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ABSTRACT

Boron neutron capture therapy — BNCT is a binamcea treatment used in brain tumors. The tumooasléd
with a boron compound and subsequently irradiatethérmal neutrons. The therapy is based ort®én, o)

"Li nuclear reaction, which emits two types of highergy particlesq particle and théLi nuclei. The total
kinetic energy released in this nuclear reactionemvdeposited in the tumor region, destroys theeracells.
Since the success of the BNCT is linked to theedififit selectivity between the tumor and healthsugs it is
necessary to carry out a sensitivity analysis terdeinate the boron concentration. Computatiormalations
are very important in this context because thep Irethe treatment planning by calculating the Isinaffective
absorbed dose rate to reduce the damage to he@dtye. The objective of this paper is to present a
deterministic method based on generalized pertiabaheory (GPT) to perform sensitivity analysisttwi
respect to thé’B concentration and to estimate the absorbed daeeby patients undergoing this therapy. The
advantage of the method is a significant redudtiocomputational time required to perform thesewkitions.

To simulate the neutron flux in all brain regiotise method relies on a two-dimensional neutronspart
equation whose spatial, angular and energy vasabie discretized by the diamond difference mettioel,
discrete ordinate method and multigroup formulgtieespectively. The results obtained through GPg ar
consistent with those obtained using other methdelsionstrating the efficacy of the proposed method.



1. INTRODUCTION

Boron neutron capture therapy (BNCT) is a binamycea therapy that is used especially for
treatment of brain tumors. The tumor tissue is émhdith a'°B-enriched compound, BPA-f
(boronophenylalanine-fructose), and subsequentbdiated by neutrons with epithermal
energies between 1 eV and 10 keV [10], which patetthe tissue and are thermalized
(0.0253 eV), producing little effect on healthystie [15].

The therapy is based on tH8 (n, a) ‘Li nuclear reaction, which emits two types of peles
with high energy, alpha particles and theé nuclei. The total kinetic energy (2.79 MeV)
released in this nuclear reaction, when depositethe tumor region, destroys the cancer
cells.

To plan BNCT treatment, in addition to considerihg proper dose of thE€B (n, o) ‘Li
nuclear reaction, it is necessary determinate tse dieposited by neutrons scattered in the
healthy tissue surrounding the tumor. For this aeast is important to have different
selectivity between the tumor and healthy tissue.tHis context, sensitivity analysis
considering different boron concentration valuesssential to reduce the damage to healthy
tissue [7].

The objective of sensitivity analysis is to evatuttte effect of varying the parameters of a
model or phenomenon on the final result of the &mn. In BNCT, the computational
simulation is very important; because it helps plag the treatment by analyzing the
absorbed dose rate and its possible effects othlyeizdsues, so as not to expose patients to
unnecessary doses.

The objective of this paper is to present a detestic method based on generalized
perturbation theory (GPT) to perform sensitivityabysis of the'®B concentration. This
sensitivity analysis is important to determinela# filbsorbed dose rate of patients undergoing
BNCT. For this purpose, the method relies on th&noa transport equation to simulate the
neutron flux in all brain regions. The spatial, alag and energy variables are discretized by
the finite difference method (diamond difference)DEhe discrete ordinate method and
multigroup formulation, respectively. Two-dimensabrCartesian geometry is applied. The
generalized perturbation theory method’s advantagempared to methods traditionally
used, is that the former calculates the optimiZ®&i concentration and consequently the
absorbed dose rate with a significant reductioedmputational time. The results obtained
with GPT are consistent with those obtained usiihg traditional methods [13],
demonstrating the efficacy of the proposed method.

2. METHODOLOGY

2.1 Generalized Perturbation Theory (GPT)

The generalized perturbation theory (GPT) is a is@armathematical method used for
sensitivity analysis of some physical phenomena ifitial applications of the theory were
concentrated in the reactor physics field. The GBfmally uses the concept of an
importance function and of conservation of particie relation to linear or linearized fields.

The importance function concept in GPT [3,4] cqomsls to the contribution of a given

particle, inserted at a given time t and a give'mtptf)of the phase space, to the response
function.

