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A Multi-dimensional Procedure for BNCT Filter Optimization 

R. A. Lillie 

Abstract 

An initial version of an optimization code utilizing two-dimensional radiation transport methods has been 
completed. This code is capable of predicting material compositions of a beam tube-filter geometry which can be 
used in a boron neutron capture therapy treatment facility to improve the ratio of the average radiation dose in a brain 
tumor to that in the healthy tissue surrounding the tumor. The optimization algorithm employed by the code is very 
straightforward. After an estimate of the gradient of the dose ratio with respect to the nuclide densities in the beam 
tube-filter geometry is obtained, changes in the nuclide densities are made based on 1) the magnitude and sign of the 
components of the dose ratio gradient, 2) the magnitude of the nuclide densities, 3) the upper and lower bound of 
each nuclide density, and 4) the linear constraint that the sum of the nuclide density fractions in each material zone be 
less than or equal to 1.0. A local optimal solution is assumed to be found when one of the following conditions is 
satisfied in every material zone: 1) the maximum positive component of the gradient corresponds to a nuclide at its 
maximum density and the sum of the density fractions equals 1.0 or 2) the positive and negative components of the 
gradient correspond to nuclides densities at their upper and lower bounds, respectively, and the remaining components 
of the gradient are sufficiently small. The optimization procedure has been applied to a beam tube-filter geometry 
coupled to a simple tumor - patient head model and an improvement of 50% in the dose ratio was obtained. 

1. INTRODUCTION 

Boron neutron capture therapy (BNCT) is a bimodal therapy first proposed over 50 years ago as a means of 
treating malignant brain tumors, in particular, glioblastoma multiforme (GBM). After the patient is first 
administered a tumor seeking drug containing ‘OB, the region containing the tumor is irradiated. However, early 
efforts to apply this type of treatment to humans met with failure because high radiation doses were delivered to both 
healthy brain tissue and surface tissue because suitable neutron beams and adequate boron delivery agents were not 
available. In recent years, neutron beams tailored to provide high epithermal neutron fluxes and low non-epithermal 
neutron and photon fluxes have come into being at a number of reactor facilities. In addition, boron tagged 
compounds providing tumor:blood boron ratios of 3:l  and tumor:brain boron ratios of up to 1O:l have been 
developed. With these developments, clinical medical application of BNCT for treatment of GBM is currently being 
performed in the U.S.’.’ The purpose of this work was to further enhance this type of radiation therapy through the 
development of a filter optimization procedure which takes into account both tumor size and its location in a 
patient’s head. 

successfully used to predict optimal BNCT neutron source and beam shaping as~emblies.4~’ However, two- and 
three-dimensional radiation transport methods are required to accurately take into account patient anatomy in terms of 
tumor size and location. To this end, an initial version of an optimization code capable of predicting material 
compositions of filters which can be used in a BNCT treatment facility to improve the ratio of the average radiation 
dose in a brain tumor to that in the healthy tissue surrounding the tumor, i.e., the dose ratio (DR), has been 
completed. The optimization procedure consists of determining two adjoint leakages from a patient’s head using the 
three-dimensional discrete ordinates radiation transport code TORI?. These Ieakages together with the radiation 
source are employed in a two-dimensional R-Z model of the beam tube-filter geometry (BTFG). The optimization 
code executes, through FORTRAN system calls, the two-dimensional discrete ordinates radiation transport code 
DORT’ and the flux data from DORT is then used to produce estimates of the gradient of the DR, i.e., the dose ratio 
gradient (DRG). With the gradient data, the material densities are then changed to improve the DR. 

A modified version of the SWAN3 code which utilizes one-dimensional radiation transport methods has been 

2. DETERMINATION OF DOSE RATIO GRADIENT 

The ratio of the average radiation dose in a brain tumor to that in the healthy brain tissue surrounding the 
tumor may be written: 



where Ebt and E,, are free-in-air tissue kerma response functions for the brain tumor and healthy brain tissue, 
respectively, and Qr is the neutron and photon flux at the appropriate location, Le., within the tumor or within the 
healthy brain tissue. &, and v,, represent the tumor and healthy brain tissue volumes, respectively. The brackets 

in Eq. 1 indicate integration over the appropriate phase space. 
To maximize the ratio defined by Eq. 1 directly, one would have to perform three-dimensional radiation 

transport calculations to obtain the fluxes throughout the brain tumor and healthy brain tissue at each step in an 
optimization procedure. This would be prohibitive in terms of computing times. Fortunately, if two three- 
dimensional adjoint calculations are performed using E,, / &, and E,r / v,, as source terms, it can be readily 

shown* that the ratio defined in Eq. 1 can be written: 

