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Abstract. Boron neutron capture therapy, a targeted technique for cancer treatment, is based on fission
reaction of implanted boron-10 in tumor cells by thermal neutrons to yield alpha particles and recoiling
lithium-7 nuclei. The short range of these ionizing fission products induces damage to the cancer cells while
sparing surrounding healthy tissues. A methodology to determine the optimum neutron energy according
to the depth of the tumor in the brain is developed in this work. This methodology mainly depends on
separately considering the different reaction types at discrete neutron energies using Monte Carlo N-Particle
Transport Code and investigating their relative contribution to the absorbed dose in both the tumor and
surrounding healthy tissues. For a certain tumor depth, the neutron energy that maximizes the dose to the
tumor and minimizes it in the surrounding healthy tissues is selected. The metrics to evaluate improvement
in the optimization process are developed based on the ratio of the tumor dose rate density (Gy/cm?®-s) to
that of the surrounding healthy tissues. The results showed a significant improvement when compared with
those of the International Atomic Energy Agency recommended neutron energy ranges. For deep-seated
tumors, the dose ratio was improved from 0.89 to 1.77 for tissues preceding the tumor and from 2.40 to
12.0 for tissues after the tumor. For the shallow-seated tumors, the dose ratio was improved from 2.48 to
2.64 for tissues preceding the tumor and from 8.63 to 18.8 for tissues after the tumor.

Keywords: Boron Neutron Capture Therapy, Brain Tumor, Neutron Radiotherapy, Dose, Monte Carlo N-
Particle.

Introduction

ranges of these two particles (~8 um and ~5 pm

Over the last few decades, radiation therapy
has advanced to state-of-the-art modalities,
which have considerably improved the
survival rates among cancer patients. Amongst
these, boron neutron capture therapy (BNCT)
is a technique based on non-radioactive boron-
10 (*°B) thermal neutron (~0.025 eV) capture
to yield high linear energy transfer (LET) a-
particles and recoiling “Li nuclei. The BNCT
technique is highly selective because the
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respectively) [1] are similar to those of typical
cells. Consequently, radiation damage occurs
mainly in the malignant cells while eluding the
healthy surrounding cells, thus reducing the
occurrence of radiation-induced secondary
tumors [2].

The effectiveness of the BNCT treatment
modality depends mainly on the selective
delivery of °B to the tumor cells. The
commonly used delivery agents are °B-4-
borono-L-phenylalanine (10BPA) [3] and
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sodium borocaptate [4]. However, new boron
delivery agents are currently under
investigation [5, 6].

The BNCT has been clinically tested mainly
on patients diagnosed with highly malignant
glioblastomas [7-9] and persistent head and
neck tumors [4, 10, 11]. Yanch et al. [12]
performed simulations with cylindrical and
elliptical phantoms to determine the optimal
neutron energy for BCNT at neutron energies
ranging between 0.025 eV and 800 keV. The
results of this study compared two
homogenous  phantom  situations:  one
representing healthy tissue (3 pg/g of 1°B) and
the other simulation for an entire ellipsoid
containing (30 pg/g of 1°B). These simulations
did not take into account the tumor position
(deep- or shallow seated), which may give rise
to self-shielding by the boron before the tumor.
Bisceglie et al. [13] reported an optimum value
of the neutron energy slightly exceeding 10
keV by using the Monte Carlo N-Particle
(MCNP) Transport Code for a known neutron
spectrum and a deep-seated tumor.

Although there are recommendations for the
neutron energy ranges cited in the International
Atomic Energy Agency IAEA-TECDOC-
1223 [14], these are based mainly on the
experience gained from using the research
reactor BNCT facilities and involve adjusting
the epithermal flux (0.5 eV < E < 10 keV) to
approximately 10° n/cm?/s and minimizing the
dose from gamma rays and fast neutrons.

The use of neutron sources such as pulsed
neutron generators minimizes the gamma-ray
source and screen the undesirable high-energy
neutrons using filters. Moreover, using neutron

sources allows sending well-determined pulses
in different directions according to a specific
treatment plan. This treatment plan takes into
consideration the position of the tumor and the
suitable neutron energy spectrum
corresponding to tumor depth. Unlike research
reactors, neutron generators can be easily
installed in hospitals and can be switched off
after use, thereby reducing the operating time
and radiation exposure to both patients and
workers. Using neutron generators requires
moderating the neutrons to a suitable energy
spectrum that is appropriate to the tumor depth.
Depending on the tumor sitting and the
different reaction types separately at discrete
neutron energies, the main objective of this
work is to determine the optimum neutron
energy spectrum to maximize the neutron dose
to the tumor and minimize the exposure at the
surrounding healthy brain tissues.

