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Abstract

Boron Neutron Capture Therapy (BNCT) is a biologically targeted, indirect form of
radiation therapy, relying on the release of densely ionising radiation to destroy
tumour cells selectively. The released ions are the fragments of a nuclear reaction
upon capture of a low-energy neutron (thermal neutron) by a boron isotope ('°B).
The B is placed selectively in tumour cells by using a specially designed boron
compound, which itself is not radioactive.

Research at the Johannes Gutenberg-University of Mainz was initiated on a
treatment protocol for neoplastic diseases of the liver protocol, stirred by two
curative treatment attempts for patients with colorectal liver metastases (CRLM) at
the University of Pavia, Italy, during which the liver was irradiated outside the body
in a research reactor. As a first step, a clinical study was started in cooperation
between different deparments of the University of Mainz to investigate clinically
relevant parameters like the boron distribution in different kinds of tissue and
pharmacokinetic behaviour of the administered boron compound in more detail.
The boron concentration in tissue was analysed with respect to the spatial
distribution among different cell types, in order to know more about the uptake
behaviour of the boron carrier p-boronophenylalanine (BPA) in correlation to the
biological characteristics of tissue. Blood and tissue analysis was carried out by
Quantitative Neutron Capture Radiography, Prompt Gamma Activation Analysis
and Inductively Coupled Plasma Mass Spectroscopy combined with histological
analysis. It could be demonstrated for both cancerous and non-cancerous samples
that a very heterogeneous boron uptake in tissue areas of different morphology
took place. The results of the blood samples contribute to the creation of a
pharmacokinetical prediction model for the blood-boron kinetics in a future
treatment and are in accordance with pharmacokinetic models published by other
research groups. Furthermore, the analytical methods chosen were validated
against each other by using specially made reference samples. The data obtained
from all methods are in good agreement and standard protocols for the analysis of
blood and tissue samples have been created.

So far, from the clinical point of view, the results were promising, but due to the
small number of patients enrolled so far, a conclusion about the effectiveness of

BNCT for neoplastic diseases of the liver cannot be drawn yet.



Zusammenfassung

Die Bor-Neuroneneinfang-Therapie (engl.. Boron Neutron Capture Therapy,
BNCT) ist eine indirekte Strahlentherapie, welche durch die gezielte Freisetzung
von dicht ionisierender Strahlung Tumorzellen zerstort. Die freigesetzten lonen
sind Spaltfragmente einer Kernreaktion, bei welcher das Isotop "B ein
niederenergetisches (thermisches) Neutron einfangt. Das B wird durch ein
spezielles Borpraparat in den Tumorzellen angereichert, welches selbst nicht
radioaktiv ist.

An der Johannes Gutenberg-Universitat Mainz wurde die Forschung fur die
Anwendung eines klinischen Behandlungsprotokolls durch zwei Heilversuche bei
Patienten mit kolorektalen Lebermetastasen an der Universitat Pavia, Italien,
angeregt, bei denen die Leber aulderhalb des Korpers in einem Forschungsreaktor
bestrahlt wurde. Als erster Schritt wurde in Kooperation verschiedener
universitarer Institute eine klinische Studie zur Bestimmung klinisch relevanter
Parameter wie der Borverteilung in verschiedenen Geweben und dem
pharmakokinetischen Aufnahmeverhalten des Borpraparates initiiert.

Die Borkonzentration in den Gewebeproben wurde hinsichtlich ihrer raumlichen
Verteilung in verschiedenen Zellarealen bestimmt, um mehr Uber das
Aufnahmeverhalten der Zellen fir das BPA im Hinblick auf ihre biologischen
Charakteristika zu erfahren. Die Borbestimung wurde per Quantitative Neutron
Capture Radiography, Prompt Gamma Activation Analysis und Inductively
Coupled Plasma Mass Spectroscopy parallel zur histologischen Analyse des
Gewebes durchgefiuihrt. Es war mdglich zu zeigen, dass in Proben aus
Tumorgewebe und aus tumorfreiem Gewebe mit unterschiedlichen
morphologischen Eigenschaften eine sehr heterogene Borverteilung vorliegt. Die
Ergebnisse der Blutproben werden flir die Erstellung eines pharmakokinetischen
Modells verwendet und sind in Ubereinstimmung mit existierenden
pharmakokinetische = Modellen. Zusatzlich wurden die Methoden zur
Borbestimmung Uber speziell hergestellte Referenzstandards untereinander
verglichen. Dabei wurde eine gute Ubereinstimmung der Ergebnisse festgestellt,
ferner wurde fir alle biologischen Proben Standardanalyseprotokolle erstellt.

