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Boron Neutron Capture Therapy (BNCT) is a radiotherapy that combines biological targeting and high LET
radiation. It consists in the enrichment of tumour with 10B and in the successive irradiation of the target
with low energy neutrons producing charged particles that mainly cause non-repairable damages to the
cells.

The feasibility to treat Non Small Cells Lung Cancer (NSCLC) with BNCT was explored. This paper
proposes a new approach to determine treatment plans, introducing the possibility to choose the irra-
diation start and duration to maximize the tumour dose. A Tumour Control Probability (TCP) suited for
lung BNCT as well as other high dose radiotherapy schemes was also introduced.

Treatment plans were evaluated in localized and disseminated lung tumours. Semi-ideal and real
energy spectra beams were employed to assess the best energy range and the performance of non-
tailored neutron sources for lung tumour treatments.

The optimal neutron energy is within [500 eV�3 keV], lower than the 10 keV suggested for the
treatment of deep-seated tumours in the brain. TCPs higher than 0.6 and up to 0.95 are obtained for all
cases.

Conclusions drawn from [Suzuki et al., Int Canc Conf J 1 (4) (2012) 235e238] supporting the feasibility
of BNCT for shallow lung tumours are confirmed, however discussions favouring the treatment of deeper
lesions and disseminated disease are also opened. Since BNCT gives the possibility to deliver a safe and
potentially effective treatment for NSCLC, it can be considered a suitable alternative for patients with few
or no treatment options.

© 2014 Associazione Italiana di Fisica Medica. Published by Elsevier Ltd. All rights reserved.
Introduction

Boron Neutron Capture Therapy (BNCT) is a binary form of
experimental radiotherapy based on the administration of a drug
able to concentrate 10B in the tumour more than in healthy tissues,
and on the successive irradiation of the target with low energy
neutrons [1]. The exploited reaction is the neutron capture in 10B,
which has a cross section of 3837 b at thermal energies. The
neutron capture gives rise to high LET radiation, generating an
alpha particle and a 7Li nucleus with ranges in tissues comparable
to a cell diameter. As the energy deposition is spatially confined in
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the cells where neutrons are captured, dose delivery is selective at a
cellular level without requiring the irradiation field to tightly match
the shape of the target. This characteristic makes BNCT a potential
option for tumours that cannot be surgically removed nor treated
with a fractionated photon-therapy or stereotactic ablative body
radiation therapy (SABR) protocol because of their location, stage or
patient overall status.

The tumours affecting lungs are one of themost common causes
of death for cancer in the world. Given that BNCT combines bio-
logical targeting and high LET radiation, its application to lung
malignancies would offer the following advantages:

a. The possibility of delivering a hypofractioned or even a single-
fraction treatment.

b. The ability to treat micrometastatic or diffuse disease.
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c. To disregard those complex techniques that manage the respi-
ratory motion during conventional external radiotherapy,
because the cell damage depends on the boron localization.

A preclinical study to assess normal lung tolerance to BNCT was
performed in small animals at MIT (USA) with the aim to under-
stand the human lung toxicity observed during cranial treatments
[2].In Japan, preclinical studies demonstrated that BNCT was
feasible for malignant pleural mesothelioma (MPM) and between
2008 and 2012 patients affected by MPM were treated using epi-
thermal neutron beams, without causing toxicity to the healthy
lung and the other involved tissues [3].

At University of Pavia (Italy), a study of BNCT for pulmonary
metastases form colon adenocarcinoma is ongoing. Bor-
onophenylalanine biodistribution studies in a rat model showed
that the ratios between the boron concentration in tumour and in
normal lung are suitable for a safe and effective treatment [4].
These results were recently complemented by those of Trivillin
et al. [5], showing that absolute boron concentration values in lung
metastases are therapeutically useful either for protocols employ-
ing BPA or decahydrodecaborate (GB-10) alone or in combination.
Within the context of the treatment of non-surgically resectable
lungmetastases, biodistribution and radiotolerance BNCT studies in
a normal lung sheep model are being also carried out considering
an explanted organ irradiation protocol.1

The present paper presents the results of the analysis of
different BNCT irradiation protocols for some clinical scenarios of
lung cancer. The evaluation of the potential application of BNCT has
been extended to non-small cell lung cancer (NSCLC), a tumour that
showed good response to hypofractionated, high dose radiotherapy
schemes (i.e. SABR). The selected cases, however, were not eligible
for this therapy because of the tumour proximity to critical organs
at risk. These cases are: a localized early stage NSCLC in the upper
side close to the costal wall, a deep localized early stage NSCLC
tumour located close to the trachea and proximal bronqui, and a
theoretical case of oligometastatic disease encompassing the whole
lung volume.

Semi-ideal epithermal neutron sources from 100 eV to 6 keV
were evaluated to give indications about the optimal characteristics
of the neutron source conceived for lung BNCT. Moreover, the
spectra of two constructed or projected neutron beams tailored for
brain tumours were tested.

One novelty of our approach is to determine the optimum start
time and duration of the irradiation using the boron concen-
trationetime profiles in healthy lung and in tumour. In order to
evaluate the potential effectiveness of the proposed treatments a
suitable tumour control probability model for the treatment of
NSCLC with BNCT has also been introduced and validated.

