp; (Gycm®n™1) <20x107" 0.5x107 " 7.4x107 " 417 x 107"
Dust/¢pi (Gy em*n™1) <20x107" 1.4 x 10712 9.6 x 10713 9.5 x 10713
Bin/ Bepi <0.05 0.06 0.10 0.01

T/$ >0.7 0.75 0.72 0.74
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Fig. 3. Sagittal view of the PMMA cylindrical phantom showing, as an example,
the spherical tumor of 3 cm radius positioned at 1 cm depth from the surface
(GTV) and the safety margin of 1 cm around the lesion to create a PTV. A single
(A) and two lateral 90°-apart treatment fields (B) positioned at a distance
d =0cm or d = 7.5cm from the geometry were considered in the analysis.

2.6. Assessments of radiobiological FOM in humans

The following analysis is introduced to show the different applica-
tions of the proposed FOMs in a real clinical scenario of HN cancer
patient treated with BNCT.

Within this context, two inoperable, locally recurred head and neck
cancer patients treated with BPA-mediated BNCT in a single-centre
Phase I/1I study carried out in Finland were selected to perform com-
putational simulations and beam performance evaluations. Details on
the clinical protocol and patient results can be found in Kankaanranta
et al. [8].

A small and a large squamous cell carcinoma tumor covering su-
perficial and deep-seated maximum target depth were chosen for the
analysis (Fig. 4). Table 4 shows the general characteristics of the se-
lected HN patients and the tumor response after BNCT.

For this study, FiR 1 is considered the reference beam. The analysis
was focused: a) to analyze the therapeutic potential of the FiR 1 and to
discuss the delivered treatment on the basis of the maximum UTCP, and
b) to compare the performances of the existing and designed neutron
beams RA-6 B2 and RFQ (especially tuned to treat, respectively,
shallow and deep-seated tumor targets), with respect to the perfor-
mance of FiR 1.

As before, the MultiCell algorithm was used for the generation of the
3-dimensional model of the patients and for dose planning using the
neutron beams [33]. This model accurately resembles the 3D patient
model generated with the treatment planning system used in Finland
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Fig. 4. Segmented CT scans showing the location of the tumor volume (GTV) of
the head and neck cancer patients selected for dosimetry calculations with the
RA-6 B2 clinical beam and RFQ designed beam.

Table 4
Selected patients with inoperable, locally recurred head and neck cancer
treated with BPA-mediated BNCT in Finland (Kankaanranta et al., 2012).

Patient Tumor (GTV) Maximum target Tumor Mucositis = G3
(cm®) depth (cm) Response

HNO1 14 ~4.0 CR NO

HNO02 116 ~7.5 SD NO

CR: complete response; SD: stable disease.

SERA [37], allowing the dosimetry to be comparable between calcu-
lation systems.

The Finnish protocol for the treatment of HN cancer patients to-
gether with the parameters of each delivered treatment were con-
sidered for the computational simulations. Thus, calculations using the
RA-6 B2 and RFQ beams were carried out selecting the beam directions
and number of fields used in the delivered treatments. Photon iso-ef-
fective doses to the GTV, PTV and to the mucosa tissue were computed
as for the systematic study but using the whole blood average boron
concentration measured during patient irradiations.

The models of TCP for non-uniform doses and NTCP were used to
calculate the UTCP as a function of the irradiation time for each ana-
lyzed beam. From the UTCP curve obtained for the reference beam, the
delivered treatment to each patient was compared to the optimum on
the basis of the maximum UTCP. The comparison of the performances



L. Provengzano, et al.

of the neutron beams RA-6 B2 and RFQ with respect to the performance
of FiR 1 was carried out analyzing both the maximum values of the
UTCP and the values of the TCP for a given NTCP.

