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ABSTRACT

A research project on Boron Neutron Capture Therapy (BNCT) of gliomas has been set up in Italy, with the
participation of Departments of Oncology and Mechanical and Nuclear Construction (DCMN) of the University
of Pisa, as well as the Neuroscience and Physics Departments of the Universities of Roma.

The specific objective of DCMN Research Unit is the study of the physical-engineering aspects related to
BNCT. The paper outlines the research lines in progress at DCMN:
• Monte Carlo calculations of neutron dose distribution for BNCT treatment planning;
• mesurements of neutron fluxes, spectra and doses by neutron detectors specifically set up;
• design of modifications to the nuclear reactors of ENEA Casaccia Center.

In particular, the paper emphasizes the most original contributions on dosimetric aspects, both from
informatic and experimental points of view.

1. INTRODUCTION

As well known, the Boron Neutron Capture Therapy (BNCT) is a radiotherapy modality of
particular interest for the treatment of highly radioresistant tumors, like malignant high grade
gliomas. The survival of patients affected by glioma is very poor: even after aggressive
surgery and radiotherapy, median survival is 6-12 months; less than 10% of patients survive
longer than 2 years.

BNCT is based on the interaction between boron 10 atoms, which should concentrate
mainly in the tumor tissues, and thermal neutrons. After the capture of a neutron, the boron
nucleus immediately disintegrates into an alfa particle and a recoiling lithium nucleus. The
range of these particles is less than 10 microns, corresponding to the dimension of a cell. They
release an energy of 100-150 keV/um (high LET). A single track crossing the nucleus of the
cell has a high probability of producing an unrepairable damage, leading to the cell death. The
selective concentration of boron 10 in the tumor cells before the exposure to the neutron flux
would result in the destruction of the tumor, without damage to the normal tissues.

The availability of boron compounds able to concentrate in the tumor cells will be the main
factor for the success of BNCT. A large number of substances, based on different principles,
have been tested in experimental animal models as possible boron vehicles. In human patients
two boron compounds have been used in recent years: the sulfydryl-borane (BSH) and the
Boro-Phenyl-Alanine (BPA). Data on pharmacokinetics, biodistribution and* toxicity
characteristics of both compounds are available in literature. In particular, BPA concentrates
selectively in the neoplastic tissues: the average boron concentration in normal brain tissue
ranges between 75% and 100% that in the blood, while in the tumor it reaches values 2-4
times higher. No sign of intolerance or toxicity has been observed in patients receiving an
infusion of BPA complex stabilized with fructose (BPA-F). Available pharmacokinetics
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studies have shown that boron concentration reaches its maximum value between one and two
hours after the infusion.

BNCT has been applied experimentally in Japan III; at present trials are in progress in
USA (at Brookhaven National Laboratory - BNL) 111 and at Petten (NL) EU Joint Research
Center (JRC) 131.

A feasibility study of BNCT in Italy was performed last year at Dipartimento di
Costruzioni Meccaniche e Nucleari (DCMN) of the University of Pisa, in collaboration with
the chairs of Radiotherapy of the University of Brescia and Pisa 141. It indicated the
advisability of:
a) addressing the research mainly to treatment of gliomas, the subject of the trials at BNL

and at Petten JRC;
b) acquiring suitable knowledge and experience on instruments and methods (neutron

source, pharmacology, dosimetry, and so on) to be used in order to realize BNCT in our
country;

c) implementing a series of specific and up-to-date calculation tools needed to reach
previous objectives.

As a follow up of this activity, a research project was set up in which the Oncology
Department of the University of Pisa, the Neuroscience Department of the University of Roma
"Tor Vergata", the Department of Physics of the University of Roma "La Sapienza", DCMN
and several scholars of other Departments and Institutions are involved.