Based on the application of the mentioned radiobiological
model and following currently used clinical SABR criteria and
experience, some treatment plans delivered in a single BNCT ses-
sion were assessed and those most promising were thoroughly
discussed.

Materials and methods

Different clinical scenarios were taken into account in order to
explore the possibility to treat with BNCT a wide range of patients
who would have few possibilities with the current clinical options.
In the following subsections, the computational and theoretical
models introduced in this work are presented in detail, and the
evaluation criteria to assess candidate plans are finally described.
1 Ongoing lung autotransplant study in sheep.
The thorax model

The computational tool used to create the anthropomorphic
model of the patients and to analyse the results of the irradiation
simulations is a beta version of the Treatment Planning System
developed in Argentina. By means of the optimized geometrical
reconstruction method called MultiCell, an accurate volumetric
model can be generated from the patient CT images by combination
of multiple-sized parallelepiped cells suitable for MCNP code [6]. In
this way, the total number of cells can be kept relatively low, while
ensuring a high precision in the reconstruction. Figure 1 shows an
example of a MultiCell reconstruction of a human thorax that evi-
dences the use of different sized cells.

Anthropomorphic models were segmented in the relevant tis-
sues with atomic composition and density taken from ICRU 46
report [7]. Volumes of interest are automatically coded into MCNP.

A superimposed mesh grid of 125 mm3 is used to calculate the
different dose components and a subsequent interpolation is per-
formed to assign the dose values to each pixel of the images. The
results are then properly weighted and summed to calculate the
total dose.

The neutron sources

The epithermal beams designed for the treatment of deep-
seated tumours have energies centred around 10 keV [8]. Howev-
er, as high energy neutrons deliver higher doses in the first layers of
tissues, organ such as the skin and the spinal cord may limit the
dose administered to the tumour in case of thorax irradiation.

In this work, several semi-ideal neutron beams were tested on
the human thorax models in order to explore advantages and
drawbacks related to the extensive irradiation of NSCLC with
neutrons. The energy of these sources was sampled from Gaussian
distributions with mean energies of 100 eV, 500 eV, 1 keV, 3 keV
and 6 keV, and standard deviations of 0.02 keV for mean energies
up to 1 keV, and 0.2 keV for the others.

Based on the conclusions drawn from the aforementioned
semi-ideal beams, two realistic neutron spectra from existing or
projected BNCT facilities were selected from literature and eval-
uated. The first realistic beam, named MIT-SPECT, is based on the
published energy spectrum of the MIT-II epithermal reactor beam
developed for BNCT [9]. The beam spectrum is characterized by
95% of the neutrons in the [0, 10 keV] energy range, and approx-
imate 20% between 500 eV and 3 keV. The second realistic beam,
named CNEA-MEC, is based on one of the energy spectra pub-
lished by Capoulat et al. [10]. for an accelerator based epithermal
neutron beam that is being designed in Argentina to treat deep-
seated GBM tumours with BNCT. In this case, 90% of the neu-
trons are between 0.2 eV and 20 keV, and almost 30% in the
[500 eV�3 keV] energy range. The spectrum of these realistic
neutron beams are presented in Fig. 2. Sources particles were
sampled uniformly in a plane and particle direction set mono-
directional normal to that plane.

Simulations for both semi-ideal and realistic beamswere carried
out normalizing their corresponding thermal neutron flux peaks in
water to 5�109 n cm�2 s�1. Particle transport was performed
without explicitly considering the unavoidable gamma contami-
nation of the beam. However, the contribution of this radiation
component to the total dose was taken into account by increasing
50% the induced gamma dose in tissues from H and B.

For localized NSCLC, the beam was set circular with a 10 cm
diameter. For multiple metastatic NSCLC the source diameter was
increased to 20 cm in order to encompass the lung volume
completely. If necessary, a 30 mm thick boronated polyethylene
frame was added to the port to reduce the port free area and to



Figure 1. (a) Volumes of Interest marked for reconstruction in a coronal view of the human thorax, and (b) corresponding MultiCell-based model for MCNP. Cell dimensions vary
according to the spatial distribution of the materials, thus ensuring a high precision in the geometrical representation as well as a relatively small number of cells.
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spare the surrounding normal tissue, especially skin and superficial
soft tissues.
Dose calculations

The component of the BNCT dose due to ionizing charged par-
ticles comes from neutron capture reactions in 10B and in 14N,
neutron scattering in 1H, and (both induced and structural) gamma
interactions with matter, which release respectively a, 7Li, protons
and primary electrons in tissues. Charged particle equilibrium is
assumed everywhere in the medium and each dose contribution is
calculated using the MCNP tally f4 (fluence tally) coupled to
neutron kerma factor and X-ray mass attenuation coefficient tables.
For the boron component, the kerma factor table for 1 ppm con-
centration reported in Ref. [11] was employed. The gamma
component was calculated with the X-ray mass attenuation co-
efficients table reported in Ref. [12]. The dose component due to
neutrons (thermal capture in nitrogen and epithermal scattering on
hydrogen) was calculated using the lung kerma factors from ICRU
63 [7] and cross sections and Q values from JENDL-3.2 [13]. The use
of lung kerma factors to compute doses in all the organs of interest
guarantees to obtain accurate values in the lung and good estimates
of the doses in the remaining organs.