Die bisher erhaltenen Ergebnisse der klinischen Studie sind vielversprechend,
lassen aber noch keine endglltigen Schlussfolgerungen hinsichtlich der

Wirksamkeit von BNCT fr maligne Lebererkrankungen zu.



1. Introduction

1.1 Radiotherapy as therapeutic option for the treatment of cancer

Cancer ranks very high among the primary causes of death in industrialised
countries. Whereas until today, for several forms of cancer, therapies have been
developed which may be curative for the patient, the diagnosis of cancer remains
shocking as many forms of cancer are fatal no matter what therapy applied.

Cancer is the expression for a class of diseases characterised by the growth and
subsequent clinical implications of malign tumours and metastases. Tumours are
benign or malign formations of tissue caused by wrongly regulated growth
behaviour of cells. The reasons for the creation of tumours are not fully known, as

it is influenced by a series of environmental and genetic factors.

Benign tumours show usually few clinical symptoms, as they do not infiltrate into
adjacent tissue, they do not create systemic secondary tumour entities
(metastases) and they show no recurrence after removal. They consist of
homogeneous tissue, are spatially clearly separated from the surrounding tissue
(pseudo-capsula), well differentiated and usually grow very slowly. Nevertheless,
their growth may be problematic for a patient, as they can displace other
structures or can cause obstructions in vessels or other hollow spaces of the body,

which is often the reason for their eventual treatment.

Malign tumours are characterised by destructive, infiltrating growth into adjacent
structures, and, after removal, tend to recur at the same location. They consist of
heterogenic tissue, often show atypical cell changes, and have a higher mitotic
activity and cell number (hyperplasia) than benign tumours. Furthermore, they
often come with clinical symptoms. However, the most striking argument for their
categorisation as “malignant” is their tendency to form metastases: the spread of
the tumour to regional or distant sites in the body, via the lymphatic system or the
blood vessels. Therefore, the morphology and biology of metastatic tissue is
characterised by their primary tumour and not by the host tissue in which they are
growing. As a result, growth and further development can be fatal for the patient, if

they are not taken care of accordingly.



The work presented in this thesis is focused on the treatment of cancer, therefore
all aspects mentioned for tumours consider malign tumours if not explicitly
mentioned otherwise.

Curative and palliative therapeutic attempts usually rely on a variety of different
approaches like chemotherapy, surgical resection, immunotherapy, specialised
antibody-therapy and radiotherapy. The choice of therapy is determined by age,
physical condition, cancer type and progression of the disease.

In many cases, oncologists choose to treat patients with a combination of the
forms of treatment available in order to optimise the clinical outcome. In the

following, ionising radiation as treatment option will be closer looked at.

Characteristics of ionising radiation used for therapeutic purposes

lonising radiation used for therapeutic purposes is commonly divided into radiation
with a high linear energy transfer (high LET radiation) and radiation with a low
linear energy transfer (low LET radiation). Linear energy transfer is defined as the
energy loss of a particle per distance travelled in a certain medium.
Therefore, it is a parameter to assess the biological efficacy of a type of radiation
(several examples for high and low LET radiation used for therapeutic purposes

are given in Table 1).

Tab. 1: Examples for different high and low LET radiation
used in radiotherapy [1]
High LET approx. energy (MeV) LET (keV / um)
o-particles 5 90
fast neutrons 6.2 21
protons 2 17
carbon ions 10 - 400 15-200
Low LET
X-rays 0.2 2.5
y-rays 1.25 0.3
electrons 2 0.2

As a result, there are particles which travel in tissue only for a limited distance,
which may be more favourable for therapy of certain types of cancer. The energy

is lost either by collision with other particles or by their ionisation. As a



consequence, the greater mass and charge of a particle, the more energy is
released in tissue. lonisation is caused by a number of interactions of particles
with matter (photoelectric effect, Compton scattering, pair production and nuclear
reactions). All of these interactions are particle and energy dependent. High LET
radiation is characterised by its ability to directly ionise matter, whereas ionisation

by low LET radiation is achieved mostly by indirect effects.

