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Abstract

Boron Neutron Capture Therapy (BNCT) is an experimental treatment modality that takes place in a nuclear research reactor.
To progress from preclinical studies to patient treatment is a challenge requiring strict quality management and special solutions to
licensing, liability, insurance, responsibility and logistics. The European Organisation for the Research and Treatment of Cancer
(EORTC) BNCT group has started the first European clinical trial of BNCT for glioblastoma patients at the European High Flux
Reactor (HFR) in Petten, The Netherlands, conducted by the Department of Radiotherapy of the University of Essen, Germany. A
very strict quality management had to be installed following the European rules on safety and quality assurance for nuclear
research reactors, for radioprotection, for radiotherapy and for clinical trials. The EORTC BNCT Group has created a virtual
European-wide hospital to handle the complex management of patients treated with BNCT. New clinical trials are currently under

development. © 2002 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Boron Neutron Capture Therapy (BNCT) was first
attempted some 40-50 years ago in the USA. Due to
well-documented reasons [1], the trials were effectively a
failure. Despite this, Prof. Hatanaka in Japan in the
1960s treated many patients with a varying degree of
success [2]. This alone stimulated a revival of BNCT
research in USA and Europe, leading to a re-start of
clinical trials at Brookhaven [3], Boston [4] and Petten
[5]. Even more recently, as reported at the 9th Interna-
tional Symposium on NCT in Osaka, clinical trials on
BNCT have started in Finland (May 1999), the Czech
Republic (2000) and Sweden (2001).

BNCT is a binary form of an experimental treatment
modality based on the reaction occurring between the
non-radioactive isotope '°B and thermal neutrons. A
low energy neutron is captured by the '°B-nucleus,
which disintegrates into a Li- and a He-nucleus, two
densely ionising particles with high biological effective-
ness and short range in tissues. A selective targeting of
this reaction to tumour cells would lead to a highly
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effective treatment while sparing healthy tissues, result-
ing in a ‘targeted and timed cell surgery’. BNCT takes
place in a nuclear research reactor and requires a multi-
disciplinary effort, involving radiotherapists, neuro-sur-
geons, medical physicists, reactor physicists and
engineers, as well as pharmacists, pharmacologists,
radiobiologists and chemists. To progress from pre-
clinical studies to patient treatment is a tremendous
step, and the co-ordination of such an effort requires an
overall, multitasking approach. A very strict quality
management of safety and quality assurance for nuclear
research reactors, for radioprotection, for radiotherapy
and for clinical trials is also mandatory [6]. A major step
which allowed the co-ordination of all of these activities
and the staff involved to be improved was the creation
of a dedicated EORTC BNCT Group in 1997, able to
start the first BNCT European clinical trial already in
the first year of its existence.

2. EORTC BNCT Group clinical trials

EORTC protocol 11961 is a phase I trial aiming to
establish under well defined conditions a safe radiation
dose of BNCT using the boron compound, sodium
borocaptate (Na,B,H;(SH or BSH). 25 patients suffering
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from glioblastoma multiform older than 50 years of age
have so far been entered into the study, being referred
from five neuro-surgical centres in four European
countries. After complete resection of the tumour,
BNCT is performed in four fractions on 4 consecutive
days at the European High Flux Reactor (HFR) in
Petten (NL). 21 patients eventually received BNCT; 4
were excluded after surgery.

The patients were irradiated in four cohorts at
increasing radiation dose levels. In the first cohort, a
BSH dose of 100 mg/kg was administered 13—14 h prior
to surgery. Blood, tumour, skin, brain, muscle, cere-
brospinal fluid and dura samples were taken during
brain surgery. Blood samples were taken regularly dur-
ing 48 h after surgery. The boron content was measured
by Inductively Coupled Plasma-Optical Emission Spec-
troscopy (ICP-OES) by the Nuclear Research and Con-
sultancy Group NRG, Petten. On the basis of the
measured boron concentration in blood during the radia-
tion, which was taken on an average of 30 parts per million
(ppm) '°B over four fractions, the absorbed doses from the
different physical dose components and the biologically
weighted doses are calculated and reported in defined
points and volumes. The dosimetry data are compared
with the detected and scored radiation toxicity.

Follow-up includes Magnetic Resonance Imaging
(MRI) and evaluation of systemic toxicity due to BSH,
as well as early and late radiation toxicity. Four differ-
ent toxicity scales were used for grading the events.
After careful evaluation of the data from the first three
cohorts of patients, no limiting toxicity has been detec-
ted. Early and late radiation toxicity for the applied
dose levels were slightly lower compared with conven-
tional radiotherapy for glioblastoma with photons at a
dose of 60 Gy in 6 weeks.