The importance function equation is obtained diyeethereas that the contribution response
of a particle, introduced into a system of the phgsace at a given initial time t, is conserved
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until a final time ¢ (importance conservation principle). In this papee consider the
stationary problem based on [3], so that the respdmnction T, which represents the neutron
absorption rate by th€B, is defined for two-dimensional geometry as:

-]

RA4T

Ts* (x,y,E,Q) ¢ (x,y, E,Q)dEAQ dA (1)

where A is a determined region of the braipx,y, E, fl) is the neutron angular flux at the
point (x,y) in Az, which is the solution of the linear transport &tipn, defined as,

Lo (rEQ) =S, (LEQ) )

where Sext(F, E,fz) is the external source and L the linear neutron trahsgmarator, such
that,

L=Q()+X,(r,E)(*) - j Tzs(?, E - EQ - Q) dEdQ (3)

4mo

The parameterg., (?, E) and ZS(?, E-EQ- f)) are the total macroscopic cross section
and the differential scattering macroscopic cross @eabf neutrons at point (X,y) with
energy E and traveling in directio® that will be scattered in an energy interddd about

E' at a solid anglaQ' aboutf)'[ll].

The source terns’ (x,Y, E,f)) , in the region A, is represented by:

2.(xY,E) para (x,y)OAg

0 (4)
para (x,y) AR

S'(x,y,E Q) :{
The valuey" (x,y,E) is the absorption macroscopic cross sectiofi®at a point (x,y) of A,
such that,

X (%Y.E) =Nyl (x.y, E) (5)

The values of N and o.(x,y,E) are, respectively, the atomic number density drel t
absorption microscopic cross sectior % at point (x,y) of A.
If a neutron with energy E, traveling in direct@n at time t, is introduced into a system in

position?, an increase in angular neutron flux results innaneasedT of the absorption rate
T considered. This variation can be produced dyrdfor this neutron or, in multiplicative
systems, by its descendents (importance consemvatiociple). Therefore, the increasg is

defined as the neutron importance. This importararebe denoted W(?, E, f)), which is a
function that depends on the space, angle andgrang is a solution of the equation:

L'y (r,E,Q)=S'(,E,Q), (6)
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where L is the adjoint neutron transport operator, defibgd

L' == Q) +Z,(LE)) - [[Zs(nE » E,Q ~ Q)( }E'dQ". @)
4mo
By considering the linear system and the importacmecept it is possible to obtain the
relationship known as the “source reciprocity fietathip” [4]:

T:”Tsf(‘r, E,Q)o(r, E,ﬁ)dEdfzdv=HTqJ*(F, EQ)(r,E Q)JEIQdV ,  (8)

no V 410
where
S E Q) =S,,( EQ)+S:(r, E,Q), 9)
With
S.(r,EQ) = jjzs(?, E-EQ- Q)6 EQ)dEdD' . (10)

410

The main interest when performing sensitivity aseyof physical phenomenon is to evaluate
the variationdT of T due to perturbatiodp, of the parameter sqt (i =12,...,1) that are
relevant to the phenomenon. The variatddn can be defined as:

£ 0T 1w 0°T 1 9°T
BT = [(3 50 0P 5 X505 PP T 52
[

—6p|6p6p +...} (11)
i 2! 45 op,0p; 3! 7% 9P, 0p;0py ah

The first-order sensitivity coefficient consideliadhis paper can be defined by:

te

p, fOT
=L | —dt. 12
B, T{api (12)

Each reaction of the neutrons and boron deposésggrdue to the: particle andLi atoms.
Thus, the sensitivity analysis of the neutron atson rate by°B serves to support treatment
planning for patients undergoing BNCT, becausedtides an estimate of the number#
(n,) ‘Li reactions per unit of time. This informationimportant to calculate the absorbed
dose rate due to the neutrons, which according2pi§ calculated by the equation:

D(X,y) =c@y (X, y) 0,4NA (X, y)E;, 3j1

where D(x,y) is the absorbed dose rate at poin) (v, the medium in Gy/hg, (X,y)is the
thermal scalar neutron flux at point (x,y) in nfcsp NA(x,y) is the number of the specified
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nuclei/gr at point (x,y).0,,is the absorption microscopic cross section forrta neutrons

in cnf, Er is the energy released in the reaction in MeV @uisl the energy group, which is
considered to be thermal. The constant ¢ = 5.760% it the conversion coefficient,
converting MeV/gr into Gy/h.