This difference is decisive when choosing a particular type of particle radiation for
therapeutic application, as also biological effects, like the production of radicals
(mainly H,O"), the damage dealt to the cell (single / double strand breaks in the
DNA) are particle dependent. For example, particle radiation induces different
effects in cells, if certain parameters are varying, e.g., cells with low oxygen
content are more radio-resistant towards gamma rays (as less radicals are
produced and therefore less damage is caused to neighbouring structures),
whereas high LET radiation directly damages cell structures, therefore no
significant difference between anoxic cells and cells well-supplied with oxygen can

be observed.

Especially charged particles, such as protons or carbon ions have a high LET and
are used for therapeutic purposes in Proton Therapy and Heavy lon Therapy. In
addition to their high LET, ions deposit most of their energy at the end of their
penetration path, which makes the irradiation of tissue located several centimetres
below the body surface possible (Fig.1). By varying the "“C kinetic energy and by
rastering the beam in x and y direction, the Bragg peak can “illuminate” the whole
volume of the tumour without causing much damage to the surrounding tumour-
free tissue because before the Bragg peak is reached, the particles are “minimum

ionising”.

Application of ionising radiation in radiotherapy

In conventional radiotherapy (CRT), gamma radiation is the radiation of choice.

Due to the physical properties, gamma radiation highly penetrates tissue and

consequently damages all types of tissue along the penetration path and does not



physically discriminate between cancerous and healthy tissue. Neutrons have
similar properties, which are used for therapy as well. Neutron radiation is
indirectly ionising radiation and has a higher penetration depth than ion radiation,
especially fast neutrons. Fast neutron therapy has been mostly applied for the
treatment of carcinomas of the head and neck, salivary gland, paranasal sinus and
breast; soft tissue, bone and uterine sarcomas and malignant melanomas [2].
However, Fast Neutron Therapy is available only at a few centres worldwide. To
overcome the difficulty of irradiating tissues unspecifically, other forms of radiation
are used for therapy.

Electrons can be used for external irradiation via accelerator systems [3], in this
case discrimination in dose delivery is better possible, since electrons (depending
on their energy) are charged particles and therefore loose their energy in tissue
faster than uncharged neutrons and y-rays. Another option is Heavy lon or Proton
Therapy, which can deliver much higher doses to tumour tissue without
compromising the surrounding tumour free tissue due to their unique energy

deposition in tissue (see Fig. 1) [4].
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Fig. 1: Dose deposition of x-rays, Rontgen-Bremsstrahlung, *°Co-y-rays and '°C ions of two

different energies in water (figure taken from [4])



All of the above mentioned radiation techniques are applied from outside the body
(external beam radiation therapy, EBRT), whilst it is feasible to generate radiation
also inside the body. The volume irradiated when generated in situ depends of the
particles chosen for irradiation and their respective energy. A possibility to irradiate
very small volumes directly without irradiating too much surrounding tissue is, e.g.,
either using a so-called gamma knife during surgery [5] or brachytherapy. In
brachytherapy, very small rods containing y- or -emitters are place adjacent to
the tumour or directly into the tumour to minimise travelling paths of the emitted
radiation to the tumour. Prostate cancer [6, 7] and breast cancer [8] are frequently
treated using brachytherapy. The isotopes commonly used for irradiation are ®°Co,
137CS, 106Ru’ 1O3Pd, 125|’ and "%Ir.

Irradiation using B” emitters is an option, which combines a penetration depth of up
to several centimetres, depending on the radioisotope in use, with biologically
selective delivery of such radioisotopes by attachment of the latter to a tracer
molecule, often by formation of a chemical complex. The major difference to
externally applied radiation is that, for external radiation, the exact location and
dimension of the lesions have to be known, while for the treatment by internally
released radiation the tracer molecules enrich in all tumour cells selectively

following a predefined parameter.

Treatment concepts include a variety of cancers, such as lymphoma [9, 10], liver
cancer [11], bone metastases [12], or the maybe best known example: radioiodine
therapy for thyroid cancer [13]. The generation of particles with a limited
penetration depth makes it possible to irradiate single organs, vessels or small
tissue compounds, while the surrounding tissue may be spared or would suffer
only from very low doses. The B-emitters available have ranges from about 400
um ("*°Au; Eg-= 82 keV) to 5000 pm ("°As; Eg- = 1000 keV) [14] with respective
emission energies between 80 and 1000 keV. If for dose application more than
one carrier molecule is needed, therapy may be carried out also with a
combination of B-emitters, because the location of the tissue, which is to be
irradiated, may not correlate exactly with the spatial uptake of only one specific 3-
emitter. Therapeutic options are not limited to cancer, in radio-immunotherapy -

emitters are also used to treat chronic illnesses of the joints [15].