Photon-equivalent doses (Gyw) were computed by multiplying
each absorbed dose component by the Relative Biological Effec-
tiveness (RBE) factor and the Compound Biological Effectiveness
(CBE) factor reported in Table 1. CBE factors were evaluated in the
case of healthy lung and the boron carrier BPA at MIT [14]. In this
work, the weighting factor corresponding to the early breathing
Figure 2. Relative neutron flux per unit of lethargy as function of energy for the beams
MIT-SPECT and CNEA-MEC based on epithermal reactor and accelerator based neutron
sources.
rate increase has been taken into account because an acute toxicity
would be the most immediate concern in case of NSCLC patients.
For the skin and tumour tissues, factors taken from the literature
were used [15,16]. Remaining normal tissues factors are the same as
lung tissue following BNCT clinical experience in other treatment
locations [16].
BPA kinetics considerations

The dose calculation requires the knowledge of the boron con-
centration present in each tissue involved in the irradiation. In
Pavia, a pharmacokinetic study was performed using a rat model
bearing diffuse lung metastases from colon carcinoma. The rats
were injected with BPA, 300 mg/kg b.w., and sacrificed after
different intervals of time. The boron concentration was then
measured in samples of normal lung and tumour by spectrometry
and neutron autoradiography [4].

Based on this pharmacokinetic study, the average behaviour of
BPA in normal lung and tumour tissues as a function of time was
obtained by fitting rescaled measured data with an open two
compartment model (Fig. 3a) [17]. Biodistribution studies in big
animals and humans using the same dose of BPA revealed that: a)
the boron uptake in healthy lung is the same as the concentration in
blood, and b) boron average values in blood 60 min after the end of
infusion are around 20 ppm. Then, this information was used to
calculate the “animal-to-human rescaling factor” to fulfil point b).
Boron concentration in patients was assumed to be the same in all
the normal tissues of interest (healthy lung, heart, spine, soft tissue
and ribs) as adopted in all BNCT clinical trials. For the skin, a tissue-
to-normal lung boron concentration ratio of 1.5 was applied [15].

The pharmacokinetic curves were employed to determine the
optimum irradiation scenario for each analysed clinical case. Ac-
cording to the dose limitations imposed by the radiosensitivity of
the different organs, the optimal start time and duration of the
irradiation were obtained by maximizing the minimum dose in the
tumour.

Figure 3b depicts the 1.5 h averaged tumour-to-normal tissue
boron concentration ratio as a function of the irradiation start time.
Since the proposed treatments are not short enough to consider the
tumour-to-normal ratio constant during the irradiation, the time-
Table 1
RBE and CBE factors used to convert the absorbed dose (Gy) into photon equivalent
dose (GyW).

BNCT dose component Normal tissues Tumour Skin

10B(n,a)7Li 1.4 3.8 2.5
14N(n,p)14C 3.2 3.2 3.2
Fast neutron 3.2 3.2 3.2
Photons 1 1 1

Endpoint: early breathing rate increase.



Figure 3. (a) 10B concentrationetime profiles with the fit using the open two compartments model for healthy lung and pulmonary metastasis. Profiles are plotted as a function of
the time after BPA administration. Open circles: Rescaled healthy lung experimental data; filled circles: Rescaled lung metastases experimental data; gray line: fit of the experi-
mental healthy lung concentrations; black line: fit of the experimental concentrations in metastases. (b) 1.5 h Averaged tumour-to-normal tissue boron concentration ratio plotted
as a function of the infusion start time. The horizontal dashed line represents the minimum ratio for patient eligibility in Suzuki et al. [18].
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averaged value is a more realistic estimate of the expected ratio
during the treatment.

Typically, a tumour-to-normal tissue ratio of 2 or greater is
considered suitable for patient eligibility in BNCT protocols, even if
a 3.5 ratio is taken as the reference for the dosimetry calculations
[19]. Note that from 150 min after infusion start in Fig. 3b the ratio
satisfies the eligibility criteria.

Extending a suitable tumour control probability model for the
treatment of NSCLC with BNCT

An extension of a tumour control probability model for non-
uniform dose distributions has been introduced and employed to
evaluate the treatments outcome. The proposed model essentially
exploits the general form for the TCP of an inhomogeneously irra-
diated tumour presented in Ref. [20] and the corresponding model
parameters derived from the retrospective analysis of 66 patients of
NSCLC treated with curative intent. Details of the model can be
found in Appendix A.

Dose prescription and evaluation criteria

Dose Volume Histograms (DVH) for each organ (or Volume of
Interest, VOI), and isodose curves were used to analyse the different
tested treatment plans in all the cases. Common criteria chosen to
evaluate the treatment plans were taken from the National
Comprehensive Cancer Network (NCCN) guidelines for Non-small
cell lung cancer [21], Timmerman et al. [22], and AAPM task
group no. 101 report on SABR for lung cancer [23].

