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INTRODUCTION | OSTi

Studies were performed to assess theoretical tumor control probability (TCP) for brain-tumor
treatment with boron neutron capture therapy (BNCT) using epithermal neutron sources from
reactors. The existing epithermal-neutron beams at the Brookhaven Medical Research Reactor
Facility (BMRR), the Petten High Flux Reactor Facility (HFR) and the Finnish Research Reactor
1 (FIR1) have been analyzed and characterized using common analytical and measurement
methods allowing for this inter-comparison.

Each of these three facilities is unique and each offers an advantage in some aspect of BNCT, but
none of these existing facilities excel in all neutron-beam attributes as related to BNCT. A
comparison is therefore also shown for a near-optimum reactor beam which does not currently
exist but which would be feasible with existing technology. This hypothetical beam is designated
BNCT 1 and has a spectrum similar to the FIR-1, the mono-directionality of the HFR and the
intensity of the BMRR. A beam very similar to the BNCT _1 could perhaps be achieved with
modification of the BMRR, HFR, or FIR, and could certainly be realized in a new facility with
today’s technology.

DESCRIPTION of MODEL and METHODS

The BMRR and FIR1 reactors and beam structures were modeled using the DORT™ discrete-
ordinates code and the HFR was modeled using the MCNP® Monte Carlo code. MRI images of
a male volunteer were used to construct a B-spline head model using the BNCT_Rtpe® treatment
planning software. The rtt_MC Monte Carlo module of the BNCT _Rtpe system was used for
dose distributions within the head where a simulated treatment volume was constructed. For
calculation of TCP, the Porter model was employed using empirical data from Laramore®™. This
theoretical model is not intended to represent any individual patient, or brain-tumor patients in
general. It simply is a method of comparing various beam/drug combinations in a manner that
provides meaningful relative results. The TCP was calculated as an integral over the treatment

volume of the Porter function;

TCP=e -'N *FS
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where FS = fractional survival of clonogens
N, = number of clonogens prior to irradiation
and
£S = e—D /D,
where: D = absorbed biological-weighted dose to the tumor cells

D= inverse radiosensitivity of the tumor system

Laramore’s TCP relationship is quite well matched for a “typical” brain tumor with selection of
the model parameters Dy and Np = 3.2 x 10° cm™.

The drugs compared were boronated phenyalaline-fructose (BPA-F) and a hypothetical drug with
assumed characteristics offering advantage compared to BPA-F.

The biological dose is defined as the weighted sum of the four principal components of the total
dose. The gamma dose weighting is unity, the proton-dose (both from **N capture events and
from hydrogen recoil) is multiplied by a relative biological effectiveness (RBE) of 3.2 except for
the HFR where a value of 3.9 is used. The '®B component is weighted by a drug-and-tissue-
specific compound factor (CF). The CF used for BPA-F was 1.3 and 3.8 for healthy brain and
tumor respectively. The correspondence CF for the hypothetical drug were 0.33 and 3.0. For
BPA-F, the '°B concentration was 14.9 parts per million (ppm) in blood and 50 ppm in tumor.
For the hypothetical drug, B concentration was assumed to be 15 ppm in blood and 67 ppm in
tumor. The biological half life of '°B in tumor was set at 6 hours for BPA-F. The 10B
concentration was assumed constant for the fictitious drug.

SELECTED RESULTS

The BMRR facility has the greater source intensity which is an advantage in that the effect of
biological decay of '°B in tumor tissue is less. The HFR epithermal-neutron beam is remarkable in
that the neutron current-to-flux ratio is near unity; a very forward-directed beam. This mono-
directionality is a favorable attribute of the neutron beam because it results in better penetration
and is quite efficient for generation of thermal-neutron flux at depth. The FIR1 beam has an
advantage because the contaminating gamma and fast-neutron dose components are very low and
this allows for more thermal fluence to tumor cells before healthy-tissue tolerance is reached. The
hypothetical beam was assumed to have the favorable spectrum of the FIR1 beam, the mono-
directionality of the HFR beam and an intensity at least as great as the BMRR beam.

There were two tumor models. A shallow tumor was simulated by constructing a treatment
volume with maximum depth from skin of 6 cm. A second, deeper tumor was simulated assuming
an 8-cm depth. Results for TCP can only be interpreted in a relative sense since, in practice, it is
not possible to obtain the data required for a calculation of TCP for an individual patient. Figures
1a and 1b show a comparison of model results for TCP for the three reactor beams and for the
hypothetical reactor beam with BPA-F for the two tumor models. These results are for single-
field irradiations to show the comparison between beams. In practice, for deeper tumors, two




fields are applied for better target coverage. The comparison using the hypothetical improved
drug is shown in Figure 1¢c. In Figure Ic, the calculated results are shown for the BMRR and
BNCT_1 both for BPA-F and for the hypothetical drug.

The comparison shows that as expected, theoretical tumor response is quite sensitive to beam

attribute, and, even though better neutron sources are coming on line, a large gain is yet to be

realized by further improvements in beam quality. There is a significant effort to develop new

drugs with better distribution and concentration characteristics and that will also result in large
gains, but it is very important to realize that any improvement in drug is significantly enhanced
when the highest possible quality neutron beam is also utilized.
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Figure 1. Calculated theoretical TCP using
the Porter model with Laramore parameters:
(a) values for three existing facilities and the
hypathetical BNCT_1 facility for 6-cm tumor
depth; (b) values for three existing facilities
and for BNCT_t1 for 8-cm tumor depth;
(c) values for BMRR and BNCT_1 for a drug
now in use (BPA-F) and for a hypothetical
new drug for 8-cm-deep tumor.