- 
In Eq. 2, the subscript s indicates integration over the BTFG exit surface, 32 - and Sz - Fait represent 

the adjoint leakage currents projected onto the BTFG exit surface. These leakages are derived from the calculated 
leakages - exiting a patient’s head when C,/V,, and &, NM are employed as source terms. The unit vectors 

surface due to the given radiation source. Equation 2 also defines Ci, and Ci,. 
To maximize R with respect to the nuclide (or compound) densities in a filter placed between the patient’s head 

and an existing radiation source or with respect to the nuclide (or compound) densities in a liner surrounding the 
beam tube containing the filter or with respect to both, one requires the partial derivatives of R with respect to these 
densities, i.e., the components of the gradient of R.  Thus taking the partial derivative of R with respect to nuclide 
density Ni and using the fact that the adjoint currents from the patient’s head are not a function of the nuclide 
densities in the BTFG, one obtains after some rearrangement: 

and 

represent the surface normal and the direction of the adjoint leakage or the direction of the particle flux Q, at the 

To evaluate the partial derivatives, a@ / &Vi, one would have to perform a very large number of two- 

dimensional radiation transport calculations for the BTFG. In these calculations, the change in flux would have to 
be found by varying each nuclide density separately. However, this problem can be easily overcome by performing 
two adjoint calculations for the BTFG using the adjoint leakages from the patient’s head as source terms. After 
obtaining the adjoint fluxes from these calculations and using the definition of an adjoint operator, one may write 
Eq. 3 as: 

In Eq. 4, v indicates integration over the BTFG phase space, H represents the multigroup form of the transport 
equation operator and @if and @if represent the adjoint fluxes obtained in the BTFG using ci, and ci, as source 



- 
terms, respectively. In multigroup form, the phase space integral in Eq. 4 is only an angular integral over a and a 
spatial integral over 7 as the integral over energy is simply a sum over the number of energy groups G. TO 
eliminate the angular integral, one expands the microscopic scattering cross section in L' order Legendre 
Polynomials and the generalized adjoint flux and forward flux in modified surface harmonics of the first kind. 
Substituting these expansions for the scattering cross section and for the generalized adjoint and forward fluxes in Eq. 
4, using the orthogonality properties of the modified surface harmonics, and integrating over the volume spanned by 
5 yields a vector q, of length G and L Gx G matrices SI, g, g,, j .  The vector q, j and the matrices SI, g, g' are 

constructed from adjoint and forward flux expansion coefficients. These coefficients are commonly referred to the 
adjoint and forward flux moments for the g 'h energy group. They are the quantities calculated and output by DORT 
and almost all other radiation transport codes. The final form of the partial derivative of R may now be written: 

I j  

where 

coefficient for the i " nuclide. Equation 5 holds true only if the i " nuclide is in the j '' material zone, otherwise the 
(i,jyh component of the gradient is zero. The general procedure to obtain the DRG thus consists of performing three 
two-dimensional radiation transport calculations to obtain forward and adjoint flux moments, consh-ucting the vectors 
q, j and matrices sI,g,g,, and folding these quantities with the appropriate cross sections. 

represents the total cross section and Os,l,g,-tg,i represents the group to group scattering cross-section 

3. OPTIMIZATION STRATEGY 

In optimizing any quantity with respect to physical parameters, e.g., nuclide (or compound) densities, there are 
a number of constraints which must be imposed on the parameter set. In the current optimization work, these 
constraints consist of upper and lower bounds on each of the nuclide (or compound) densities and the linear 
constraints that the sum of the nuclide density fractions within each material zone be less than or equal to one. 
These constraints are given by 

and 

' j  Ni, 
I 1.0 

i = l  =Nmar I , ,  

for all i and j 

for all j .  (7) 

The upper limit on the sum in Eq. 7, i.e., 4, represents the number of nuclides which are allowed to vary in the j rh 

material zone. This constraint ensures that the maximum amount of material in any spatial region does not exceed 
that amount which is physically possible. In most instances, the upper and lower bounds for each nuclide will be 
equal to their maximum theoretical density and zero, respectively. 

The actual optimization strategy employed to determine filter compositions is very straightforward. After an 
adequate estimate of the (DRG) is obtained from Eq. 5 ,  the change in each nuclide's density within a material zone is 
made based on the magnitude and sign of that nuclide's gradient component subject to the above constraints. If the 
partial derivative of the dose ratio with respect to a given nuclide is positive, that nuclide's density is increased, if the 
derivative is negative, its density is decreased, and if the derivative is zero, its density is not changed. The actual 
amount of change each nuclide density undergoes is the minimum of the maximum allowable density change for that 
nuclide and the density change which would put that nuclide's density at its upper or lower bound. If the dose ratio 
decreases with the new set of nuclide densities, the maximum allowable density change for each nuclide is reduced 
and the dose ratio is recalculated. If the dose ratio increases, a new DRG is computed and the above procedure is 
repeated. 