2.2 Sensitivity Analysisin BNCT using GPT

The sensitivity analysis concerning the neutrorogtion rate by'°B in the brain (healthy
and tumor tissue) is performed using the genelpsturbation theory (GPT), considering
the boron concentration as the principal paraniier

The equation that represents the variation of Tyadgn (1), according to the boron
concentration, is calculated as follows:

T=IT{éS“yEQ%WyEQwsuyEQﬂwgfa”%ﬁwwx (14)

From equation (2), the following equation is define

L(""’ (Xa’lﬁ’BE’Q)J o POy ED) =0, )
Then,
L{"q’ (Xélx\/l,BE,Q)J =- a?\ll_B o (x,y,E,Q)=S(x,y,E Q) (16)
with
Tjog(E S B (xy,E,Q)dQuE-
SxYEQ) = ;::(E)q) *YEQ para(x,y) DA (17)

0 para(x,y) DA,

Based on the source reciprocity relationship of GPT

T s' (xyEQ)MdeEdA ”jw (x,,E Q) §(x,y,E,Q) dOdEdA (18)

Ag 0 4m B Ag 04m

where(’ (x,Y, E,fl) is the importance function defined in equation (6)
The first-order sensitivity coefficierfi; , based on equation (12), is calculated as follows:
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B, E% ﬁ {02 (E)0(x,y,E.0) + W (x,y,E. 0 )B(x,y, E, 8)}dO dEdA (19)
so that
5T =, 5|\'T'B T, (20)

B

Since the GPT method uses the importance funcboept and conservation principles and
also the source reciprocity relationship, to perfdhe sensitivity analysis, equations (2) and

(6), which define the valueg(x,y, E, f)) and Y’ (x,y, E,f)), are solved only once. These

values are then used to determine the values afdlg, considering a reference boron

concentration value. For any other boron concepntratalue, d T is always calculated by
equation (20), which is very simple.
Calculation o Thy the direct method uses the following equation:

ST=T.-T, (21)

where T is the neutron absorption rate for an initial boeoncentration (reference value)

and Tris the neutron absorption rate for another borarceotration value considered. Thus,
to perform sensitivity analysis by the direct methbis necessary solve equation (2) every
time the boron concentration value is changed, ntpkine computational simulation very

time consuming.

The use of GPT to perform sensitivity analysis INGBI is very advantageous, because it
reduces the computational time to calculate th@amse variations of interest when the
parameters are altered.

3. RESULTS

In this paper, the sensitivity analysis calculagicayre based on generalized perturbation
theory and consider the boron concentration apdn@meter of interest.

The geometric shape of the spatial distributiothefrmal neutron irradiation of brain tumors
allows up to 6 cm without surgical procedures [6Rjr this reason, here we simulate a case
with a tumor of dimension (6x6) dinconsidering the brain as being a square with diios
(18x18) cmi, energies (1 eV to 10 keV); mesh (4x4). The diathdifference method is used
to solve the equation (2) which considers thedScrete ordinate formulation,z Pnethod
(anisotropic scattering) and vacuum boundary camst For numerical solution of the fixed
source problem is used the “source iteration” meéftid], with 10* as convergence criterion.
The boron concentration reference values are 10ipphe healthy tissue and 30 ppm in the
tumor. To perform the sensitivity analysis, we édased 40 ppm, 100 ppm and 125 ppm in
the tumor.

Figure 1 shows the geometrical configuration. Besithe tumor (R5 region), regions R2, R4,
R6 and R8 are also considered, which are heakbydiadjacent to the tumor.
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Figure 1. Configuration of brain considering a tumor measy(6x6) cni

The computational code used to solve the neutransport equation by the diamond

difference (DD) numerical method [11]

was develog®d [1]. The nuclear data of the

elements of human tissue and tumor were obtaired the ENDF/B-VI.8 database [14,2].
The atomic densities (1g/cm3) of these elementstawe/n in Table 1 and Table 2 [12].