The constraints adopted to accept a treatment plan were:

1. Heart Dmax < 22 Gy
2. Spinal cord Dmax < 14 Gy
3. Skin V23Gy < 10 cc or Dmax < 26.0 Gy
4. Oesophagus Dmax < 15.4 Gy
5. Trachea & proximal Bronchi Dmax < 20.2 Gy
6. Ribs Dmax < 30 Gy
Localized tumour
In the case of localized tumour, the healthy lung is defined as the

total left and right disease-free lung volume, and the adopted
constraints are:
1. More than 1500 cc with a dose below 7 Gy to assure basic lung
function or, more than 1000 cc with a dose below 7.4 Gy to 20%
pneumonitis probability and,

2. V20Gy < 10%.

In these cases, Planning Target Volume (PTV) was considered as
the Clinical Target Volume (CTV) plus a safety margin up to 30 mm
in all directions, according with the CTV location and motion.

Dose prescription was decided based on SABR single fraction
experience [24]. A dose of 30 GyW or more to the PTV was pre-
scribed in a single fraction, whenever possible without exceeding
the OAR constraints. If this criterion could not be fulfilled, the
second goal was to maximize the dose to the PTV in order to assure
the highest theoretical TCP.

Conformity index evaluation for localized lung tumours in BNCT.
One of the main goals of SABR is to ensure a steep dose gradient
between PTV and surrounding normal tissues. In order to quantify
the dose falloff the Conformity Index (CI) is used. CIx is defined as
the ratio of total patient volume encompassed by X% isodose line
and the PTV volume receiving the same dose. BNCT dose distri-
bution is characterized by steep falloffs between different tissues
depending on boron uptake. The application of this concept to
BNCT as it is defined hides the real falloff existing between PTV and
healthy lung. Thus, we defined the Lung Conformity Index (LCIx) as
the ratio between the volume of the main organ at risk encom-
passed by X% isodose line and the PTV volume receiving the
reference dose.

Comparison of both LCIs and CIs versus SABR data reported in
Ref. [25] was performed, adopting the same reference dose crite-
rion: the 80% isodose was assigned to the dose encompassing 95%
of PTV volume.

Oligometastatic pulmonary disease
Following Hellman and Weichselbaum criteria [26]patients

affected by 1e5 pulmonary nodules, with good performance status
and absent or stable extrathoracic disease are considered. Van Dyk
reported 7.5 Gy mid-lung dose as a safe value for whole lung irra-
diation (WLI) in order to avoid radiation pneumonitis [27].
Considering this result and that the location of the lesions are
assumed unknown, prescription was set to 7.5 Gy (mean dose) to
whole lung and PTV was defined to coincide with the entire lung
volume (i.e., similar to WLI criteria).
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Results

In the following, the outcomes for each clinical case are pre-
sented. Two real cases of localized tumours are analysed, one
shallow and another deep-seated, and an ideal case of disseminated
metastases.

Localized early stage NSCLC

Case 1: shallow localized NSCLC
The first case is a patient with shallow localized NSCLC

(T2N0M0) treated in real life by fractionated 3DC-RT.
Considering10B biological selectivity and CTV location, the

radio-oncologist selected a PTV safety margin of 20 mm in all di-
rections for this case. This margin is more similar to those con-
toured in 3DC-RT rather than the recommended margins in SABR.
As in BNCT there is no breath motion control, our selection ensures
complete target coverage during normal breath motion while
sparing the healthy lung due to the preferential accumulation of the
boron compound in tissues.

Several treatment configurations were tested starting with 5
portals distributed around the PTV isocenter point, as shown in
Fig. 4. Both for semi-ideal and realistic neutron beams the best
dosimetric outcomes were obtained with 3 beam incidences (Pos-
terior, Left Anterior Oblique, Right Anterior Oblique) configuration.
Portal weights were adjusted for each configuration.

Partial results of case 1. Treatments with semi-ideal beams allow
delivering the prescription dose to the PTV (i.e, a minimum dose of
30 GyW) in total irradiation times from 88 to 96 min, comparable to
current clinical applications of BNCT. The treatment starts around
7 h after BPA infusion. For these conditions, average boron con-
centration values of 7.8 ppm and 24 ppm are obtained in normal
lung and tumour tissues, respectively. These values correspond to
the typical tumour-to-healthy lung 10B ratio of about 3. The doses
absorbed by the organs at risk, except from the skin, remain 10%e
50% lower than the safety constraints. Particularly, the healthy lung
volume receiving less than 7 GyW is larger than 2100 cc in all the
cases, results that are dosimetrically promising to expect low
radiotoxic effect in this organ after irradiation.

As shown in Fig. 5, skin overdose is observed for the treatments
with 100 eV and 6 keV beams, while the maximum skin dose is
below the constraint (26 Gy) for 500 eV, 1 keV and 3 keV beams.

In addition, the PTV dose homogeneity increases with beam
energy. However, the healthy lung volume receiving a dose higher
than 7.4 GyW reaches a minimum with 3 keV beam.
Figure 4. Complete set of portal incidences tested in case 1. Highlighted darker dashed
lines are those portals corresponding to the best configuration obtained.
Theoretical tumour control probabilities were calculated for
500 eV, 1 keV and 3 keV beams, the ones that proved suitable
regarding all dose constraints. TCP values close to 0.96 were ob-
tained for all cases. In fact both mean and maximum doses are well
above the PTV prescription dose, increasing from 35 GyW to 40 GyW
and 58 GyW to 62 GyW, respectively, as beam energy increases
(Fig. 6).