2. DCMN RESEARCH PROGRAMME

The specific objective of DCMN Research Unit is the study of the technical-engineering
aspects related to the attainment of glioma BNCT in Italy. The practical implementation of
this treatment requires the preliminary solution of several problems.
•Physicalproblems. Neutrons need to reach the tumor volume with a sufficient flux intensity.
Thermal neutrons (energy lower than 0.5 eV) have a very low penetration in human tissues.
Their use is therefore limited to the treatment of superficial tumors or when surgical
procedures permit exposure of the tumor to thermal neutron flux possible. To reach more deep
seated tumors, epithermal neutrons (energy level up to 10 keV) have been recently applied.
These particles are able to enter several centimers into the brain, before they are slowed down
to thermal energies.
•Technological problems. The neutron beam required for BNCT depends on the shape and
depth of the tumor. A flux of 10E+9 n/cm2s of energy less than 10 keV is achievable with
reactors of a few MW power, using proper filters and collimators. Public acceptance problems
can be met when locating a nuclear reactor in urban areas. A possible alternative is
represented by the use of proton accelerators with current as high as 10 mA, and a lithium or
beryllium target; however this solution has to be industrially proven.
•Dosimetric problems. Radiation dose in BNCT results from multiple components. The most
important contribution is given by the high-LET heavy particles produced by the reaction
10B(n,a)7Li. Further components are due to the interaction of the neutrons with the nuclei of
elements in normal tissues (mainly, hydrogen 1 and nitrogen 14), with emission of gamma
rays and protons; additional components are given by photons and fast neutrons coming from
the same neutron source. The dosimetric approach is very complex; it requires 3D
calculations, which must be experimentally validated.
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Obviously the research necessary to deal with abovementioned problems will be addressed
by DCMN in collaboration with the other Units participating to the project. Besides , DCMN
manages directly the activities of various researchers of other Institutions and Universities
(namely at the Politechnics of Torino and Milano, and at Genova and Rome-La Sapienza
Universities) and has strong connections with the BNCT Research Unit at ENEA Casaccia
Center and the CNR Clinical Physiology Institute (IFC) in Pisa.

The program of the DCMN Research Unity can be subdivided into three parallel lines of
activity:
part I: realization of an experimental apparatus which utilizes the TAPIRO reactor of ENEA

Casaccia Center, in collaboration with the Research Units of ENEA and with Roma-
La Sapienza University.

part II: setting-up the theoretical and experimental tools, necessary to BNCT realization in
Italy, in collaboration with IFC of CNR-Pisa and other International Research Centers
(Petten-UE, BNL-USA, etc.). In this context DCMN will collaborate for the physical-
engineering aspects, to the definition of the therapeutic treatment plan of gliomas.

part III: comparative technical-economic analysis of the irradiation plant projects necessary to
the realization of BNCT in our country, like:
• modifications to the nuclear reactors installed at ENEA "Casaccia" Center

(TAPIRO fast reactor and TRIGA thermal reactor), in order to make them suitable
for glioma BNCT;

• cold neutron guide to allow BNCT application of the ENEA TRIGA reactor, in
the present configuration;

» a new neutron flux amplification plant, constituted by a commercially available,
heavy particle accelerator, modified for BNCT, and a subcritical nuclear array;

» a new TRIGA, commercial, high power (i.e. 5 MWt), nuclear reactor to be
installed in a site already approved for such use;

• a new neutron source of intensity suitable for BNCT, derived from a heavy
particle accelerator (with energy around 10 MeV and current of at least 10 mA), in
development at several Institutions in USA and in Europe (i.e. INFN Laboratory
of Legnaro - PD).

At present research lines in progress at DCMN are related to:
• setting up of the software for BNCT treatment planning;
• measurements of neutron fluxes, spectra and doses by sets of neutron detectors

specifically set up;
• design of modifications to the nuclear reactors of ENEA Casaccia Center.

They will be briefly outlined in next paragraphs.

3. THE "CARONTE" TREATMENT PLANNING SYSTEM

During the Seventh Symposium on Neutron Capture Therapy for Cancer, held in Zurich on
September 4-7, 1996, scientists of the BNCT Kyoto Center proposed the use of Positron
Emission Tomography (PET) as a technique to acquire reliable information on boron
distribution into the healthy and tumor regions of the patient brain I SI. To this aim, they used
BPA, labelled with 18F (positron emitter). The central transaxial slice of a glioblastoma
multiforme scanned by PET (kindly sent by Kyoto scientists to DCMN) is reported in Figure
1. In this image the red zone indicates the highest amount of boron. The availability of this
technique is at the basis of a new procedure for treatment planning, different from that
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one for the tumor zone; the assumption of uniform boron concentrations in the two zones
brings to dose distributions, with typical radially decreasing isodose curves. An example is
given in Figure 2 161, where a transaxial slice of a Labrador dog with superimposed the boron
isodose curves is represented.