3. Results and discussions

3.1. Derivation of the tumor control probability model for HN cancer when
the dose distribution is inhomogeneous

Let the tumor control probability for the combination of the boron,
thermal neutron, fast neutron and gamma uniform absorbed dose
components of the mixed field BNCT radiation D, ---,D; be given by

4

In this model, v represents the tumor volume (in cm®) with c;and ¢,
parameters that modulate its effect on local control probability, and
S(Dy,-++,Dy) the survival expression for the mixed field radiation. Now,
let Dy (x), ---,Ds(x) denote the spatial absorbed dose for each compo-
nent at the point x. Applying the equivalent subvolume model to ex-
pression (4), it follows that the TCP for the tumor T is

TCP (v, Dy, -+, D;) = e~ (V251 +.Da)

2
TCP, = & (f; 50100 a0t/ 2)

%)
Allowing the different components to act synergistically
4 4
— ISy (), Dy (X)) = 3 @Dy (x) + Gy (8)[B,B, Di (x)D; (),
i=1 i=1 j=1
(6)

where «; and §; are the coefficients of the single fraction linear quad-
ratic model for radiation i (i = 1, ---,4), and G;; () is the time factor for
a simultaneous mixed irradiation that accounts for the repair of pairs of
sublesions produced by radiations i and j during the irradiation time6
[5]. For the calculation of Gj;(6), a bi-exponential repair kinetics with
fast and slow characteristic repair times independent of LET of 24/
[n2 min and 14/In2 h, respectively, was assumed. In addition, the pro-
portions of the sublesions repaired by the two kinetics were taken as
0.57 and 0.43 for the low LET radiation (i.e., fori = 4), and 0.2 and 0.8,
for the high LET radiations (i.e., for i = 1, 2, 3), following the results
reported by Schmid et al. [38] for a squamous cell carcinoma cell line.

Substituting expression (6) in (5), the tumor control probability for
inhomogeneous dose distributions in BNCT is obtained. Note that the
TCPr model for photon radiation is also obtained taking i = j = 1 in Eq.
(6). Table 5 summarizes the radiobiological parameters of the TCP
model for the reference radiation (photons) and for BNCT used for
calculations in this work.

The impact of considering tumor dose inhomogeneity for TCP cal-
culations is presented in Fig. 5. The dose distributions for the GTVs
modelled in the cylindrical phantom were used to evaluate Eq. (5). The
treatment selected comprised irradiations of 30 min with FiR 1 using
the two lateral fields positioned 7.5 cm apart from the phantom. Two

Table 5

Radiobiological parameters of the TCP model ( = 1SD) for the reference ra-
diation and for BNCT based on the in vivo oral cancer model in the hamster
cheek pouch (Gonzélez et al., 2017).

TCP ¢y =22 £ 19, ¢, = 0.33 = 0.09

Alpha (Gy™ %) Beta (Gy ™ ?)

%0Co or 6MV LINAC

Reference radiation 0.029 + 0.008 0.0029 * 0.0008
FCCT (RA-3 reactor)

Beam gamma photons 0.029 + 0.008 0.0029 = 0.0008
Neutrons 0.37 = 0.03 (8.8 + 22)x107°
Boron (L-BPA-F) 0.34 = 0.03 (8.3 +31)x107°

FCCT & L-BPA-F as defined in Table 1.
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Fig. 5. Tumor control probability for the different spherical tumors modelled in
the cylindrical HN phantom. TCP,, TCP, and TCP3 were calculated assuming
uniform dose distributions equal to the minimum, mean and maximum tumor
dose, respectively. TCP, was computed using the whole tumor dose distribu-
tion.

levels of approximations were taken into account for the calculations of
TCPs. In TCP;, TCP5 and TCP5 the tumor dose inhomogeneity was not
taken into account and thus, the dose distribution through the GTV was
assumed to be uniform and equal to the minimum, mean and maximum
tumor dose, respectively. For TCP,, the whole tumor dose distribution
was considered.

Fig. 5 reveals that the dose inhomogeneity affects the TCP particu-
larly for the larger tumors for which, since the dose distribution can
vary significantly with depth, this inhomogeneity is likely to be higher
than for the smaller lesions. The results show that the TCP obtained
from the mean tumor dose overestimates the actual value of the TCP
(i.e., TCP, > TCR,). Also, that Eq. (5) evaluated in the minimum tumor
dose underestimates the actual value of the TCP (i.e., TCP, < TCRE,). The
fact that TCP, are always between TCP; and TCP, demonstrate that the
actual TCP is more influenced by low doses. Since average doses on
their own might not have a clear clinical relevance and the TCP based
on the minimum doses might considerably underestimate the actual
values of the TCP, it follows that the performance of a beam would be
inappropriately assessed in the light of these values. Thus, a model that
takes into account the particularities of the tumor dose distribution,
such as the one introduced in this work, would guarantee an adequate
evaluation of the therapeutic potential of the neutron beam.