After all of the nuclide densities in a material zone have been changed and the linear constraint on the sum of 
the nuclide density fractions is satisfied, the remaining material zones are analyzed. However, if the linear constraint 
is not satisfied, the change in density of the nuclide corresponding to the smallest positive gradient component is 
reduced until the constraint is satisfied or the change in density becomes zero. If the change in density becomes zero 
and the constraint is not satisfied, the change in density of the nuclide corresponding to the next smallest positive 
gradient component is reduced. This process is sequentially continued until the constraint is satisfied. A local 
optimal or maximum DR is assumed to be found when one of the following conditions is satisfied for each material 
zone: 1) the maximum component of the DRG corresponds to a nuclide at its upper bound and the sum of the 
density fractions is 1.0, or 2) the positive and negative components of the DRG correspond to nuclide densities at 
their upper and lower bounds, respectively, and the remaining components of the DRG are sufficiently small. 

A flow diagram of the overall optimization procedure is given in Fig. 1. 
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Fig. 1 Flow diagram of optimization procedure 
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4. BEAM TUBE-FILTER OPTIMIZATION RESULTS 

Optimization calculations have been performed using a two-dimensional R-Z cylindrical model of a possible 
beam tube-filter geometry and adjoint source terms generated using a very simple rectangular three-dimensional head 
model. The three-dimensional head model was constructed using only 10 mm x 10 mm x 10 mm spatial cells. The 
head was assumed to have a height of 0.26 m, a width of 0.18 m, and a depth of 0.21 m and it was also assumed to 
be comprised of only brain tissue or bone. The compositions, i.e., elemental number densities, for brain tissue and 
bone were obtained from Ref. 9. Brain tissue at half density was placed in the outer layer of spatial cells to simulate 
flesh and bone at half density was placed in the inner adjacent layer of spatial cells to simulate the skull. Tumor 
tissue was assumed to occupy the central 12 mL of the brain, and this region of the brain was assumed to have a NaT3 
concentration of 30 ppm. The remainder of the brain was assumed to have a NatB concentration of 3 ppm. 

both the forward and adjoint two-dimensional radiation transport beam tube-filter calculations were obtained by 
The cross-section data employed in the adjoint three-dimensional radiation transport head calculations and in 



collapsing the cross-section data for a selected set of nuclides in the DABL69 cross-section library". The collapsed 
set contained 13 neutron energy groups with 5 energy groups in the epithermal range, Le., above thermal and below 
10.595 keV, and 7 photon energy groups. The healthy brain tissue and tumor dose response functions were obtained 
by collapsing the neutron and photon free-in-air tissue, '9, and *lB kerma response functions contained in the 
DABL69 library. 

The neutron adjoint kerma leakages obtained from TORT are presented in Fig. 2. The source employed to 
obtain the tumor kenna adjoint leakage was constructed by distributing the tumor kerma throughout the 12 mL 
volume occupied by the tumor. The source employed to obtain the brain tissue adjoint kerma leakage was 
constructed by distributing the healthy brain tissue kerma throughout a 120 mL volume of the brain located between 
the tumor and the beam tube-filter side of the head. Both kermas were divided by the volume they occupied, thus the 
currents corresponding to these leakages represent the flux-to-dose response functions for the volume averaged tumor 
and healthy brain tissue dose. 

The adjoint leakages in Fig. 2 were generated from boundary angular flux data output by TORT. They 
represent the total neutron leakages over a circular area having a diameter of 0.2 m. This area was chosen since it 
corresponded to the cross sectional area of the beam tube. The tumor kerma adjoint leakage is greater than the brain 
tissue kerma adjoint leakage between the energies indicated by the vertical lines in Fig. 2, i.e., between 0.1 and 
200-keV. Since the tumor kerma is greater than the brain tissue kerma in the thermal energy range because of the 
increased boron concentration, these curves clearly illustrate the changing energy importance of the neutrons as they 
enter and travel through the head. 
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Fig. 2 Tumor and brain tissue neutron kerma adjoint leakage 
(30 ppm NPtB in tumor - 3 ppm NntB in brain tissue) 

The adjoint source terms required to perform the two-dimensional BTFG calculations were constructed from the 
energy, spatial, and angular dependent currents corresponding to the tumor and brain tissue kerma leakages in Fig. 2. 
However, since the present version of the optimization code cannot treat angular source data and both a spatial 



translation and angular transformation are required to process the TORT output fluxes into DORT input fluxes, the 
actual adjoint sources employed in the optimization calculations were assumed to be isotropic. 