Table 1. Atomic density of the human tissue elements

Elements W% | Atomic Density x 16"
H 10.7 0.064
@) 71.4 0.0269
C 12.1 0.00602
N 4.5 0.00118

Table 2. Atomic density of the boron

B Concentration] Atomic Density x 16
10ppm 5.57E-07
30ppm 1.67E-06
40ppm 2.22E-06
100ppm 5 57E-06
125ppm 6.96E-06

The neutron absorption rate for the refer
calculated and the results of this simulati
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Table 3. The T and @ values for the R Ry, Rs, Rg regions and tumor

Regions| Neutron Absorption RateAbsorbed Dose RategD
T (Gy/h)
Tumor 1.93E-03 9.75E-13
R, 7.63E-03 1.26E-11
Ra 3.72E-04 2.09E-13
Re 2.95E-04 12.2E-14
Rs 2.41E-08 6.21E-15

The results obtained show that the value of therdlesl dose rate is higher in the R2 region
(which represents healthy tissue, 10 p¥B) than in the tumor region. The consequence of
this fact is more neutrons absorbed in healthyuéissvhich results in severe damage and
destruction of healthy cells.

Sensitivity analysis is performed to increase tledectivity (tumor/tissue). In the first
calculation, we determined the sensitivity coeéfiti3;, which was 1.0034. After that, we
calculated the variation8T considering the following boron concentration gases in the
tumor region: 30ppm-40ppm, 30ppm-100ppm and 30pRBEpAM, as shown in Table 4.

Table 4. Result of sensitivity analysis in tumor regiortasbed by GPT

Variation of 30ppm| Variation of T Neutron Absorption
to: Rate
T
40 ppm 1.00E-03 2.90E-03
100 ppm 4.50E-03 6.40E-03
125 ppm 6.10E-03 8.00E-03

The results presented in Table 4 show that to mehRigher tumor selectivity, th&B
concentration must be greater than 125ppm in @gsn, because to any value less than this
the neutrons absorption rate T will be higher ialtiey tissue. However, the selectivity with
difference 1:12.5 (10ppm in tissue and 125ppm may is not yet achieved with the boron
compounds used. However, some studies in humarshoaen by [9], use a combination of
different compound, such as borocaptate sodium jB®i BPA-fructose, to increase 1B
concentration in the tumor. This would be a vigm®ition in cases like the one presented.
Another important consideration is related to thedent neutron energy. In the simulations
performed by [13], for neutrons originating fronmsaurce with energies between (1eV and
3keV), the absorbed dose rate in the tumor regwith 4 cm in diameter (spherical
geometry), was high only in the first two centimietef the tumor.

To verify the behavior observed by [13], we ranimuwation considering the first two
centimeters of the tumor, tH&8 concentrations in the tissue (10ppm) and tumopgan)
and energies between 1eV and 10keV.

Table5. T values for different tumor dimensions

Tumor Dimensiorl Neutron Absorption Rate T

2cm X 6em

1.25E-02

6cm x 6em

1.93E-03
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According to the result, shows in Table 5, simidahavior occurs. Therefore, in this case, the
energy range between 1 eV and 10 keV is not safftcfor successful therapy. As most
neutrons are absorbed in the first two centimetéthie tumor some cancer cells cannot be
destroyed. The greater the distance between thieonesource and tumor, the greater must
be the incident neutron energy so that the newthsorption by°B is sufficient to destroy all
the cancer cells.

In their simulations [13], concluded that with egies between 10 keV and 100 keV, the
boron dose is more evenly distributed in the tumehich provides greater selectivity
between the tumor and surrounding tissue. Simatins energy range in the example
proposed in this paper, we obtained the resultsemted in Table 6.

Table 6. Neutron absorption rate in the tumor anddgjions for
10 keV to 100 keV

Regions| Neutron Absorption Rate TAbsorbed Dose Rate
(Gy/h)
Tumor 1.89E-02 2.51E-09
R, 8.42E-03 11.20E-11

Again the behavior is the same for the neutron gibem rate as in the simulations of [13],
which show that the generalized perturbation theoeyhod is effective to perform sensitivity
analysis in BNCT.

4. CONCLUSION

Since the radiation field in BNCT consists sepdyaté the dose of multiple components
(different physical properties and biological effgcthe value of the dose due to the radiation
component varies not only with the boron conceiarnain the tumor region, but also with the
selectivity between tumor and tissue, the energgtspm of incident neutrons and the tumor
location in of the region of interest. For this sea, the sensitivity analysis of these
parameters is important to plan proper treatment.

The results of the studies performed in the adjacegion to the tumor are important to
minimize the effects on healthy tissue because #léyw estimating parameter values
relevant to therapy to increase the differentialofe deposition between tumor and tissue.
These results also show the compatibility of treults obtained by the method proposed in
this work with other previous studies employingestmethods.
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