3.2. Results for the standardized case study for head and neck tumors

Fig. 6 shows the results of the maximum UTCP as a function of the
tumor size (or equivalently, the maximum target depth) for the four
studied neutron beams, as part of the systematic study comprising the
simplified HN cancer model and different irradiation conditions.

The therapeutic potential of a beam for a given tumor and treatment
condition is associated with the absolute value of the maximum UTCP:
the greater the maximum UTCP, the higher the potential of the beam to
deliver a successful treatment (i.e., to control the lesion without un-
acceptable complications). Fig. 6 presents the fraction of HN tumors
that would be controlled without observing mucositis = G3 as a func-
tion of the tumor size, for each studied beam and irradiation condition.
Hence, if a threshold of acceptability is established according to the
medical criteria, for example, equal to 0.4, it follows that both FiR 1
and RFQ would be well suited to treat lesions of up to 2 cm radius or 5-
cm maximum target depth with a single direct beam incidence (Fig. 6A
and B). When the treatment using the two lateral fields is analyzed
under the same medical criteria, it comes out that RA-6 B3 would be
also well suited to treat these tumors (Fig. 6C and D). The RA-6 B2
mixed beam would deliver, as expected, successful treatments for
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Fig. 6. Maximum UTCP as a function of the tumor size (or equivalently, the maximum target depth) for the four studied neutron beams, as part of the systematic
study comprising the simplified HN cancer model. Top panels correspond to the irradiations using a single (A) and the two lateral treatment fields (C) in the absence
of an air-gap between the fields and the geometry. Bottom panels (B & D) depict the same but considering the air-gap of 7.5 cm.

shallow lesions with maximum target depths lower than 4 cm.

Additional information that can be drawn from the maximum UTCP
curves is the versatility of a beam. For a given irradiation condition and
a threshold of acceptability, the greater the maximum target depth
treatable (i.e., the maximum target depth for which the maximum TCP
is equal or greater than the threshold), the greater the versatility of the
beam to control different sized tumors without complications. From the
results depicted in Fig. 6D and assuming again a threshold of 0.4, it
follows that the versatility of both FiR 1 and RA-6 B3 increases when
the irradiation condition using two lateral fields is considered. Then,
the treatable maximum target depth increases from 5 cm to 6 cm for FiR
1, and from 4 cm to 5 cm for RA-6 B3. The slope of the maximum UTCP
curve can be interpreted as the capability of the beam to treat different
clinical scenarios with equal effectiveness. Then, the smaller the value
of the slope the greater the number of treatable tumors.

The comparison of the performance of the different beams for each
clinical scenario on the basis of the maximum UTCP is now presented.
Fig. 6 shows that, regardless the irradiation condition, RA-6 B2 presents
the highest values of the maximum UTCP and thus, the highest ther-
apeutic potential for lesions of about 2.5-cm maximum target depth.
This mixed beam has a very different spectrum compared to the three
studied epithermal beams. This analysis demonstrates that even for
completely different beams, it is possible to assess and compare their
performances fairly and adequately by assessing the radiobiological
figure of merit UTCP.

When analyzing the irradiation condition corresponding to the ab-
sence of an air-gap between the irradiation fields and the geometry, it
turns out that both FiR 1 and RFQ have a comparable therapeutic po-
tential and versatility. However, when the portals are separated from
the model, the differences in the performance of the beams become
evident. Note that while the values of J/¢ do not explain these results
(because they are almost the same for both beams; see Table 3), the
maximum value of UTCP proves to be a sensitive figure of merit that
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highlights this finding. Regarding RA-6 B3, it can be concluded that this
epithermal beam design has a comparable performance to those of FiR
1 and RFQ for maximum target depths of about 4-5 cm. On the other
hand, the fact that its therapeutic potential falls off more rapidly
compared the other epithermal beams, diminishes the ability of RA-6
B3 beam to control larger and deeper tumors without increasing the
probability of developing undesirable radiotoxic effects.