2. Radiobiology Considerations

The BNCT comprises a two-step sequence in
which a delivery tumor-seeking agent
containing 1°B is initially administered to the
patient. This radio-sensitizer is largely taken
up in the neoplastic cancer cells compared to
healthy cells owing to their faster metabolism
[15]. Following the uptake, the patient is
irradiated with a high-fluence neutron beam of
appropriate energy. Owing to its high cross-
section for thermal neutrons (3840 barns at
0.025 eV), the °B undergoes a nuclear
reaction producing an o-particle and a
recoiling ‘Li nucleus. The two fragments
release their Kinetic energy inside the
neoplastic cells. Further, the BNCT involves



65 Abdelfattah Y. Soliman, Essam Banogitah, Ned Xoubi, Fathi Djouider

other radiation, namely y-photons from the
neutron capture reaction H(n,y)?H, protons
from the *N(n,p)}C reaction, and fast
neutrons from elastic scattering.

The absorbed dose in healthy and tumor tissues
is the sum of four dose components with
different linear energy transfers (LETs) and
different relative biological effectiveness
(RBE) as stated below:

> boron dose from the products of °B(#,a) Li
reaction,

» y-dose from the neutron capture reaction
"H(n,y)°H,

> proton dose from the *N(n,p)*4C reaction,
» fast neutron dose from the elastic scattering
reaction.

Table 1. RBE values for radiation types and tissues involved in the BNCT [16]

Relative biological effectiveness (RBE) in

Type of Energy

reaction (MeV) Skull Skin Hgalthy Tumor
tissue
. E.=1.47
10 7 o

B(n,a) Li EL =084 2.5 1.3 3.8
H(n,y)?H E, =222 1 1 1
“N(n,p)“C Ep =0.626 3.2 3.2 3.2
H(n,n)H Ep=En/2 3.2 3.2 3.2

In this work, three assumptions are considered where:

in the dose calculation:
» All charged and non-charged particles
travel in straight lines,
> the 1°B atoms are uniformly distributed in
the boron-containing media (healthy and
tumor tissues),
» the same range is used for both the boron-
containing healthy and tumor tissues.
The total equivalent dose rate per interaction in
both the tumor tissues and surrounding healthy
tissues due to the different BNCT radiation
components are determined separately.
Hydrogen (H) and nitrogen (N) are present in
relatively high concentrations that they
contribute significantly to the total radiation
absorbed dose, as shown in Eq. (1).

Dot =Dy, + Dy + D, + D, (1)

D, is the dose from the gamma-rays generated
by the reaction *H(n,y)?H,
Dy is the dose from the capture of a thermal
neutron by the boron in the reaction
1B (n,a)’Li,
D,, is the dose from the elastic scattering by
hydrogen in the reaction *H(n,n)*H, and
D, is the dose from the neutron capture by
nitrogen in the reaction **N(n,p)*C.
The absorbed dose is computed as

D; = N X E; (2)
where:
N is the number of interactions per unit volume
and
E; is the energy of the reaction i.
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The RBE and energies of the four doses
components in different tissue types are shown
in Table 1.

3. Methodology
To optimize the performance of the BNCT
technique in curing brain tumors, there are two
main targets: (i) maximizing the dose at the
tumor tissues, and (ii) minimizing the dose at
the healthy brain tissues to avoid the risk of
secondary cancer induction. In all cases, the
incident neutrons penetrate the skin, skull,
healthy tissues, and tumor tissues.
Although the °B(n,a)’Li reaction has 1/v
cross-sections, which imply that thermal
neutrons have a higher probability of initiating
the reaction, deep-brain tumors require more
energetic neutrons to penetrate

healthy tissues and reach the malignant tumor.

(a) Shallow tumor

All the neutron reactions with different tissues
must be examined for accurate dose estimation
in healthy and tumor cells. The MCNP has the
capability to tally every interaction type
distinctly, thus enabling the estimation of its
effect on different tissues and its contribution
to the total received dose.

A record of the results per neutron per second
facilitates investigation of the effect of neutron
energies independent of the source strengths or
exposure times. Further, it facilitates the
design of moderators and filters for different
source spectra and strengths if the required
optimum energy is known for a certain tumor
depth. A variation in the thickness of the
moderator or filters helps to design a more
adjustable facility for different tumor depths.