Fig. 1. Centra! PET slice for the Kyoto
alioblastoma multiforme case

Fig. 2. Boron isodose curves for uniform
boron distribution assigned to a
Labrador dog head model

Al DCMN, a new software system, named CARONTE 111, has been implemented, which
recognizes the boron concentration and distribution information contained in PET slices and
converts them in a MCNP-4A input format. This information is inserted into a brain model,
constituted by two non-concentric ellipsoids (taking into account the variable skull thickness).

After MCNP-4A calculations, CARONTE processes the output file and gives the option of
seeing the results in a bidimensional format (isodose and isofluence surfaces on PET slice
plans) or in monodimensional format (along an axis parallel to the transaxial PET slices).

Different simulations have been performed varying several parameters, like the SSD
(Source-td 'Skin Distance),"the boron concentrations and the neutron spectrum. Only one
example is reported here in Figure 3; it is related to a configuration with SSD equal to 30 cm
and an epitherrhal neutron flux (like that of Petten HB11 BNCT channel) coming from the left
of figure !. The CARONTE output image represents the central PET slice of the brain model
and related boron isodose surfaces (the arrows indicate direction of the neutron flux). At the
right end the color scale and related boron dose values are reported.

A complete presentation of these results is given in /8/ and 191.
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Fig. 3. RBE-boron isodose surfaces in the central PET transaxial slice of the Kyoto
glioblastoma multiforme case.
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4. EXPERIMENTAL ACTIVITIES

As already mentioned, the assessment of all significant radiation dose components
delivered to the irradiated volume during BNCT treatment constitutes a complex three
dimensional problem. In fact, the different dose components have different spatial distribution
and Relative Biological Effectiveness (RBE). In particular, it is important that BNCT neutron
beam be designed to. minimize the fraction of primary neutrons with energies above the
desired epithermal range; it must also be ensured that an accurate estimate be provided of the
spatial deposition of this dose component.

In order to assess fast neutron doses and spectra, methods based on the "Superheated Drop
Detector" (SDD) /I0/ were and will be utilized in our investigations. SDD consist of an
uniform emulsion of microscopic, over-expanded halocarbon droplets dispersed in a tissue
equivalent gel. The superheated drops are like microscopic bubble chambers: upon neutron
irradiation they turn into bubbles, which can be recorded optically or acoustically / l l / .
Charged recoils generated through fast neutron collisions inside or next to the droplets induce
the bubble formation. The higher the degree of superheat of the liquid, the lower the minimum
energy secondary charged panicles'—-and therefore primary neutrons—must impart to the
drops in order to nucleate their evaporation. For this reason, these detectors present
temperature dependent threshold responses, and a fairly flat response for higher energies.

A spectrometer was developed based on this principle: it relies on two different
superheated emulsions, halocarbons C-318 and 114, whose detection thresholds are selected
by controlling the operating temperature (Figure 4). With their sharp detection thresholds, the
two emulsions scan the 0.01-! MeV and the 1-10 MeV ranges, respectively. The response
matrix of the system is virtually orthogonal, which allows the use of effective few channel
unfolding procedures /121. The system was employed in the determination of the fast neutron
part of the spectrum of an accelerator-based source developed at INFN Legnaro Laboratory
(Figure 5). Results were analyzed by means of two unfolding codes, MSITER (using a
MCNP-calculated spectrum as pre-information) and UNFANA (a maximum-entropy code
requiring no pre-information); they are illustrated in Figure 5.'With MSITER, input and
output spectra virtually coincided. The value of the y} per degree of freedom resulted less than
1, indicating complete consistency between MCNP-calculated and measured data. UNFANA
generated a'smoother spectral distribution, which better reflects the intrinsic resolution of the
spectrometer. Spectra unfolded with the two methods differed from each other by less than the
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Fig. 4. Fluerice response of halocarbons
C-318 and 114 as a function of
neutron energy and of operating
temperature in the 25-40 °C range.

Fig. 5. Fast neutron spectrum of the INFN
accelerator source, measured with
SDD and compared to MCNP
simulation.
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associated uncertainties, which confirmed the overall structure of the energy distribution.
Fluence integrals over broader energy intervals were also calculated from both codes and were
affected by much smaller uncertainties, thanks to negative correlations between adjacent
groups/13/.