These results indicate that an “ideal” beam for the analysed
treatment would be essentially epithermal, with a primary energy
between 500 eV and 3 keV and with low neutron contributions for
energies outside 500 eV e 3 keV range. Realistic neutron beams
have broader energy spectra with non-desirable neutron contri-
butions outside the mentioned range, thus the application of these
beams would affect the treatment planning and the optimum re-
sults obtained with ideal beams. To quantify this effect, a number of
treatment plans were assessed using the MIT-SPECT and MEC-
CNEA sources, beams that have spectral characteristic similar to
the ones assessed above. A 30 GyWminimum PTV dose prescription
was adopted as before, as well as the treatment time windows
optimization algorithm based on boron biodistribution profiles. The
best treatment plans achieved under mentioned conditions guar-
antee that all the organ at risk except the skin receive doses below
safety limits, within the range observed for semi-ideal beams.
However, skin doses exceeding 26 GyW are obtained in volumes of
about 50 cc (6%), due to the contribution of the fast component of
the realistic beam spectra.

The second prescription criterion was then applied to maximize
the PTV minimum dose without exceeding safety dose levels. This
resulted in PTV minimum doses of about 20 GyW. Time windows
optimization algorithm was applied in order to maximize the ratio
between mean healthy lung dose and the PTV minimum dose. For
both the beams the irradiation start time was 5 h after infusion,
with a total duration 30 min shorter than that necessary for semi-
ideal beams (i.e., around 60 min). Compared to the values obtained
for semi-ideal beams, the concentration in healthy lung is higher in
this case and the average tumour-to-normal tissue ratio decreased
to 2.5, remaining above the eligibility value.

Both skin dose distributions satisfied the skin critical volume
criterion (V23Gy < 10 cc). Doses for the remaining organs at risk
Figure 5. Maximum dose delivered in the skin as a function of the semi-ideal beam
energy for case 1, when the treatment is optimized to obtain a 30 GyW PTV minimum
dose. The dashed horizontal line represents the maximum tolerable dose for skin.



Figure 6. Differential dose volume histograms for the PTV of case 1, when semi-ideal
500 eV, 1 keV and 3 keV main energy beams are used with a 30 GyW minimum PTV
dose prescription.
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were far below constraints, with a reduction proportional to the
updated PTV minimum dose.

Differential dose distributions for the PTV are presented in Fig. 7,
where a comparison is shown between realistic beams and the best
theoretical beam. The 1 keV beam proved the most suitable
considering homogeneity and TCP in the PTV together with the
minimum doses to the lung and skin. Note that although PTV doses
are smaller in the case of realistic beams, TCPs values are still very
high, with values of 0.77 and 0.81 for MIT-SPECT and CNEA-MEC
beams, respectively.
Case 2: deep-seated localized NSCLC
The second clinical case considered is a patient with an NSCLC

(T1N0M0) treated by fractionated 3DC-RT.
Figure 7. Differential dose volume histograms for the PTV of case 1 when MIT-SPECT
and CNEA-MEC beams are used. Best semi-ideal beam distribution is presented.
A small CTV (2.5 cc) was contoured in the middle upper right
lung. In order to assure complete target coverage during normal
breath motion, PTV contouring was performed following clinical
criteria, increasing CTV 30 mm in all directions resulting in a ~35
times increment in PTV volume.

Six beams distributed around the PTV isocenter point were
tested for this case, as shown in Fig. 8. For all the semi-ideal neutron
beams the configuration composed by posterior, left oblique ante-
rior, and right oblique anterior incidences proved to be the best.
However, for realistic beams, a fourth portal was added (Right
Posterior Oblique) to obtain a suitable treatment.
Partial results of case 2. The 1 keV semi-ideal beam ensured the
best dosimetric results. The spinal cord received the highest dose if
compared to the constraints, the absorbed dose being however 25%
lower than tolerance. The healthy lung volumes receiving less than
7 GyWand 7.4 GyWare 1200 cc and 1240 cc, respectively. Even these
values were within the 20% probability of pneumonitis constraint,
the 30 GyW in the PTV could not be reached without exceeding
maximum dose in the skin (the excess is almost 4 GyW). Then, the
PTV minimum dose was maximized without over exceeding safety
dose levels. Time windows optimization algorithm was applied in
order to maximize the ratio between mean healthy lung dose and
the PTV minimum dose resulting in an irradiation start time 5 h
after infusion, with a 90 min duration. Values for the mean boron
concentration in blood (~11 ppm) and the tumour to blood ratio
(~2.5) lie again in the potential therapeutic range. While the PTV
minimum dose was reduced to 20 GyW, the TCP value is still high
about 0.8.

Healthy lung volumes receiving less than 7 GyW and 7.4 GyW are
1500 cc and 1517 cc, respectively, fulfilling the most conservative
dose constraints.

When realistic beams were used with the 30 GyW prescription
to the PTV, skin maximum doses and V23 were over the recom-
mended constraints. Then, the second optimization criterion for
establishing a suitable treatment was applied.

Both beams accomplished the best dosimetry with the 4-portal
configuration described in Fig. 8. Irradiation times were around
70min, 20% shorter than the total time for the 1 keV ideal beam. No
significant differences between treatments starts were found for
the different beams. Mean tumour boron concentration was 2.3
Figure 8. Patient 3D reconstruction. Complete set of portal incidences tested in case 2
distributed around PTV isocenter point. Highlighted darker dashed lines are those
portals corresponding to the best configuration obtained.



