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Abstract- Physical dose assessment of prostate tumor and adjacent healthy tissues in ORNL,
adult male (AM) and KTMAN-2 phantoms was performed using the Monte Carlo transport code.
Two different spectra of MIT reactor (without and with lithium filter) were considered. To
evaluate the effectiveness of this method in destroying cancer cells for different depths of the
prostate, the prostates were moved three times with a distance of 3 cm towards the surface of
the body. In addition, the effects of using a lithium filter with different thicknesses on the
physical doses of the prostate and adjacent healthy tissues were investigated. It has been
observed that decreasing the depth of the prostate increases the physical dose received by the
tumor. When the prostate is placed at the maximum depth inside the body, the tissues located in
the path of the beam receive the maximum amount of dose. However, the use of a lithium filter
reduces damage to healthy tissues, so that when the prostate is near the surface of the body, the
lithium filter increases the amount of dose delivered to tumors. In these conditions, the average
energy of the penetration distance of epithermal neutrons and neutrons in tissues increases. By
changing the location of the prostate gland inside the body, the physical doses of normal tissues
did not change, but it was observed that increasing the thickness of the lithium filter
significantly reduced the dose of normal tissues.
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I. Introduction

BNCT simulations require thorough understanding of radiation and nuclear
interaction of neutrons with boron-10 and comprehensive knowledge of computational
phantoms used in radiotherapy. In the interaction of thermal neutrons with boron-10, alpha
and lithium particles are produced with energies of 1.4 and 0.8MeV, respectively, so
that their ranges in water are about micrometer [1], [2] . Therefore, in treatment with BNCT
low-range properties, RBE and high LET as well as the fragility feature of two or multiple
alpha and lithium particles are used [2] . In the treatment of prostate cancer, the most
important tissues receive large doses such as bladder, testis, skin and soft-tissues located
behind the tumor, and in some phantoms such as KTMAN-2, the pelvis of bone tissue is
also present. Table | shows the constituent elements of these tissues with respect to the
reference data of ICRU 46 [3]. Neutron interactions of tissues contain high amounts of
hydrogen and nitrogen, are usually nitrogen capture (proton recoil) and hydrogen capture
(photon dose), so significant undesirable doses are delivered to these tissues [4], [5]. Since

©2024, Cognizance Journal, cognizancejournal.com, All Rights Reserved 235




COGNIZANCE
JOURNAL

cognizancejournal.com
Rajab Ali Khavari et al, Cognizance Journal of Multidisciplinary Studies, Vol.4, Issue.4, Apr 2024, pg. 235-243
(An Open Accessible, Multidisciplinary, Fully Refereed and Peer Reviewed Journal)

ISSN: 0976-7797
Impact Factor: 4.843
Index Copernicus Value (ICV) = 77.57

the prostate positions were different in each of the phantoms, epithermal neutron
spectrum of MIT reactor (with and without the lithium-6 filter) was considered as
neutron source. It should be mentioned that, the boron concentration in the tumor is several
times more than those of the nearby healthy tissues.

Il. Materials & Methods

A-Monte Carlo Calculations

MCNP computational code is an important tool to simulate epithermal neutron spectrum
and flux in the BNCT method [6]. To evaluate dose due to the transported particles in the
various organs, mesh tally, lattice tally (depth dose estimations) and + F6 tally (total dose
estimations) were used [7].

B-Phantom Implementation

In this research, the dose distribution in a prostate tumor was studied in three
phantoms. The organ doses were calculated in ICRP reference adult male, KTMAN-2
voxel and M1RD-ORNL phantoms. Supplementary data file provided by ICRP represents
3D matrix of' 254 x 127 x 222 dimension with voxel resolution of 2.137 x 2.137 x 8 mm®
for adult male (AM). The organ masses and body dimension were matched to the reference
values reported by ICRP Publication 89 [8]. The densities and elemental compositions
for organs and tissues provided in ICRP Publication 110 [9], were used in the Monte
Carlo simulations.

KTMANS-2 is a Korean typical voxel phantom represents a 3D matrix with dimension
and voxel resolution of 300 x 150 x 344 and 2x2 x5 mm?®, respectively. Composition
and densities of organs were readjusted with reference values reported by ICRP 89 and
ICRI5 46 [3], [8]. Phantom MIRD-ORNL is an adult male mathematical phantom in
which prostate gland is defined as the sphere with radius of 2.2 cm. Organs densities and
body dimensions in a mathematical phantom were adjusted with reference values reported by
ICRLT 46 implementation. To evaluate the effect of prostate depth in dose received by the
tumor and its nearby tissues, the pelvis area of voxel phantoms were examined and
depths of prostates relative to body surface were calculated for these phantoms. The
maximum emplacement was 3 cm.