3.3. FOMs assessments in humans

Fig. 7A and B shows the UTCP as a function of the total treatment
time, for the two head and neck cancer patients treated within the
clinical trial carried out in Finland using FiR 1. The corresponding TCP
and NTCP curves for each patient are also depicted. From these results,
it follows that the total irradiation time of the delivered treatments with
FiR 1 is very close to the total time for which the probability of con-
trolling the tumor without complication is optimal. Treatment decisions
were carried out on the basis of the previous knowledge and great ex-
perience accumulated by the Finnish team in the clinical practice of
BNCT. The closeness of the optimal treatment to the medical criterion
establishes an important degree of confidence for the use of the UTCP in
the clinic.

As reported in Table 4, maximum tumor depths of the patients
HNO1 and HNO2 were about 4cm and 7.5cm, respectively. As the
maximum UTCP for these real clinical scenarios is in line with the re-
sults of the simplified HN cancer model for the irradiation condition
that closest resembles the treatment of the patients (i.e., for two lateral
fields separated 7.5 cm), the systematic study is indeed a suitable pro-
cedure to evaluate the therapeutic potential and versatility of a BNCT
beam. Note that in the case of the patients, the actual GTV and the dose-
limiting point in mucosal membrane selected by the medical doctors
were used for UTCP calculations.

Fig. 7C and D shows the UTCP curves that result when the
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treatments of patients HNO1 and HNO2 are simulated using the RA-6 B2
and RFQ beams, respectively. The comparison of the maximum values
of the UTCP with respect to those obtained with FiR 1 reveals that the
therapeutic potential of RA-6 B2 and RFQ is, for each patient, com-
parable to that obtained with the Finnish clinical beam. The fact that
these results are again in line with those obtained in the systematic
study for tumors of comparable size and maximum depth (Fig. 6D)
reinforces the previous assertion about the applicability of the proposed
procedure to adequately evaluate and compare BNCT clinical beams.
Oral mucositis is a common dose-limiting toxicity of many radiation
regimens, and several publications consider a clinically significant end-
point mucositis grade 3 or higher [39,40,24]. Within the Finnish pro-
tocol for the treatment of recurrent HN cancer patients, the maximum
absorbed dose to the mucosal membrane was limited to 6 Gy per BNCT
application. The analyzed beams have different neutron spectra and
photon contaminations. Thus, the relative contribution of each dose
component in BNCT to the maximum absorbed dose in mucosa is ex-
pected to be different for the different beams. Because the severity of
biological damage depends on the radiation type (the high LET pro-
ducts are more biologically damaging than low LET radiation), equal
values of absorbed dose do not lead to the same level of biological
damage or effect. Therefore, limiting the RA-6 B2 and RFQ irradiation
times to equal the maximum absorbed doses delivered with FiR 1 would
be incorrect. A different approach that would allow a more reliable
assessment of the feasibility of HN cancer treatments with the RA-6 B2
and RFQ beams is limiting irradiation times to equal the NTCP value of
the actual treatments with FIR 1. For example, Fig. 7A shows that the
delivered treatment to the patient HNO1 with FiR 1 had a probability of
tumor control of 0.60 and a probability of mucositis = G3 after first
BNCT application of 0.46 (i.e., UTCP = 0.33). If the irradiation time
with RA-6 B2 is then limited so that the NTCP reaches a value of 0.46
(Fig. 7C), the resulting probability of tumor control is 0.67 (i.e.,
UTCP = 0.36). The irradiation time of each application of BNCT with
the clinical beam RA-6 B2 is, as expected, higher than that of FiR 1, but
it remains acceptable within the range of melanoma irradiations with
BNCT in RA-6. Therefore, the fact that the TCP obtained with the RA-6
B2 beam is the same or even slightly better than that obtained with FiR
1 and that the tumor showed CR (Table 4), would open a window of
opportunity for the use of this beam in the treatment of head and neck
superficial tumors of moderate size in humans. Moreover, these results
evidence that the RA-6 B2 clinical beam, with specific gamma and fast
neutron doses higher than the IAEA recommendations for epithermal
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beams, can provide a potentially therapeutic treatment comparable (at
least) to that delivered in Finland for the case of tumors with shallow
maximum depth.

The low maximum UTCP values found for the large and deep
challenging lesion of patient HNO2 with beams FiR 1 and RFQ indicate
that, unless the original irradiation and/or treatment conditions are
altered, it would not be possible to obtain encouraging values of TCP
avoiding the development of mucositis of clinical relevance (Fig. 7C
and D). Note that the calculated TCP for the treatment delivered with
FiR 1 is in line with the observed tumor response assessed as stable
disease.