Figure 9. Differential dose volume histogram for the PTV when the realistic epi-
thermal neutron beams (MIT-SPECT & MEC-CNEA) are used in case 2 compared with
the best obtained semi-ideal 1 keV beam configuration.
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times the value in healthy lung, ratio that, as previously mentioned,
is considered suitable for patient eligibility in BNCT protocols.

For the mentioned treatment conditions, PTV minimum doses
were around 13 GyW. Fig. 9 compares differential dose volume
histograms obtained for the PTV using different beams. As expected
for both realistic beams, mean and maximum doses are smaller
than those for the 1 keV beam, but high enough to derive favour-
able TCP values, greater than 0.6.

Skin dose distributions satisfied the V23 constraint showing
maximum values of 26 GyW, while healthy lung volumes receiving
less than 7 GyW are all within the constraint value.

For this case, reducing the number of beam incidences to less
than 3 (or 4, according to the particle source) resulted in skin doses
over 30 GyW. Moreover, if one of these portals was a direct posterior
field, the spinal cord dose was dangerously close to the constraint.
On the other hand, when the number of portals was increased to 5
(or 6), the skin dose exceeded the constraints and therapeutic ad-
vantages in the healthy lung decreased.
Figure 10. (a) Upper view of patient with the 4-portal configuration centred in the isocen
volume is depicted in red. (For interpretation of the references to colour in this figure lege
Evaluation of conformity index (CI) parameter for localized NSCLC
For cases 1 and 2, CIs and LCIs for 80%, 60% and 40% isodoses

were computed and compared with the intervals reported by Ong
et al. [25].

As expected, when entire thorax isodoses are computed, the
resulting CIs for BNCT tend to be over the corresponding SABR in-
tervals. This is associated to the unavoidable background dose in
the soft tissue and bones not due to the boron component.
Nevertheless, the doses received by these tissues arewell below the
safety constraint values. Regarding LCIs, all BNCT values are inside
or even below the statistical Ong's values showing clearly the steep
falloff obtained from boron biological selectivity.
Oligometastatic disease

The third case studied is a theoretical oligometastatic NSCLC
with absence of extra-thoracic disease, for which surgery is not
possible and only systemic therapy is recommended. Under these
conditions, BNCT can be proposed on the assumption that
combining biological targeting and high LET radiationwould favour
the treatment of delocalized cancer, such as micrometastatic or
diffuse disease.

Given that the location of the lesions was considered unknown,
a four portal configuration, with beams of 20 cm diameter was
proposed in order to provide full lung volume coverage, as shown
in Fig. 10. Beam incidences were set with an oblique orientation
towards patient isocenter point, defined as the midpoint between
lungs in all directions (Fig. 10b).

The algorithm for optimizing the treatment time window was
applied in order to maximize the difference between the healthy
lung mean dose (7.5 GyW) and the PTV minimum dose, without
exceeding the normal tissue constraints. Treatment starts 6e7 h
after the end of boron infusionwere obtained, with a total duration
from 92 to 98 min. Blood boron concentration values averaged over
the treatment time windows ranged from 7.7 to 9.7 ppm with
associated tumour-to-blood ratios of 3.2 to 2.7.

Doses for all OARs excluding healthy lung were far below the
corresponding constraints in all cases. Minimum doses delivered to
the PTV were ~8.3 GyW, while mean and maximum doses reached
values of ~20 GyW and~26 GyW, respectively (Fig. 11).

The dose analysis in the lung volume shows the biological
selectivity of BNCT: when the same volume is exposed to the
neutron irradiation, different doses are absorbed according to
ter point. (b) 3D patient view showing the portal configuration in perspective. Lung
nd, the reader is referred to the web version of this article.)



Figure 11. Differential dose volume histograms obtained for lung with a suitable portal configuration using a semi-ideal 1 keV centred beam and realistic beams (MIT-SPECT MEC-
CNEA), considering the whole volume as healthy lung (HL) or as tumour (T). BNCT biological selectivity effect is observed in the resulting doses. Healthy lung doses are on the left
side while tumour locate in the right side of the figure.
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boron concentration. Maximum dose in healthy lung is in all cases
lower than the minimum dose if it were tumour tissue.

To consider a realistic clinical scenario, five spherical lesions
were randomly generated inside the lung volume with sizes uni-
formly sampled between 0.2 cc and 19 cc, with a mean of 3.3 cc
[28]. This procedure was repeated 2000 times to explore the whole
lung. For each trial, the expected number of controlled lesions was
computed. The cumulative probability distribution is plotted in
Fig. 12, showing that in 93% of the cases, the expected number of
controlled lesions is 50% (2.5 nodules) or more. Moreover, the
average of these expected numbers is 3.02 ± 0.04. This results
shows that, although a generic total lung irradiation configuration
is applied because the specific location of the lesions is unknown,
there are good chances that most of the lesions are controlled.
Figure 12. Cumulative probability distributions of the expected number of controlled
lesions (%), obtained for 5 tumour lesions distributed randomly in the lung volume
with the semi-ideal 1 keV centred beam (dash line), and the realistic-epithermal
neutron beams MIT-SPECT (gray) and CNEA-MEC (black).
Discussion and conclusion