Another way to localise the site of irradiation and thus limit the spatial extent of the
irradiated tissue are low-energy a-particles (< 5 MeV). In tissue, a-particles have a
maximum path length of less than 30 ym. Internal irradiation requires either the
administration of already radioactive tracer molecules, as it is done in B-therapy, or
the administration of carrier molecules, which are activated by nuclear reactions
caused by external irradiation. For example, isotopes like "*Bi, 2''At and *°Ac
may be bound to monoclonal antibodies to selectively deliver a-emitters into the
tumour cells [16].

Depending on the energies of the a-rays emitted, the range of such particles is
usually limited to 50 ym, which is equal to two to three cell diameters. Dose
estimation in a-therapy is not a ftrivial issue, as many a-ray emitting isotopes
produce daughter isotopes, which may have different chemical properties. On the
other hand, a-therapy poses like therapy with [B-emitters the possibility of
combining the ranges and energies of several a-emitters.

The use of a-emitters is not without risk for the patient for various reasons,
e.g.,due to kinetic recoil, radioactive a-decay may destroy the complex of the a-ray
emitter and its ligands. This means that the originally complexed isotope might
engage in new chemical reactions and therefore alter its “original” biochemical
behaviour radically. Thus, the prediction of the pharmacokinetic pathways in the
body becomes very complicated. Not only their radioactive properties, like the
generation of radioactive daughter isotopes which can behave chemically very
different compared to the original isotope, would be a risk for a patient’s health, but

also their chemical toxicity is problematic, as most of them are heavy metals.

To avoid such problems there is also the possibility to generate a-particles inside
the body by external triggering, i.e., by irradiation with other particles inducing
nuclear reactions. Ideally, the compound used for this purpose should not produce
extensive or “leftovers”, such as radioactive daughter isotopes or fragmented
isotope carrier molecules, which can react or metabolise in an unpredictable way.
Also, the compound must have targeting abilities to enrich selectively in tumour
cells to spare surrounding tumour free tissue from radiation damage. Such a
triggered technique, which uses the advantage of internally generated a-particles

by external neutron radiation, is boron neutron capture therapy (BNCT).



1.2 Principles of Boron Neutron Capture Therapy

Boron Neutron Capture Therapy (BNCT) is a biologically targeted form of
radiotherapy using the effect of secondary particle radiation released inside
tumour cells. The Isotope B-10, which is found with an abundance of around 20 %
in natural boron, has a very high tendency to interact with thermal neutrons
(En<1eV) in a fission reaction ('°B(n,a)’Li). In 94 % of all reactions, a 478 keV

gamma photon is emitted, too (Fig. 2).
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Fig. 2: The schematic of the '°B(n,a)’Li reaction

The cross section for neutron capture is very high (3837 barn). The fragments
produced in this reaction are characterised by their high linear energy transfer
(LET) properties and a high relative biological effectiveness (RBE) in comparison
to photon irradiation. If this reaction takes place in a cell, the cell may be severely

damaged and die thereafter [17].



The maijor difference to conventional a-radiation therapy is the non-radioactive
molecule carrying the '°B isotope which, by externally delivered neutron radiation,
makes it possible to generate relevant doses in predefined tissue volumes only,
whereas a-emitting radioisotopes also irradiate healthy tissue along their metabolic
transport paths. Moreover, the fragments of the neutron capture reaction do not

leave any radioactive daughter isotopes and are not toxic.

Prerequisite for the lethal effect is the number of boron atoms inside each
irradiated cell. The boron is transported using a molecule containing the isotope
9B, which ideally enriches only in tumour cells and not in tumour-free cells. The
released radiation dose in the respective cells is proportional to the number of
neutron capture reactions and, hence, to the number of boron atoms found there.
Usually 99.9 % '°B-enriched compounds are used for clinical trials in order to
minimise the amount of the boron carrier needed to 1/5 compared to a boron
carrier with a natural isotopic composition of boron. In clinical trials worldwide
mostly two substances are in use: p-boronophenylalanine (BPA, CoH12'°BNO,)
bound to fructose (BPA-fructose, Fig. 3a) or to mannitol (BPA-mannitol) and
Sodium-borocaptat (BSH, Na,'°B1,H;1SH, Fig. 3b) of which the latter has been
used almost exclusively in brain tumour studies. Another compound structurally
similar to BSH is GB-10 (Na,'°B1oH1o), which up to this date has frequently been

used in animal studies.
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Fig. 3:  a.) Structure of the BPA-fructose complex b.) Structure of BSH.