If the origin of coordinates of AM voxel phantom is considered at the right corner, the
center of mass of its prostate gland would be at x=26.33, y=15.58 and z=90.07 cm. The
distance between prostate and skin of AM is 8.5 cm. By moving prostate once with an
interval of 3 cm in the opposite direction of y-axis toward the body surface (Ay =3
cm), the depth location of prostate varies between 5.5 cm (Ay =3 cm) and 8.5 cm (Ay=0
cm). The center of mass of a prostate gland of KTMAN-2 relative to the center of
phantom is at x=-2, y=1 and z=-3.5 cm. The distance between prostate and skin of
KTMAN-2 is 7.5 cm. As before, the prostate of KTMAN-2 was moved with an interval
of 3 cm in the opposite direction of y-axis toward the body surface. Moreover, the center
of mass of prostate gland of MIRD-ORNL, relative to its center, is at x=0, z=3 cm.
Considering that the pelvis of voxel phantoms was located in front of the prostate gland,
voxel phantoms were rotated around the x-axis (relative to the center of mass) in order
that pelvis was not located between prostate and source any more. The degree of rotation
around the x-axis for two voxel phantoms was different and small (approximately 8°). From
figure 1, it seems that this small rotation is reasonable and does not cause great variations in
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voxel phantoms anatomy. The prostate displacement along y-axis toward the body surface is

shown in figure 1.

Adult Male ICRP Reference Phantom (AM), z=90cm

KTMAN-2 (Korean Typical MAN-2), z=-3.5 cm

Figure 1. Prostate displacement relative to the body surface, Ay=0 to Ay'=3, for he voxel phantoms (AM and
KTMAN-2)

C- Boron Concentrations in Prostate Cancer
Maximum amount of dose delivered in BNCT method is resulted from neutron
capture of boron-10. Thus, the distribution of boron in prostate tissue would be very
important. On the other hand, boron-10 carrier drugs accumulate not only in cancer cells but
also in nearby healthy tissues [10] [11] , [12], [13] So, if boron concentrations in tumors
were low (relative to healthy tissues) undesirable doses would be delivered to healthy tissues

(table 1).

Table 1. Constituent elements and density of the prostate gland and its adjacent tissues in percent.

Row | Type of tissue | Density (gr.cm®) | H C N @) Ca |Na| P S | cl|K
1 Bone 14 73 | 255] 31 (479|102 | 03 |51 |02 |01]0.1
2 Soft Tissue 1.03 105 | 256 | 2.7 | 60.2 | ----- 01 )02 |03|02]|0.2
3 Skin 1.09 10.0 | 204 | 4.2 | 645 | ----- 02 01|02 |03]|01
4 Prostate 1.03 105 | 256 | 2.7 | 60.2 | ----- 010203 |02]02
5 Testes 1.04 106 | 99 | 20 | 76.6 | ----- 0210102 |02]0.2
6 Bladder 1.04 105 | 96 | 26 | 76.1 | ----- 02102020303

D- Epithermal Neutron Source
Three basic parameters are very influential in choosing neutron sources used in BNCT:
energy, intensity, and pollution. In BNCT, a neutron flux of 10° n.cm™s™ is often required

to prevent increasing the undesired dose in the healthy tissues surrounding the prostate
gland [14]. In this study, the epithermal neutron beam from MIT research reactor was the
primary neutron source for calculation of the depth dose distributions in prostate cancer,
which has an epithermal flux of 3.71 x 10° n.cm™s™(table 2) [15] .
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Table 2. Beam parameters for active reactor in the BNCT.

Characteristics parameters of the MIT reactor epithermal neutron spectrum for BNCT method

Reactor | Country Power Gepi Dgast /Pepi Digama/¢epi
(MW) 10°[n/cm?-s] 10" °[Gy-cm?/n] 10"[Gy-cm?/n]
MIT USA 5 3.71 1 3.6

It was reported that when tumors are seated deep inside the body, it would be better to
tailor neutron spectrum by using an 8 mm lithium filter to remove the low energy parts
of the spectrum, which just increase the radiation dose in healthy tissue placed in neutron
beam path [16]. In figure 2, the neutron flux of MIT reactor with and without lithium filter
is displayed. 55% reduction in neutron flux is obtained using lithium filter.