The feasibility of performing BNCT in a multi-
national approach using the epithermal beam of the
Petten HFR, that has been demonstrated by EORTC
11961, will be the basis for the future clinical trials of
the EORTC BNCT group. The 5th Framework Pro-
gram of the European Commission now supports the
project ‘Therapeutic Strategies for Boron Neutron
Capture Therapy: Boron Imaging’ performed by a large
consortium including the EORTC BNCT Group, the
Universities of Essen, Munster and Reims, the Nuclear
Research and Consultancy Group NRG and the Joint
Research Center of the European Commission in Pet-
ten. Under this project, the EORTC BNCT Group will
conduct three clinical trials, to be opened to patient
accrual within the next few months.

In protocol 11001, low doses of either BSH or 4-
dihydroxyboryl-phenylalanine (BPA) or both agents
will be administered to patients with various types of
solid tumours in order to identify further tumour enti-
ties with selective boron uptake that may gain potential
benefit from BNCT. Another main objective of this trial

is to investigate the feasibility of the combined applica-
tion of BSH and BPA in humans.

Protocol 11011 will be an early phase II study of
BNCT using the compound BPA in patients with
metastatic melanoma. The primary objective is the
detection of antitumour activity of BNCT as palliative
radiotherapy in metastatic skin melanoma. A secondary
endpoint is the characterisation of the spectrum and fre-
quency of toxicity of BPA, in particular the cumulative
toxicity due to repeated administration of BPA during
fractionated BNCT. A boron uptake study will be option-
ally performed administering BPA prior to surgery.

A third protocol is intended to be a phase I pharmaco-
kinetically-guided escalation of BSH dose in patients
with glioblastoma. In the first part of the study, esca-
lated doses of BSH will be administered approximately
14 h prior to surgery. Toxicity of the drug and boron
uptake in the tumour and in healthy tissues will be
investigated. In the second part of the study, patients
will receive fractionated BNCT after surgery using the
technique which was established in trial 11961. The '°B
concentration in blood is escalated for cohorts of 3
patients, while the applied radiation dose will be kept
constant at a level established to be safe. The systemic
toxicity of the drug will be evaluated, as well as early and
late radiation toxicity and survival. There will be no
cross-over between the first and second parts of the trial.

In all of these studies, special attention will be paid to
the detection of the boron concentration and its spatial
distribution inside individual cells. Blood, tumour and
surrounding healthy tissue samples will be collected
during surgery, after application of boron compounds.
In addition to established methods, new techniques will
be developed based on Secondary Ion Mass Spectro-
metry (SIMS), Secondary Neutral Mass Spectrometry
(SNMS) and Electron Energy Loss Spectroscopy
(EELS). These trials will give unprecedented insight into
the BNCT mechanism of action and will allow a better
understanding of the potential of BNCT in targeting
tumour cells by boron compounds and in the selective
elimination of cancer cells whilst sparing adjacent nor-
mal tissues by the short range high LET irradiation.

Following suggestions from the Department of
Energy (DOE) and the National Cancer Institute (NCI),
a close co-operation has been established between the
BNCT programme at the University of Harvard/Mas-
sachusetts Institute of Technology (MIT) and the
EORTC BNCT Group.

3. Organisation

The initial drive to perform BNCT came primarily
from neuro-surgeons, physicists, chemists and radio-
biologists [1]. However, BNCT is essentially radio-
therapy. A clinical trial must therefore be led by a
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radiotherapist and has to follow all the quality require-
ments foreseen for clinical trials in radiotherapy. Fur-
thermore, BNCT uses new non-registered drugs; hence,
the requirements for early clinical trials for drug devel-
opment have also to be applied.

To perform a clinical trial at a nuclear research reac-
tor is strictly beyond the standard procedures associated
with the licensing authorities in medical practice. Con-
ventional radiotherapy takes place in a well-established
hospital environment under the complete responsibility
of medically qualified personnel, and under the licence
and permissions of the appropriate authorities. BNCT
involves non-medically qualified staff and takes place in
a non-hospital environment, in particular a nuclear
research reactor. It thus requires special solutions to
licensing, liability, insurance, responsibility and logistics
and can only be performed if strict quality management
procedures are installed [6].

The treatment is performed at the European High
Flux Reactor HFR in Petten and patients are enrolled
from five different countries [7]. The patients travel from
their home countries to the Medical Centre of the Vrije
Universiteit Amsterdam, where they stay for 1 week, to
be treated with BNCT on 4 consecutive days at the
HFR in Petten by the Department of Radiotherapy of
Essen University supported by the Joint Research Cen-
tre of the European Commission and the NRG [8]. A
virtual Europeanwide hospital has been created by the
EORTC BNCT Group with operating theatres in Graz
(A), Munich (D), Bremen (D) Essen (D), Nice (F),
Lausanne (CH) and Amsterdam (NL), a radiotherapy
department in Frankfurt (D), a reference pathologist in
Bonn (D), a radiotherapy department in Essen (D) with
treatment planning and a treatment facility in Petten
(NL), a patient care unit and a pharmacy in Amsterdam.