10



After infusion application of a boron carrier with a suitable concentration over a
certain interval of time, BNCT requires irradiation of the targeted tissue volume in
a specially designed neutron field.

The applied neutron dose is as low as possible to minimise additional risks for the
patients’ health (as always a certain background dose will be delivered to the
tissue where the neutron beam or neutron field is applied) and is restricted to the
area, where tumours or metastases have been detected before. Following this

general concept, patients are usually treated one to three times.
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1.3 Clinical application of BNCT

The idea to use thermal neutrons in combination with boron for cancer therapy
was first proposed in 1936 by G. Locher [18]. First trials in the 1950s und 1960s at
the Massachussetts General Hospital in Boston and the Brookhaven National
Laboratory (both USA) were not successful, which was due to the poor targeting
abilities of the boron carrier, the lack of precise dose planning tools and the wrong
composition of the neutron beam [19].

BNCT research underwent significant progress with the development of two boron
drugs, which are still the only ones used in clinical application [20]. Also, the
design of mixed beams consisting of fast, epithermal, and thermal neutrons
tailored for each application individually, the use of PET for treatment planning [21,
22] and improved dose simulation programmes [23] were reasons to give rise to
the assumption, BNCT may be much more efficient than the trials had proved so

far. Two major fields of application will be presented in the following.

BNCT for brain tumours

Most data in the last 20 years have been published for neoplastic diseases of the
brain. In most BNCT related studies, patients suffering from tumours with
unfavourable prognosis (WHO grade Ill and 1V) like glioblastoma multiforme
(GBM) or anaplastic astrocytoma (AA) have been enrolled. Median survival time
(MST) for this kind of tumours is several months, if the disease remains untreated,
depending on stage of the disease upon diagnosis. Standard treatment like
chemotherapy, conventional radiotherapy, or surgical resection (single or
combined) results in MST of 1 — 2 years, however this includes also tumours in
stages with better prognosis.

Most patients participating in clinical studies have already received oncological
treatment or have recurred malignancies, only a few studies patients with newly
diagnosed tumours have been carried out. Moreover, BNCT has been selected
only in single cases as first treatment against cancer. An overview over several
recent studies related to the treatment of brain cancer is given in Table 2. These

tumours are currently considered to be curable only for a very small number of
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incidences. Kankaanranta et al. and Joensuu et al. reported treatment of 22
patients in Helsinki, Finland, who underwent surgery prior to BNCT. The protocol
included a BPA infusion between 290 and 450 mg / kg body weight over two
hours, the resulting median survival time was 7 M [24, 25]. Diaz et al. and Busse
et al. reported results of 53 patients suffering from GBM treated with BNCT at the
Brookhaven Medical Research Reactor, USA, with a similar BPA dose, with MST
of 11 - 14 months in dependence of the dose [26, 27]. The dosage protocol was
similar to the one presented by Joensuu et al., also the patients were enrolled after
prior surgical treatment. A slightly higher MST (9.9 - 17.6 M) was achieved during
a BNCT trial in Studsvik, Sweden. All 29 patients treated suffered from GBM,
although BPA dose and infusion time were greatly increased compared to other
studies (900 mg / kg over 6 hours) [28, 29]. The higher mean survival time was

most deemed to be a result of the largely increased infusion time and dose.

In Japan, a greater variety of treatment protocols has been applied. Results from
trials carried out from 1978 to 1997 have been reviewed by Nakagawa et al.,
including 105 patients treated at 6 different reactor institutions [30]. The results
were found to be highly dependent on the dose planning strategy and the
irradiation technique. The combined use of BPA and BSH was part of many
studies in Japan to optimise the boron concentration ratio in tumour to healthy
tissue. Amongst others, Miyatake et al. applied combinations of BPA and BSH in
different concentrations (250 mg / kg body weight and 5 g per patient,
respectively) to 13 patients in total, resulting in 30.3 - 87.6% reduction of the
tumour volume [31].