One novel element introduced in this work is the possibility to
fix the start time and the duration of the irradiation according to
the information of normal and tumour boron concentrationetime
profiles for lung, derived from pre-clinical studies. In all studied
scenarios, the time elapsed between BPA infusion and neutron
irradiation resulted longer than the one adopted in clinical BPA-
based treatments. On the other hand, treatment times are within
classical values. Average tumour-to-normal tissue ratios derived
from boron profiles (from 2.3 to 3.2) satisfy the patient eligibility
criteria in BNCT protocols and lie in the range considered useful for
effective treatments. These values, although similar to those
observed in clinic, are below the 3.5 value usually applied for
feasibility assessment of BNCT from a viewpoint of dose distribu-
tion analysis. Thus, the analysis presented in this work is conser-
vative as concerns the boron concentration ratios, the results being
even superior if the 3.5 tumour-to-healthy lung relationship is
applied.

Another important result is that energies between 500 eV and
3 keV allow favourable dose distributions and high TCPs when
suitable multiple portal treatments are designed. This differs from
what stated in several BNCT publications stating that the treatment
of deep-seated tumours requires neutron energies of the order of
10 keV. Energies outside the range [500 eVe3 keV] fail to deliver a
potentially therapeutic dose to the tumour without exceeding the
safety doses of the OARs. Particularly, skin ulceration and ribs
fracture dose limits restrict the treatment duration and reduce the
dose delivered to tumour.
Two realistic beams not specifically tailored for thorax irradia-
tion were tested and proved suitable for delivering potential ther-
apeutic doses. The best dosimetric performance was shown by
MEC-CNEA beam that has a greater percentage of neutron contri-
bution in the optimal range. The favourable obtained results sup-
port the hypothesis that it is possible to treat lung tumours that
today have limited options due to their location or dissemination
especially if a tailored beam is available.

Designed treatment plans confirmed the idea that multiple
portal irradiation improves BNCT dose homogeneity in thorax tu-
mours [3]. However, due to the boronwashout as a function of time,
and the fact that the patient has to be re-positioned for each field,
special attention must be paid in order to perform optimal and
realizable plans according to the available treatment facility. Dose
overlapping around source edges may result in unacceptable
values, especially for superficial OARs that play an important role
regarding dose constraints. In this work, an angular separation
between beams central axis higher than 40� proved suitable for
localized tumour cases, with plans comprising 3 to 4 portals with



Table 2
Martel et al. [20] estimations for dose and g at 50% LPFS, considering patients of
NSCLC treated with daily fraction sizes of 1.8e2.0 Gy.

Time interval (months)

12 24 30

Dose at 50% LPFS (Gy) 64.0 ± 7.0 72.0 ± 2.5 84.5 ± 8.0
g at 50% LPFS (range) 1.3 (0.9e3) 2.0 (1e4) 1.5 (0.8e3)

2 Parameters with 95% confidence bounds: k1 ¼ 1:81ð1:79;1:83Þ,k2 ¼ 15:42
ð1494; 15:90Þ and k3 ¼ 0:118ð0:111;0:126Þ.
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10e20 cm beam diameters. Beam incidences should be kept in the
same plane (i.e., single arc) in order to reduce positioning un-
certainties and dead time for repositioning.

In order to evaluate the effectiveness of NSCLC BNCT, a TCP
based on the Hug-Kellerer survival model was introduced and
validated. This sensitive figure of merit serves as a practical mea-
sure of the impact that the chosen parameters may have in the
analysed treatments. As an example, in the oligometastatic case the
TCP was 0.6 using a tumour-to-normal lung boron concentration
ratio of 2.9, but applying the usual value of 3.5 adopted in clinic, the
TCP becomes 0.8. Furthermore, given that HK model proved suit-
able to predict the effect for high-dose ablative radiotherapy, the
presented TCP could be straightforwardly applied also to SABR.

For both localized NSCLC cases, the treatments plans employing
1 keV neutron beam achieved TCP values of ~0.8 or higher, even
without imposing theminimum tumour dose to be as high as 30 Gy
(SABR single fraction minimum prescription dose). With the real-
istic beams, the TCP values are also promising. Suzuki et al. [3]
pointed out that shallow recurrent tumours in the chest wall or
on the pleura are good candidates for BNCT, and this is in fact
confirmed by the results obtained in case 1 that shows the most
favourable TCP. In addition, our findings show that even without
considering specific designed beams for thorax BNCT, an adequate
dose can be delivered also to deep-seated lesions resulting in ad-
vantageous tumour control values.

For the theoretical case of oligometastatic disease, a mean
number of expected controlled lesions as high as 60% was obtained.
Even though this is not a common approach in clinic, where the
irradiation is often delivered to a restricted lung volume, whole
lung irradiation for tumour spreads in cases of Wilms or Ewing
metastases has been performed with promising results. Recent
publications on these cases present good overall survival (OS) when
irradiation is offered as a concomitant treatment [29]. The observed
lung toxicity, that represents the main concern when whole organ
irradiation is conceived, is also acceptable. The proposed BNCT
course takes only one session to deliver similar or even higher
doses to the tumour than a traditional fractionated radiation pro-
tocol resulting in at least the same OS; moreover, given the bio-
logical selectivity, it would also ensure a significantly lower toxicity.