BNCT treatment is planned using custom-built treat-
ment planning codes, written essentially by mathemati-
cians and physicists with a nuclear background. The
codes, not being commercial products, have peculiarities
that require special solutions, e.g. image data transfer
and conversion, a complicated output scheme which
must indicate four different radiation dose components,
unusual RBE or weighting factors and values for boron
concentration in blood.

BNCT being performed at a nuclear reactor site and
involving personnel with no medical background, it has
to be ensured that all staff members are thoroughly
trained in cases of emergency and that their behaviour
and demeanour are the same as expected of the staffin a
medical department.

4. Quality control of the study medication

In study 11961, the compound BSH (!°B-enriched) is
used, which is formulated in vials each containing 1000

mg of the substance. Supplying companies must pro-
duce the compound according to a drug master file and
have a written procedure for preparation and quality
control of the final product and its intermediates. The
material is imported into The Netherlands by the Phar-
macist of the Medical Centre of the Vrije Universiteit
Amsterdam (VUMC). Quality control checks are per-
formed at VUMC with each batch that is imported. The
new studies of the EORTC BNCT will also employ the
compound BPA and the same procedures will be
applied.

5. The absorbed dose in BNCT

Transfer and evaluation of radio-oncological experi-
ences demand the correct definition of relevant treat-
ment parameters, comparable prescription of the
planned dose and its spatial and temporal distribution
in the target volume and in the organs at risk, complete
recording of treatment plan, treatment technique and
treatment optimisation and clear reporting of specified
parameters. These general conditions are valid in BNCT
as well. Moreover, the standards and definitions of
conventional radiotherapy defined and published in the
ICRU reports [9,10] or other international accepted
standards (i.e. ASTM [11], DIN 25 401 [12]) have to be
taken into account performing Neutron Capture Ther-
apy. Nevertheless, it has to be stressed that the ICRU
recommendations cannot be applied directly and com-
pletely in BNCT.

A common language had to be found and used for the
special purposes of BNCT. This language must be
understandable for everybody practising radiotherapy.
The joint efforts made by the EORTC BNCT Group
and the International Society for Neutron Capture
Therapy to overcome this problem led to a recently
published document of the International Atomic Energy
Agency recommending the reporting of the absorbed
dose in BNCT similar to the ongoing EORTC protocol
11961 [13].

BNCT 1is a highly complex radiotherapy modality
using different dose components which have different
LET and therefore different biological effects. At any
point in the irradiated volume, four major dose compo-
nents have to be taken into consideration. The major
dose component is the boron neutron capture absorbed
dose Dg delivered by high LET alpha particles and
lithium ions from neutron capture of boron-10 by the
19B(n,a) 7Li reaction. The dose component Dy depends
on the concentration and the subcellular spatial dis-
tribution of B which cannot be measured. The other
components are the neutron absorbed dose D,, which is
delivered by the thermal, epithermal, fast neutrons and
their secondary generated particles (protons, alpha par-
ticles, heavy ions), the gamma ray absorbed dose D,
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delivered by the gamma radiation present in the primary
beam or generated by the 'H(n,y) >H neutron capture
reaction and the high-LET proton dose Dy delivered by
the secondary protons generated by the neutron capture
reaction in nitrogen *N(n,p)!*C.

In the EORTC trial 11961, for the definition of Dg, a
homogeneous boron distribution in tissue has been
assumed. The '°B-concentration cg (ppm) in the irra-
diated volume depends directly on the '°B-concentra-
tion in blood that can be measured. Regarding the
presence of '°B in the irradiated volume, two aspects
have to be taken into account. At very high concentra-
tions of "B (>100 ppm), the neutron transport is
affected and the neutron distribution is altered. For
realistic values of '°B concentration in patients, the
neutron distribution is perturbed insignificantly. For the
calculations of the absorbed dose Dg, the !'°B-con-
centration in the target volume is assumed equal to the
19B-concentration measured in blood.

For such a complex beam, the measured or calculated
dose values will not lead to the effects commonly
observed for the same dose in conventional radio-
therapy. This is especially due to the microscopic dis-
tribution of the high LET particles resulting from
neutron capture in '°B, having a range of only 10 um.
The same measured boron concentration in tissue may
lead to completely different biological effects if the
boron is bound to the cell membrane or distributed in
the cytoplasm. Therefore, it became necessary to per-
form a phase I dose finding study under well-defined
conditions to relate dose values to reproducible effects.

6. Concluding remarks

Only with the support of the EORTC has it become
possible to realise a first BNCT trial in Europe, estab-
lishing a multidisciplinary, multicultural collaboration
on a European level with appropriate quality manage-
ment structures.
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