(b} Deep tumor

Fig. 1 MCNP geometry model for brain tumors (a) shallow-seated from 3-5 cm (b) deep-seated

from 5-7 cm.
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Neutron generators and accelerator-based
neutron sources provide pulses of neutrons
with high intensities up to 1012 n/cm?/s that
can be switched on and off after a suitable
exposure time. Neutron filters help to shape the
neutron energy spectrum to the desired values.
To investigate the effect of the incident
neutron energy on the dose received by healthy
brain tissues and tumor tissues, two MCNP
models are constructed to represent shallow
and deep tumors. The shallow tumor is located
1 cm away from the inner surface of the skull,
whereas the deep tumor is located 3 cm from
the same surface. The tumor is represented by
a sphere of radius 1 cm that is divided into 10
cells of thickness 2 mm each, as shown in Fig.
1.

4. Results and Discussion

The total dose was calculated for deep- and
shallow-seated tumors, for incident neutron
energies ranging from 0 eV to 100 keV. The
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The ICRU 46 [17] material compositions of
skin, skull, healthy tissues, and tumor tissues
are used in this work. Boron concentrations in
both healthy and tumor tissues are 19 ppm and
65 ppm, respectively [18, 19]. The neutron
source is a disk of radius 1 cm located on the
outer surface of the skin. The energies of the
source are classified into three groups: 0 to 0.1
keV, 0.1 keV to 1 keV in steps of 0.1 keV, and
10 keV to 100 keV in steps of 10 keV.

The four main types of interactions namely,
Hmy)?H, ¥N@n,p)**C, H(nn)H, and
B(n,a)Li are tallied using reactions 102,
103, 24, and 107 respectively in the MCNP.
Tally multipliers are used to determine the
total interactions per cm® per second per
neutron for each reaction type.

results for deep-seated tumors show that, at the
same neutron energy, a higher dose is

delivered to the healthy cells than to the tumor
(Fig. 2).

Fig. 2 Dose rate (Gy/s per neutron) to deep-seated tumors for different neutron energy groups.

This is undesirable in radiotherapy treatment,
where the objective is to destroy the tumor

cells rather than the healthy ones.
Consequently, more effective neutron energies
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must be selected that maximize the dose to the
tumor cells while minimizing it to healthy
cells.

The total dose delivered to the malignant
tumors is between 4E-14 and 9E-14 Gy/s per
neutron. The range for skin is the widest, from
3E-14 to 1E-12 Gy/s per neutron, and that for
the skull is 3E-14 to 5E-13 Gy/s per neutron.
Healthy cells preceding the tumor have a
different absorbed dose, depending on their
distance from the tumor, ranging from 2E-14
to 4E-13 Gy/s per neutron, and the ratio of the
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tumor to tissue dose is 0.895 in this case. These
results show that the more energetic neutrons
with energies ranging from approximately 20
keV to 100 keV delivered higher doses to the
skin, skull, or healthy tissues preceding the
tumor than to the malignant tumor itself, as
seen in Fig. 3. Neutrons in the lowest energy
group exhibited the same effect with higher
doses delivered to the skin and skull.
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Fig. 3 Total dose rates (Gy/s per neutron) deposited in deep-seated tumors by different reactions for

select neutron energy range (10-20 keV)

A review of the dose contributions of the four
neutron reactions showed that the neutrons in
the energy range of 10-20 keV are the most
efficient at delivering higher dose ratios to the
malignant tumor compared to healthy tissues
preceding the tumor, as shown in Fig. 3.

Using this selected energy group, an average
total dose rate of 5.16E-14 Gy/s per neutron
can be delivered to the malignant tumor,
compared to 6.94E-12 Gy/s per neutron that

can be delivered using the full neutron energy
spectrum recommended by the IAEA -
TECDOC-1223, as shown in Fig. 3.

The absorbed dose in healthy cells preceding
the tumor is centered on 3E-14 Gy/s per
neutron, which represents a substantial
reduction from the original dose of 7.76E-12
Gy/s per neutron received, using the IAEA
recommended spectrum. In this model, the
dose delivered to the tumor cells is 1.8 times
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higher than that delivered to the healthy cells
preceding the tumor, and 12 times higher than
that delivered to the healthy cells after the
tumor.

The major contributor to this undesirable dose
in the three regions preceding the tumor is the
energy deposited by the protons, which are
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nitrogen. The presence of nitrogen (}*N) in the
human body remains the main cause of this
dose contribution, which can be reduced only
by selecting neutron energies with low
microscopic cross-sections.

produced by neutron interactions with
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Fig. 4 Total doses (Gy/s per neutron) deposited in shallow tumors at different neutron energy groups

The results show that, in general, a higher dose
is delivered to the shallow-seated tumors than
the deep-seated tumors, as seen in Fig. 4. A
comparison of the results shown in Figs. 2 and
4 indicates a difference of one order of
magnitude between the maximum doses
delivered to the tumors in both cases.