Flux (cm?s™)

10

o
—

Ll

|
"WVWNV_WVWE"N‘ --urm| Illlﬂ" llnﬂl‘_

1E-8 1E-7 1E6 1E-5 1E4 1E3 0.01
Neutron Energy (MeV)

- = W/OLi
— With Li
0.1 1 10

Figure 2. MIT neutron flux without (red dashed-line) and with (black line) lithium filter.

E- Lithium-6 Filter
High energy epithermal neutrons have high penetration depths inside patient body (about
10 cm) and the dominant process that they lose their energies by is elastic scattering.
Thus, in this study the spectrum of high energy epithermal neutrons has been used. In
order to reduce the amount of absorbed dose in the normal organs before the tumor, the
lithium filter applied to remove the low energy neutrons from the incident spectrum. It can
be seen that the mean penetration depths of the epithermal neutrons without and with
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lithium filter are 9.3 cm and 9.9 cm, respectively. In this investigation, the lithum-6 filter
with length of 8 mm has been used [16].

The neutron flux after passing the filters is different for various lithium-6 filter
thicknesses. As the thickness of the lithium-6 filter increases, neutron flux decreases.
In order to select the appropriate filter, the effect of 6 mm to 10 mm lithium filter was
investigated (Table 3) [16]. Table 3 shows that the neutron flux in the body phantom
using different thicknesses of lithium-6 filter decreases. In the present study, since thermal
and fast neutrons fluxes are very small, considering them in simulations do not affect the
distribution of depth-dose.

Table 3. Neutron flux (cm™.s-) in air for Lithium-6 filter with different thicknesses.

Neutron flux(cm™s™) in air at the surface (with Lithium filter of different thickness)

Energy 0-0.5eV 0.5-10 eV
Condition flux error ratio flux error ratio
No filter 5.52E+7 0.025 100% 3.01E+9 0.009 100%
6mm lithium 3.14E+6 0.077 5.7% 1.67E+9 0.014 55.5%
8mm Lithium 2.21E+6 0.104 4.0% 1.52E+9 0.014 50.5%
10mm Lithium 1.85E+6 0.088 3.4% 1.36E+9 0.015 45.2%
Energy 10-20keV total

Condition flux error ratio flux error ratio
No filter 1.15E+8 0.034 100% 3.18E+9 0.009 100%
6mm lithium 9.60E+7 0.041 83.5% 1.76E+9 0.013 55.3%
8mm Lithium 9.41E+7 0.041 81.8% 1.61E+9 0.014 50.6%
10mm Lithium 9.79E+7 0.040 85.1% 1.46E+9 0.014 45.9%

Dose Estimation

Boron concentration in the tumor should be high enough (about three to six times higher
than the nearby healthy tissues) [17]. Thus, the boron concentration of 30 ppm
and 5 ppm were considered in the prostate gland and nearby healthy tissues,
respectively [10] [11] , [12], [13]. In this study, regardless of RBE values, physical dose
was calculated by MCNP code. In order to evaluate the uniformity of the dose distribution,
the maximum and minimum tumor dose was examined. In addition, to compare the physical
dose of healthy tissue and tumor, the coefficient of variation (CV) and the ratio of average
dose of tumor to the maximum dose delivered to healthy tissue (TNR) were investigated.
For a more detailed study, the mesh tally type three has also been used for dose
distribution.

I11.  Results and Discussions
Maximum physical dose received by healthy tissue near the prostate are presented in
Table 4 for two different neutron spectra (with and without the lithium-6 filter). By changing
the position of the prostate gland, the physical doses of healthy tissues around the tumor do
not change and the obtained values are valid for all tumor depths.
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Table 4. Physical dose in Gy.min™ for soft tissue, urinary bladder, rectum and skin with two neutron spectra of
MIT reactor (without and with lithium filter) for AM phantom.

Maximum physical dose(Gr/min)

Li filter Soft tissue | Bladder Rectum wall | skin
wall

AM phartor witn 007 T0os 001 a0

KTMAN-2 phatom i) 50— 005 o0

MIRD-ORNL ptiartom i) o —— 506508002

The maximum, minimum and average amounts of physical dose received by tumor
together with CV and TNR. with and without lithium filter were specified at different
depths of a prostate gland (for three phantoms) in table 5. The numbers in the table have
been rounded to two decimal places. Given the results, decreasing the distance between
prostate and body surface increases the maximum, minimum and average values of
physical dose in tumor. Considering the uniformity of dose, smallest values of CV at
Ay=3 cause more uniformity in treatment region. Figure 3 illustrates the dose distribution at
z=-3.5 (Korean Typical MAN-2 voxel phantom) for different distances of tumors from the
body surface for two MIT fluxes (with and without lithium filter). Because dose values differ
in each situation, the isodose curves were normalized to their maximum amount. It is
observed from figure 3 that by decreasing the distance from the body surface, the physical
dose of prostate increases, while the contribution of healthy tissues in receiving the dose
decreases.

