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Abstract XA0101720

A clinical trial of Boron Neutron Capture Therapy (BNCT) for glioblastoma patients has been in progress at the
High Flux Reactor (HFR) at Petten since October 1997. The JRC (as licence holder of the HFR) must ensure that
radiological protection measures are provided. The BNCT trial is a truly European trial, whereby the treatment
takes place at a facility in the Netherlands under the responsibility of clinicians from Germany and patients are
treated from several European countries. Consequently, radiological protection measures satisfy both German
and Dutch laws. To respect both laws, a BNCT radioprotection committee was formed under the chairmanship of
an independent radioprotection expert, with members representing all disciplines in the trial. A special nuance of
BNCT is that the radiation is provided by a mixed neutron/gamma beam. The radiation dose to the patient is thus
a complex mix due to neutrons, gammas and neutron capture in boron, nitrogen and hydrogen, which, amongst
others, need to be correctly calculated in non-commercial and validated treatment planning codes. Furthermore,
due to neutron activation, measurements on the patient are taken regularly after treatment. Further investigations
along these lines, include, dose determination using TLDs and boron distribution measurements using on-line
gamma ray spectroscopy.

1. Introduction

The European clinical trial (EORTC 11961) of BNCT for glioblastoma patients started at
Petten in October 1997 [1]. The treatment of a patient and the potential exposure of personnel
to ionising radiation require by the national Nuclear Energy Law that the JRC (as licence
holder of the HFR) must ensure that radiological protection and monitoring of all personnel,
including external staff, is provided, and that the correct radiation protection measures are
taken and followed.

Due to the structure of the European, trial, where the treatment takes place at a facility in the
Netherlands under the responsibility of clinicians from Germany, it had to be demonstrated
that measures taken satisfy both German and Dutch radioprotection laws. To respect both
laws, a BNCT radioprotection committee was formed under the chairmanship of an
independent radioprotection expert, with members representing all disciplines in the trial. A
contractual agreement had to be signed between the German institute (University of Essen)
and JRC Petten to guarantee that procedures to be followed complied with German
radioprotection regulations (Strahlenschutzordnung §20). During BNCT, both the patient and
the supporting treatment tools, such as mask and therapy table, become radioactive. As such,
measurements of the patient and surrounds are taken at regular intervals after treatment,
checked and an appropriate form completed and reported to the BNCT Radioprotection
Committee.

As at the HFR, BNCT worldwide is performed using mixed neutron/gamma beams at nuclear
research reactors. The mixed beam must be thoroughly and regularly characterised, using
dosimetry techniques in addition to those of conventional radiotherapy. Furthermore, the
complex beam and subsequent dose distribution in the patient are modelled using treatment
planning codes based on programs developed for nuclear applications, e.g. MCNP [2].
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To improve radiological protection of the patient and staff, investigations are continuously in
progress to fully characterise the beam (using activation foils, ionisation chambers, TLDs) and
to determine the boron distribution in the patient using on-line prompt gamma ray
spectroscopy.

2. Radioprotection committee

To conform with the Dutch regulations on radio-protection, a Radio-Protection Committee for
BNCT has been formed. The committee has the prime task to review and advise, on a half-
yearly basis, the radio-protection methods used for BNCT. If need be, this advice is
transmitted to any external authority. The Committee consists of members from each
discipline in the BNCT group, and is chaired by an independent expert in radio-protection.

Due to the fact that German staff from Essen University Hospital need to work at Petten,
German regulations on radio-protection, especially application of the radio-protection decree:
§20 StrSchV (Strahlenschutzverordnung), which regulates the activities of German staff in
foreign institutions, had to be contractually agreed. The decree defines regulations on
supervision of the staff, personal dosimetry, rules of behaviour, etc.

Radio-protection includes the issuing of personal dosimeters (type: universal dosimeter) to all
staff, finger or ring dosimeters to the radiotherapists, and pen dosimeters to participants
classified as visitors, eg. nurse(s) and relatives of the patient, [3]. Furthermore it is necessary
to measure and record all material in and out of the reactor and perform activation
measurements on all material used in patient treatment. The patient is an exceptional case, of
course, and it is not required that a personal dosimeter is issued to the patient. However,
following treatment, the patient is monitored for radioactivity. So far, the reported radiation
doses received by the staff are well below the allowable limits.

3. Treatment planning for BNCT

For BNCT it is necessary to perform a full 3D calculation to predict the dose distributions in
the patient's head. Calculations at Petten are performed with the INEEL treatment planning
program 'bnct_rtpe/rtt_MC [4]. This program is based on a Monte Carlo simulation of the
particle tracks in a full 3D reconstruction of the head. As part of the overall treatment
planning procedure, a quality assurance (QA) system is provided. As part of the QA system, a
quality control procedure for the program involves calculations on two standard test cases, i.e.
a standard patient and standard phantom, which are calculated to check for possible non-
conformance. The cases are chosen in such a way that all the essential parts of the program are
used. A control procedure is followed and performed each time a new version of the program
is installed.

For the patient plans, each treatment plan is calculated in Petten and presented, discussed and
agreed at the radiotherapy department of Essen University during their daily audit on
treatment planning.

4. Patients activation measurements

Standard measurements [3]

BNCT of the patient results in neutron activation of a number of naturally occurring elements
in the irradiated volume, i.e. the head. As a result, activation measurements of the patient's
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head are taken on 3 separate occasions using a standard portable dose ratemeter (Type: NE-
PDR1). The first measurement is some 1-2 minutes directly following treatment, the second
when the patient leaves the reactor building (5-10 minutes post-BNCT) and lastly, just prior to
the patient leaving Petten to return to the hospital in Amsterdam (30-45 minutes post-BNCT).
Measurements are taken both at contact and at 30cm distance from the head. The results have
been compiled for all patients.