The two-dimensional BNCT filter was chosen to have a radius of 0.1 m and a length of 1 .O m. The initial 
filter material composition was based primarily on the results of earlier optimization calculations." Starting at the 
radiation source, the filter consisted of a 0.6 m thick region containing a homogeneous mixture of 25% A1-75% 
AlF,, a 0.2 m thick region containing AlF, at 75% density, a 0.1 m thick region containing a homogeneous mixture 
of 10% A1F3-35% Bi, and a 0.1 m thick region containing all Bi. All of these percents are atom or molecular 
percents. The beam tube surrounding the filter was chosen to be 0.05 m thick and its initial composition was 
chosen to be a 50-50 homogeneous mixture of Be and lithiated paraffin containing 7.5 weight percent (w/o) Li. In 
addition to these elements or compounds, the filter was allowed to contain S in the region between 0.6 and 0.8 m 
and D,O in the region between 0.8 and 1.0 m. The beam tube liner was also allowed to contain D,O and borated 
polyethylene containing 5.0 w/o B. 

The ratio of the fluxes at the exit of the beam tube filter after the optimization to those before the optimization 
is presented in Fig. 3. Although the ratio is greater than one at all neutron energies, the maximum ratio of 
approximately 100 is obtained between 0.1 and 4 keV which is in the energy range where the tumor kerma leakage is 
greater than the healthy brain tissue leakage. Thus the final filter composition does appear to "push' neutrons into 
the important energy range for this rather simple tumor-patient head model. 
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Fig. 3 Neutron flux ratio (after opt./before opt.) 
(TKL - tumor kerma leakage, BKL - brain tissue kerma leakage) 

The average dose in the tumor, the average dose in the healthy tissue surrounding the tumor, and the ratio of 
these two quantities as a function of the number of gradient evaluations are given in Fig. 4. The gradient 
evaluations are indicative of the number of times an increased or improved dose ratio was obtained after a change in 
the BTFG nuclide or molecular densities. 

The relative average doses in the tumor and in the brain tissue with the initial filter were 0.03 1 and 0.040, 
respectively. After the optimization, they were 0.35 and 0.30, respectively. These doses yield an initial DR of 0.78 



and a final DR of 1.17. Also, with the optimized filter, the tumor dose is more than a factor of 11 higher than the 
initial tumor dose. However, even though the filter optimization results in a DR increase or improvement of 
approximately 50% the final DR is not much above 1.0, i.e., the average dose in the tumor is not much greater 
than that in the healthy brain tissue. However, these low DR's can be explained. In general, well tailored BNCT 
beams, i.e., those possessing a faidy large epithermal to non-epithermal ratio, yield a peak dose at a depth of 20 to 
30 mm inside the head. Thus, the most successful treatment is when the total tumor volume is within 60 mm of 
the beam tube side of the head. The test case analyzed here represents a very severe application of BNCT in that the 
closest side of the tumor is 80 mm from the beam tube side of the head. If the tumor had been located closer to the 
side of the head, the DR's both before and after optimization would have been much larger. The important point to 
note is that even with the tumor well inside the head, the optimization did yield a filter composition capable of 
producing a DR greater than 1 .O. 
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Fig. 4 Relative average dose in tumor and healthy brain tissue and ratio as a 
function of the number of optimization gradient evaluation 

5. SUMMARY 

An optimization code capable of modifying BNCT filter material compositions to improve the ratio of the 
radiation dose in a tumor to that in the healthy brain tissue surrounding the tumor has been completed. The 
optimization procedure consists of first determining the gradient components of the dose ratio with respect to the 
nuclide or molecular densities within the filter by performing one forward and two adjoint two-dimensional radiation 
transport calculations. Based on the magnitude and sign of the gradient components, the atom or molecular densities 
of the materials comprising the filter are altered to obtain an improved or increased dose ratio. The optimization 
procedure was illustrated by performing a calculation utilizing adjoint source terms that were constructed from adjoint 
kerma leakages obtained from a three-dimensional head model. Starting with an initial filter composition based on 
earlier results," this optimization calculation produced an optimized filter composition which resulted in a 50 percent 



increase in the ratio of the average dose in the tumor to the average dose in the brain tissue located between the 
tumor and the beam tube side of the head. 
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