| Without filter |  With filter
Dose (Gy/particle)
3e-14

2.7e-14
2.4e-14
2.1e-14
1.8¢-14
1.5e-14
1.2e-14
9e-15
6e-15
3e-15

0
Figure 3. Dose distribution at r=-3.5 for neutron spectrum of MIT reactor without and with lithium filter at Ay-0
and Ay=3 (KTMAN-2 phantom).
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Table 5. Maximum, minimum, and average physical dose of tumor together with V and TNR at different
depth Locations of prostate for two MIT spectra.

Without filter With filter
phantom Tumor dose 0cm 3cm 0cm 3cm
Max(Gy/min) 0.11 0.32 0.05 0.13
Min(Gy/min) 0.003 0.11 0.01 0.05
AM(ICRP Re.) Ave(Gy/min) 0.07 0.22 0.03 0.09
CV(%) 26 23 24 20
TNR 0.33 1.08 0.44 1.28
Max(Gy/min) 0.16 0.36 0.08 0.20
Min(Gy/min) 0.04 0.13 0.01 0.06
KTMAN-2 Ave(Gy/min) 0.09 0.25 0.05 0.13
CV(%) 12 10 13 11
TNR 0.80 1.80 0.02 1.00
Max(Gy/min) 0.17 0.45 0.06 0.09
Min(Gy/min) 0.04 0.12 0.01 0.03
MIRD-ORNL Ave(Gy/min) 0.10 0.29 0.04 0.06
CV(%) 10 9 15 10
TNR 0.62 1.68 0.35 0.60

The effect of different thicknesses of lithium-6 filter on the dose distribution was
examined in three phantoms for a known concentration and distance between the prostate and body
surface. The results are shown in Figure 4. According to this figure, the higher thicknesses of
the lithium-6 filter, decrease undesirable dose in healthy tissues resulted from the low-
energy neutron. However, maximum thickness of lithium-6 filter cannot be used for deep
tumors, because, although it reduces the damages to healthy tissues located around the
tumor, it also decreases the dose received by the tumor.

AM Phantom .

Korean typical | MIRD-ORNL ‘
MAN-2 phantom phantom

r —
| Lithium-6 filter |
| Thickness=6mm |

[ Lithium-6 filter
Thickness=8mm |

N

Lithium-6 filter
Thickness=10mm |

Figure 4. Dose distributions for three phantoms with different thicknesses of lithium-6 filter (6, 8 and 10 nm)
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IVV.  Conclusion

Considering the obtained results, in all the healthy tissues, the physical dose due to MIT
neutron spectrum with lithium-6 filter is smaller than that of MIT spectrum without the
lithium-6 filter. By decreasing the total neutron flux using the lithium-6 filter the physical
doses of healthy tissues decreased. Doses received by healthy tissues, which are near the
prostate, are more than farther healthy tissues, but since the physical dose due to neutron flux
without lithium filter is less than that with lithium filter, and their values are small, it is
negligible. Thus, when the prostate is close to the body surface, the dose distribution is
more uniform in the treatment area and physical dose absorbed in the tumor is much
more than nearby healthy tissues. This process has been observed for both spectra (with
and without the lithitun-6 filter), but results are more acceptable for the MIT neutron flux
with lithium filter. This is due to the fact a part of thermal neutron spectrum will be
removed and absorbed by lithium filter, and smaller amounts of dose are delivered to
tissues located in the beam path, so that damages to healthy tissues decreased.

Depth dose assessment for prostate cancer treatment using the epithermal neutron
beam of MIT reactor for MIRD-ORNL, ICRP (AM) and KTMAN-2 showed that in the
presence of Lithium filter and for equal distance between the prostate and body surface,
average mean physical dose does not very significantly. There are some important
factors, which should be considered in BNCT method to avoid creating, undesirable
dose in normal tissues; such as 1) selecting appropriate ratio of boron-10 concentration
in the prostate gland and nearby healthy tissues, 2) determining the optimum distance
between the prostate tumor and neutron source. We evaluate this distance in the range of
2 to 5 cm to have a good performance. Moreover, there is a need to choose the proper
lithium filter with sufficient thickness to avoid undesirable dose in tumor and healthy
tissues.
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