Kageiji et al. compared the outcome of a group of long-term BNCT survivors (more
than three years) against a group of non-long-term survivors (less than three
years). They found significant histopathological differences in tissue samples from
both groups, indicating that tumour re-growth in the first group was significantly
impaired. Though both groups were treated by intra-operative BNCT (IO-BNCT), in
the first group, the BNCT radiation dose was 1.1-1.3 times higher.

13



Tab. 2: Selection of recent publications on BNCT trials for brain cancer

(MST — median survival time, M - months, XRT - X-ray therpy, GBM - Glioblastoma multiforme,
GS - Gliosarcoma, AA - Anaplastic astrocytoma, AO - anaplastic oligoastrocytoma, KURRI - Kyoto
University Research Reactor Institute, JAERI - Japan Atomic Energy Research Institute, BMRR -
Brookhaven Medical Research Reactor, Helsinki - Finnish Research Reactor TRIGA Mark I,
Helsinki; Studsvik - Studsvik Medical Reactor, Sweden

No. of -
Author Year Facility cohorts/ Tumour B-compound(s) / Clinical
. type dosage outcome
patients
Kankaanranta 2003 / BPA: dose escalation;
et al., Joensuu 2011 Helsinki 4 /22 GBM 290/350/400/450 mg/kg MST: 7 M
et al. [24, 25] /I 2h
Diaz et al. [26, BPA: dose escalation; .
27] 2003 BMRR 3/53 GBM 250/290/330 mg / kg // 2h MST: 11 -14 M
Nakagawa et KURRI/ mostly GBM *
al. [30] 2003 japrr /108 jaa
GBM (10)
. 30.3-87.6%
Miyatake et al. AA (1) BPA: 250 mg / kg // 1h; f
[31] 2006 KURRI 1/13 AO (1) BSH: 59 // 12 h reduction of
tumour volume
GS (1)
BPA: 250 mg / kg // 1h;
Yamamoto et GBM, newly BSH:5g//12h .
al. [32] 2009 KURRI 2/15 diagnosed  OR MST: 25.7 M
BSH: 5g// 12 h
Matsuda et al. GBM, newly BPA: 250 mg/kg // 1h; .
[33] 2009 KURRI 1/8 diagnosed  BSH: 5g // 12 h MST: 27.9 M
BPA: 250 mg / kg // 1h;
GBM (11)
. BSH: 100 mg/ kg // 12 h
?g"{]atake etal 15009 KURRI 2/22 ﬁg ((%)) OR MST: 10.8 M
recurréd BPA: 700 mg / kg // 6h;
BSH: 100 mg / kg // 12 h
. MST XRT
Kawabata et (2" cohort + 20-30 Gy cohort: 23.5 M;
al. [35] 2009 KURRI 2721 GBM XRT, single boost) mean MST:
15.6
Skold et al. ) . MST: 9.9-17.6
28, 29]. 2010  Studsvik 1/29 GBM BPA: 900 mg / kg // 6h M
BPA: 250 mg / kg // 1h;
[';g]‘-"e" etal. 15011 KURRI 2/23 GBM gSRH: 100mg/kg /7120 st 195 M
BSH: 100 mg / kg // 12 h

* not given here, as patients from various studies with various treatment protocols were reviewed

However, BNCT in all of these cases was applied intra-operatively, which means
that patients were irradiated under general anesthesia undergoing craniotomy to

enable the direct irradiation of the targeted lesion (I0O-BNCT). This is much more
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complicated and stressful for patients than non-operative BNCT (NO-BNCT),
though it proved to result in longer survival times [36].

Other studies combined the treatment outcome of recurring GBM versus newly
diagnosed GBM. Yamamoto et al., Matsuda et al., and Kawabata et al. achieved in
smaller groups of 8, 15, and 21 patients, respectively MST of 27.9, 25.7, and
23.5M [32, 33, 37] for similar treatment protocols as in [31]. In the study of
Kawabata et al. patients additionally received a 20-30 Gy X-ray boost, which
increased the MST [35], in the study presented by Yamamoto et al. [32] the
patients were treated with 10- or NO-BNCT. The treatment of 22 patients
exclusively with recurred GBM reported by Miyatake et al. resulted in shorter MST
(10.8 M) [34], illustrating the difficulty of treating lesions which obviously could not
be destroyed in previous attempts.