Table 2 shows that for neutron energies based
on the IAEA recommendation, the dose rate
per volume is received by the skin at 6.18E-12
Gy/s per neutron. The tumor dose is as high as
5.73E-12 Gy/s per neutron, whereas it is 3.3E-
12 Gyl/s per neutron in the skull. The dose

delivered to healthy cells remains relatively
high at 2.31E-12 Gy/s for the cells preceding
the tumor and 6.64E-13 Gy/s per neutron for
the cells past the tumor.

A review of the dose contributions of the four
neutron reactions showed that neutrons in the
energy group of 0.3-0.4 keV are the most
efficient at delivering high doses to the
malignant tumor, while reducing that to the
healthy ones, with a ratio of 2.64 and 18.8 for
tumor to soft tissues before and after the tumor,
respectively.
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The total doses delivered to the skin and skull
are 1.84E-13, and 1.65E-13 Gy/s per neutron,
respectively, which is approximately one order
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of magnitude lower than that received by the
skin, using the IAEA recommended spectrum.
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Fig. 5 Total dose rates (Gy/s per neutron) deposited in shallow-seated tumors by different reactions

for selected neutron energy range (0.3-0.4 keV).

The results shown in Fig. 5 indicate a vast
reduction in the dose received by healthy brain
cells. The absorbed dose in healthy cells
preceding the tumor is reduced by order of
magnitude from 2.31E-12 to 1.0E-13 Gy/s per
neutron, whereas that in healthy cells after the
tumor is reduced from 6.6E-13 to 1.4E-14 Gy/s
per neutron. The total dose delivered to the
tumor cells is approximately three times higher
than that received by the soft brain tissues. It is
also observed that the dose due to a- particles
are almost equal to that from protons for the

shallow tumors, whereas it is one order of
magnitude higher than the proton dose in the
deep tumors.

The ratio of the dose rate deposited in the
tumor cells compared to that in the healthy
brain cells increases from 2.48 to 2.64 for cells
located before the tumor, and from 8.6 to 18.8
for cells located after the tumor. A large
improvement in the dose delivery to the
malignant tumor, with reduced damage to soft
brain cells, is evident.
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Table 2 The average dose rate (Gy/s per neutron) for a brain tumor and surrounding healthy cells,
as calculated by this work vs. IAEA BNCT recommended energies.

Deep-Seated Dose Shallow-Seated Dose
(Gyl/s per neutron) (Gyl/s per neutron)
IAEA Present work IAEA Present work

Skin 1.84E-11 5.61E-14 6.18E-12 1.84E-13
Skull 1.13E-11 4.26E-14 3.13E-12 1.65E-13
Soft Tissue before | 7.76E-12 2.92E-14 2.31E-12 1.00E-13
Tumor 6.94E-12 5.16E-14 5.73E-12 2.64E-13
Soft Tissue after 2.90E-12 4.29E-15 6.64E-13 1.40E-14
Ratio TU/STh 0.89 1.77 2.48 2.64
Ratio TU/STa 2.40 12.0 8.63 18.8

The drawback of the model is that the dose rate
in the tumor is also reduced from 5.7E-12 Gy/s
per neutron to 2.64E-13 Gy/s per neutron;
however, this can be overcome by increasing
the irradiation time. Table 2 shows a
comparison between the recommended
neutron energies by IAEA and the results of
5. Conclusion

The main objective of this study was to
construct a methodology to determine the
optimum neutron energy according to the
depth of the tumor. This methodology
depended mainly on calculating the different
types of reactions separately for discrete
neutron energies. For a certain tumor depth,
the neutron energy was selected to maximize
the neutron dose at the tumor and minimize the
risk of secondary tumors at the healthy brain
tissues. This was accomplished by specifically
calculating the ratio of the dose rate density
delivered to the tumor to that delivered to the
healthy brain tissues. For deep-seated tumors,
the optimum energy was determined to be 10—
20 keV and at this energy, the ratio of the dose

the current MCNP model. The ratio of the dose
received by the tumor to that by the soft tissues
preceding it is designated as (Tu/STb); and the
ratio of the dose received by the tumor to that
by the soft tissues after it is designated as
(Tu/STa) in Table 2.

rate of the tumor to that of healthy brain tissues
improved from 0.89 to 1.77 for cells preceding
the tumor, and 2.4 to 12 for cells located after
the tumor. For shallow-seated tumors, the
optimum energy was determined to be 0.3-0.4
keV. At this energy, the ratio of the dose rate
of the tumor to that of healthy brain tissues
improved from 2.48 to 2.64 for cells preceding
the tumor, and from 8.63 to 18.8 for cells
located after the tumor. In both cases, the
selection of the optimum energy maximized
neutron doses to the tumors and minimized
them to healthy brain tissues, thus reducing the
risk of secondary tumors in the surrounding
healthy brain tissues.
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