In conclusion, the presented lung tumour cases having poor
therapeutic options with other forms of radiotherapies due to their
locations, stage or overall patient status would definitively benefit
from BNCT.
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Appendix A. A suitable TCP model for NSCLC

Martel et al. [20] have estimated the parameters of a tumour
control probability model for non-uniform dose distributions from
a retrospective analysis of 66 patients of NSCLC treatedwith photon
radiation therapy in 1.8e2.0 Gy fractions and curative intent.
Assuming that the tumour volume is composed of fractional vol-
umes vi each receiving uniform dose Di, and that each vi has an
independent radiosensitivity, they proposed that the TCPtotal of an
inhomogeneously irradiated tumour can be expressed as.

TCPtotal ¼
Y
i

½TCPðDi;1Þ�vi ; (A1)

where TCPðDi;1Þ is the doseeresponse function for the entire vol-
ume applied to each vi with D ¼ Di. The expression for the TCP in
Martel's work was the logistic function that models the binary dose
response of a uniformly irradiated tumour

TCPðDÞ ¼ 1

1þ
�
D50

D

�4g ; (A2)

with D50 the dose needed to achieve the 50% of tumour control,
and g the normalized slope of the sigmoid shaped doseeresponse
curve at D50.

Table 2 summarizes the parameters D50 and g estimated from
the clinically observed local progression-free survival (LPFS) at
three time intervals from KaplaneMayer plots.

In order to use Eq. (A1) and Martel's estimates listed in Table 2
for computing TCPs in BNCT, it is necessary to adequately convert
the large single radiation doses delivered per treatment to those
equivalents for a 2 Gy/fraction scheme.

The survival doseeresponse relationship is assumed to be
correctly described by the Hug-Kellerer survival model (HK).

SHKðDÞ ¼ exp
�
� k1Dþ k2

�
1� e�k3D

��
; (A3)

with ki; i ¼ 1;/,3, adjustable parameters.
Gonz�alez & Santa Cruz [30] (App. III, A10) have shown that the

Hug-Kellerer survival model for a multifraction regime of dose
delivery is.

SHKðD;dÞ ¼ exp

0
@� Dk1 �

k2
�
1� e�k3d

�
d

1
A; (A4)

where D is the total dose given in n fractions, and d the dose per
fraction (D ¼ nd. Following Eq. (A3), the total biological effect En for
a series of n fractions of size d is

EnðD; dÞ ¼ D
�
k1 � k2

�
1� e�k3d

�.
d
�
: (A5)

If E1i is the biological effect for each fractional volume vi that
received one dose fraction of di (E1i ¼ k1di � k2ð1� e�k3di Þ), then Di
is found from.

EnðDi;2GyÞ ¼ E1i: (A6)

Solving Eq. (A5) for Di the total equivalent dose for a 2 Gy/
fraction scheme in expression (A1) is.

Di ¼
E1i�

k1 � k2
�
1� e�k32Gy

��
2Gy

� : (A7)

The parameters of the Hug-Kellerer survival model were infer-
red by means of a least-square minimization method using the
high-dose survival curve of the H460 non-small lung cancer cell
line reported by Park et al. [31].2 HK model provides an excellent fit



Table 3
Clinical results obtained with SBRT for definitive radiation of stage I NSCLC and predicted tumour control.

Series Dose per
fraction

No. of
fractions

Prescription point Derived max./min
dose in the PTV

Observed tumour
controla

Predicted tumour
controlb

Fritz 2006 [32] 30 1 80% isodose at PTV periphery 30.00/24.00 80.0% 82.5%
Baumann 2009 [34] 15 3 67% isoline at PTV periphery 22.00/14.75 93.0% 95.6%
Ricardi 2010 [35] 15 3 80% isodose- encompassing PTV

to 100% at isocenter
18.75/15.00 92.7% 94.5%

Takeda 2009 [31] 10 5 80% isodose at PTV periphery 12.50/10.00 95.2% 92.0%

a At least 2-year crude tumour control data.
b Predicted values based on Eq. (A5) with D50 and g from Park et al. for 30 months.
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over the entire dose range of the data, and thus proves suitable to
predict the effect for high-dose ablative radiotherapy.

Based on Eq. (A1) with Di given in (A5) and the estimates of the
HK model adjustable parameters ki; i ¼ 1;/;3, the predictive po-
wer of the proposed TCPmodel is evaluated using the data of stage I
NSCLC patients treated with different fractionation schemes of
definitive SABR.

Table 3 summarizes the clinical results obtained by different
groups including studies of SABR with at least 2-year crude tumour
control data [32,33]. The data comprise tumour control together
with the dose per fraction, the number of fractions, the prescription
point and the dose per fraction corrected at isocenter. From these
data, the maximum and minimum dose in the PTV were derived.
Assuming that doses in the PTV are distributed following a trun-
cated Gaussian distribution between the derived minimum and
maximum dose, the predicted tumour control for each clinical
study can be calculated. The parameters D50 and g used in the TCP
model correspond to those obtained by Park et al. [31] for 30
months (see Table 2). As shown in Table 3, the predicted tumour
control matches perfectly the clinical outcome for all analysed
fractionation schemes (No of fractions ranging from 1 to 5), and
therefore the proposed TCP model is considered suitable also for
predicting tumour control in the BNCT scenario.
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