If the detector droplets are sufficiently superheated and contain chlorine, they may be
nucleated by the products of the -^QCn.p^S reaction—mainly the !7 keV sulfur ions.
Through this mechanism, halocarbon 12 emulsions are sensitive to thermal and intermediate-
neutrons. Figure 6 reports some experimental and numerical (Monte Carlo) data on the SDD
detection efficiency, along with the kerma-equivalent factor curve (i.e. the ideal response for a
detector intended to measure RBE-weighted absorbed doses in phantom). The excellent
agreement on an energy range of over nine orders of magnitude, combined with the tissue
equivalent composition of the detector; make the system extremely suitable for the
determination of dose distributions in tissue /14/. This was employed in the determination of
the whole body exposure of patients undergoing BNCT treatment at Brookhaven National
Laboratory /15/.

Figure 7 reports neutron dose equivalent estimates based on values of thermal and
epithermal fluence and of the fasi neutron dose generated by Rtpe, the INEL radiation
transport computer code. These refer to a patient head irradiated parallel to the beam axis. In-
phantom measurements were carried out for the same irradiation geometry inside a slab water
phantom in contact with a Rando-Alderson anthropomorphic head phantom. Next to the head,
measured data follow the same trend as the calculations. At higher distances, measurements
reflect the additional contribution of neutrons transmitted through the reactor wall.
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Fig. 6. Fluence response of halocarbon 12 SDD
versus kerma equivalent factor.
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Fig. 7. Neutron dose equivalent
calculated and measured at
depth in tissue at BNL.

5. DESIGN OF THE IRRADIATION CHANNEL

The cited feasibility study IAI outlined the advisability of an epithermal neutron flux of the
order of 10E+9 n/cm2s at the exit of the irradiation channel; in this way the treatment time
should be less than one hour.

The related R&D activities include the construction of an experimental irradiation channel,
by which experiments on phantoms and laboratory animals will be carried out. This can be
realized in a few months by modifying the fast reactor TAPIRO, in operation at ENEA
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Casaccia Center, on the basis of the design already available, thanks to BNCT Research Units
of ENEA and the University of Bologna /16A The foreseen channel configuration is shown in
Fig. 8. The epithermal flux at the exit of this channel (Figure 9) should be more than 5.10E+8
n/cm2s, a very important result if one takes into account that TAPIRO reactor has a power of
on!y5kW.

S l O '
i

Fig. 8. Horizontal section of TAPIRO
reactor irradiation channel.

Fig. 9. Neutron spectra obtained in two
MNCP calculation runs. /15/

At the same time, DCMN is undertaking the design of the modifications needed to the
TRIGA reactor of the same Center, so as to make it adequate for BNCT. This work takes into
account the notable research carried out in the last 10 years by the BNCT Research UNIT of
ENEA Casaccia, managed by A. Verri /17/, /18/. The design of the irradiation channel for the
TRIGA reactor is in progress. According to the calculation results obtained by MCNP 4B
code, using a combination of 28 cm of aluminum, and 24 cm of aluminum fluoride, with a
channel collimator of lead or bismuth, the epithermal flux at. the channel exit is larger than
5xlOE+9 n/cm2s /19/. This would allow very efficient arid short BNCT treatments,
particularly if the attempt to design the reactor operation in pulse mode will be successful.

6. CONCLUSIONS

The research activity already carried out at DCMN has achieved important results, even
though external financial supports has been lacking. This is demonstrated by the setting-up of
an original calculation tool (CARONTE System), prepared in order to connect the real PET
boron distribution data to MCNP-4A code; in this way the calculation of neutron dose into the
brain is performed on the basis of information about the real boron distribution in healthy and
tumor tissues, instead than on uniform distributions assumed in input. In the near future,
CARONTE system will be modified to accept, in input, data on the tumor image and the
boron distribution obtained by Nuclear Magnetic Resonance (NMR), a technique already set-
up by the Group of the Physics Department of the University of Rome /20/.

From the experimental point of view, Superheated Drop Detectors (bubble detectors) were
set up for the experimental determination of the neutron field. Neutron flux determination was
already performed in the experimental irradiation facility of Pavia University for BNCT of
skin melanoma and of explanted liver. Other patient dose measurements were done at the
BNL facility for BNCT.

Finally, the modification of TAPIRO Reactor will allow the experimental verification of
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the design calculation performed by MCNP code. If the experimental data will confirm the
calculation results, a neutron source useful for BNCT will be available in Italy. In any case,
this will make available the epithermal neutron source useful for carrying out experiments on
laboratory animals of large tail, a decisive step before the application of the therapy to man.
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