In summary, peak levels, i.e. at contact and directly after radiation, are of the order of 40-50
H,Sv/h, falling to less than 10 uSv/h some 30-50 minutes after treatment. The remaining
activity is predominately due to Na only (half-life = 15 h). Activity due to other elements
have much shorter half-lives, hence do not contribute or are not additive to the final levels.
Measurements, taken at 30cm from the patient's head are an order of magnitude lower. Hence,
the dose received by medical staff and relative(s) accompanying the patient is well below
recommended limits. Activation measurements using a portable gamma analyser [3]

As one of the many research topics associated with BNCT, gamma-ray spectrometry
measurements have been performed on 2 patients. The equipment or counting chain consists
of an EG&G HPGe detector (relative efficiency and FWHM at 1.33 MeV of Co-60: 12.7%
and 1.71 keV, type : 26N-1602C), an EG&G 459 high voltage power supply, an EG&G 572
amplifier, an ECN portable power supply and a Canberra Accuspec interface, mounted in a
Toshiba 3200 SX laptop computer.

Shortly after the treatment, a patient was placed on a chair in the BNCT-Wing, where the
portable spectrometer had been set-up. Prior to the arrival of the patient, background
measurements were taken. The resulting spectra, with and without the patient, were analysed.

The predominate isotopes were, as expected, identified as 38C1, 9Ca and 24Na. However, in
one patient, the isotopes 198Au and )16mIn, were also present. It was concluded that the former
isotope was due to (this) patient's gold filling and the latter isotope, assumably, due to the
content of one of the drugs taken by the patient. It should be noted that only those
radioisotopes which are gamma emitters have been measured.

5. Beam Characterization

Dosimetry guidelines, as followed in conventional treatment centres, apply to photon, electron
or fast neutron facilities. For BNCT facilities, where an epithermal neutron beam is used, the
beam (in air) includes fast neutrons (>10keV) and gamma rays. The latter comes from both
the beam itself (reactor gammas) and from activation of the in-beam material. In human
tissue, containing boron-10 compounds, the beam produces effectively four main dose
components, all with different biological effectiveness: the boron neutron capture absorbed
dose, the nitrogen neutron capture absorbed dose, the fast neutron absorbed dose and the
gamma ray absorbed dose.

Furthermore, the neutron beam emanates from a reactor, which in the case of the HFR, has a
strict operating schedule, running 24 hours per day for eleven cycles of 4 weeks each, per
year. Hence due to burn-up of the reactor fuel, the intensity of the beam over the scheduled 4
weeks cycle reduces by some 4-5%. Also, the intensity of the beam at the start of each cycle
may vary by some ±4% per cycle, due to experimental loading changes in the reactor. Hence,
quality assurance of the beam during treatment must follow a strictly controlled procedure,
which includes the following steps:
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• free beam measurements on a monthly basis, using a multi-foil packet consisting of 12
activation foils,

• on the first day of the treatment week (each patient receives a fraction of radiation on four
consecutive days), reference phantom measurements are performed using activation foils,
twinned ionisation chambers and a pn-diode,

• the measurements are used to calibrate the on-line monitors (see next section),
• on succeeding days of treatment, the reference phantom measurements are repeated using

the pn-diode, twinned ionisation chambers and the in-beam monitors, which are all
normalised to the first day's measurements.

Following the QA system, as well as Good Clinical Practice (GCP) [5,6], all measurements
are written down, controlled and countersigned by the responsible person, documented and
later archived. Despite the complexity associated with BNCT dosimetry, QA procedures
applied for BNCT infer less radiation and operational procedures than for conventional
radiotherapy. Furthermore, reproducibility in BNCT is equivalent with medical accelerators,
whilst all safety requirements and equipment functions, including against stray radiation are
equivalent. The above philosophy is being developed, along with other European groups, to
formulate a European Code of Practice on Dosimetry for BNCT [7].

Additional investigations are underway using thermoluminescence dosimeters (TLDs) which
have become the current dosimetric tool in photon, electron and neutron radiation beams for
dose determination in "in-vivo" dosimetry, as well as in phantoms simulating patients
treatments. The epithermal neutron beam used in BNCT, has gamma and neutron components,
which have different relative biological effectiveness (RBE). Hence, knowledge of the
separate dose components is required for a safe patient treatment. For reliable and accurate TL
dosimetry in BNCT, a study is in progress looking at the detector response to the mixed field
in order to determine the sensitivity to each component [8]. The work investigates:-

• Comparative examinations for the selection of TLD's for further application
• Examination of surface properties of TLD 300
• Calibration of the TLD 3 00

As part of the study, in-vivo measurements have been performed on 4 BNCT patients using
TLD 300s. Initial results are related alone to treatment parameters without any patient
influence. Simultaneously, measurements were done inside the patient mask at the centre
point of the beams on the patient entrance and exit surface for both beams. These results are
dependent on treatment parameters of the BNCT facility as well as the patient related
parameters.

6. Prompt gamma ray spectroscopy

Application of prompt gamma spectroscopy (PGS) may improve the safety and efficacy of
BNCT [9]. PGS holds the potential of in-vivo boron concentration determination at the time
of the treatment through the detection of gamma rays promptly emitted in the 10B(n,a)7Li and
1H(n,y)2D reactions. A series of phantom measurements have been performed, where a tumour
within a homogeneously boronated head phantom was simulated [10]. The results indicate
that it is possible to determine a boron concentration of 5 ug/g with an accuracy of ± 3 % in a
homogeneous boron distribution. Subsequent measurements have been recently performed on
patients. The results are pending. Nevertheless, the technique looks very promising and work
continues.
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