For these complex clinical scenarios, other treatment strategies
could be explored, for example, by adding additional irradiation portals
to the original treatment planning, or, by exploring other boron com-
pounds different to BPA or even combining compounds to achieve a
higher relative targeting between tumor and the dose-limiting normal
tissue than that obtained with BPA. To have a figure of merit such as the
UTCP would allow forecasting, on a robust basis, if any of the proposed
alternatives shows a net benefit compared to the original treatment.

Finally, the different applications of the radiobiological figures of
merit presented in this work can easily be extended to the analysis of
the performance of a beam for treating other targets, by constructing an
appropriate UTCP. Models of TCP and NTCP for BNCT considering other
tissues of interest have been developed and published in the last years.
In particular, TCP models for cutaneous melanomas, brain tumors, and
osteosarcomas based on in-vitro radiobiological data are available in
Gonzalez et al. [4] and Bortolussi et al. [41], and are ready to be used in
combination with any or some NTCP models that describe the com-
plication in a single or multiple nearby healthy organs or tissues. For
example, the UTCP for cutaneous melanoma treatments with BNCT can
be constructed using the TCP model introduced in Gonzalez et al. [4]
and the NTCP model for normal skin based on human data presented by
Gonzalez et al. [42]. In addition, the authors are working to complete
the NTCP models for other tissues that limit the dose (such as normal
brain and lung). Proposed UTCP model can be extended not only for
different clinical scenarios related with different pathologies but also to
study the benefit of applying different boron compounds and admin-
istration protocols. Since boron concentration ratio between cancer
cells and normal tissues might be a function of time [15,43,44], the
proposed model is capable to consider the variation of the boron ratio
along the treatment.

The codes of the probability models used in this work can be found
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in a public web repository [45].
4. Conclusions

Boron Neutron Capture Therapy is a treatment modality that pro-
duces low and high LET radiations that contribute to the total dose.
Since each type of radiation interacts with tissues producing a parti-
cular level of biological damage, the assessment of the performance of a
BNCT beam and its comparison with other facilities requires the eva-
luation of appropriate radiobiological figures of merit in addition to the
primary physical quantities of the beam.

This work presents the development and innovative use of prob-
ability models to evaluate and compare the therapeutic potential and
versatility of BNCT beams.

The TCP model for non-uniform doses introduced in this work
highlights the importance of considering the whole dose distribution of
the target to estimate the expected success with a BNCT treatment.
Depending on the characteristics of the beam, such as penetration and
collimation, and the irradiation strategy, the differences between
maximum and minimum tumor dose values can be minimized.
However, large and deep lesions are likely to show significant in-
homogeneity. Having an appropriate model able to deal with such in-
homogeneity would guarantee an adequate estimation of the tumor
control.

The concept of uncomplicated tumor control probability was in-
troduced and applied in BNCT for the first time proposing a suitable
expression for HN cancer. It was shown how from the maximum values
of the UTCP it is possible to assess the therapeutic potential and ver-
satility of a beam, characteristics that collectively describe the clinical
performance of a particle source. The maximum UTCP also showed to
be a sensitive figure of merit allowing pointing out particularities of the
beam performances that the standard figures of merit do not. This ex-
tends the usefulness of the FOMs introduced, for example, for ranking
treatment plans or for evaluating new boron compounds.

The systematic study presented based on a simplified model of HN
cancer showed to be a practical and adequate procedure to evaluate and
compare the performances of different BNCT beams. The current de-
velopments of TCP and NTCP models for other treatment targets would
guarantee that the studies presented for the case of HN can be extended
to other cases of interest in BNCT.

The FOMs evaluated for the real cases of patients showed to be
useful tools both for retrospective analysis of the BNCT treatments
carried out with existing facilities, and for prospective feasibility stu-
dies using realistic beam designs. Considering that currently, there are
open protocols of HN cancer treatments with BNCT in Japan and
Taiwan and that a new protocol based on accelerator-BNCT is about to
start in Finland, the presented developments along with the proposed
applications would be also a practical and useful aid to guide treatment
decisions.
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