Comparing survival times of recurred and newly diagnosed glioma to those found
after conventional therapy, it becomes clear that, for subgroups, significantly

higher MST can be achieved.

So far, no data on an entirely randomised trial of BNCT against other “standard
therapies” have been published, e.g., conventional radiotherapy. However,
Hopewell et al. [38] recently published a statistical evaluation of two different
cohorts of patients from three different studies who received conventional
radiotherapy with and without adjuvant temozolomide treatment against a cohort of
29 patients treated in Sweden [39]. In this comparison, patients with similar
therapeutic background, age, and performance status were selected. Differences
and uncertainties were assessed via the Cox Proportional Hazards Model [40] and
recursive partitioning analysis (RPA) [41, 42]. Although in the BNCT cohort
patients with higher RPA classes and worse prognosis were enrolled, BNCT
appeared to be the more promising therapeutic option, because longer MST and a
higher percentage for the one-year-survival were achieved.

BNCT for other neoplastic diseases

Another field of application of BNCT are malignancies of skin, head, and neck. An
overview over several recent studies is given in Table 3. Patient enrolment in
these studies was similar to BNCT studies on brain tumours: Usually, patients with

bad prognosis and advanced disease were enrolled, partly after multiple surgical
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or chemotherapeutical treatment or conventional radiotherapy. However, for
several studies on head and neck cancer, patients with inoperable tumours were

selected.

Tab. 3: Recent publications on BNCT trials for other tumour entities

(KURRI - Kyoto University Research Reactor Institute, JRR-4 - Japan Research Reactor 4, RA-6 -
Argentine Research Reactor 6, Bariloche, Argentina; Helsinki - Finnish Research Reactor TRIGA
Mark 11, Helsinki; MST — median survival time, M - months, CR — complete response, PR — partial
response, OR - overall response, MM - Malign melanoma, AdCC - adenocystic carcinoma, UCC -
urothelial cell carcinoma, MFS -myofibroblastic sarcoma, MC - mucoepidermoid carcinoma, SGC -
salivary gland carcinoma, SCC — squamous cell carcinoma)

No. of o
Author Year Facility cohorts/ Tumour  B-compound(s) / Clinical
. type dosage outcome
patients
BPA: 85 mg / kg // 3-5h
OR CR: 73%
Fukuda et al. [43] 2003 KURRI 3/22 MM BPA: 170 mg / kg // 3-5h PR: 230/°’
OR . o
BPA: 210 mg / kg // 3-5h
Menendéz et al. [44] [2009 RA6  1/7 MM BPA T4 g/ M Sk oRr: 69 %
SCC (24) .
CR: 45%
Kankaanranta et al. | 2007/ L AdCC (4) . ; ’
[45],[46] 2011 Helsinki 1/29 ucc (1) BPA: 400 mg / kg // 2h |\P/|§T31']ZOM
MFS (1) ’
I\S/ICI\;/IC(%) gl;A: 500mg/kg //2:3h  p 40
. . 0,
Kimura et al. [47] 2009 KURRI 1/6 AdCC (2) BPA:500 mg/kg // 2-3h; |\P/|§T6726/30M
MC (1) BSH:2g//12h :
BPA: 250 mg / kg // 1h;
scc (19) 2oH-S 912N CR: 46%,
Kato et al. [48] 2009 KURRI 3/26 SC (3) . PR: 38%,
sGC(4) DPA20malka h ysTie36 M
BPA: 500 mg/kg // 1h
BPA: 200 mg /kg // 1h .
Morita et al. [49] 2006 JRR-4 1/4 MM OR SE ;g::f’
BPA: 500 mg / kg // 2h nenre

Fukuda et al. treated at the Kyoto University Research Reactor (KUR), Japan, 21
patients after BPA-infusion of 200 mg / kg body weight over three to five hours.
Out of 21 patients, 16 showed full response, 5 patients showed partial response
[43]. Menendéz et al. reported results of 7 patients suffering of malign melanoma,
of which 5 showed full reponse, 2 patients were found to respond partially [44].
Very good results were reported by Morita et al. for a small group of four patients
treated at the KUR at the Japan Research Reactor 4 (JRR-4). The BPA infusions
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were applied at concentrations of 250 and 500 mg / kg body weight. Three of four
patients showed complete response (in two cases the treatment was considered

curative), in the case of the fourth patient partial response was found [49].

In Europe the most BNCT trials have been carried out in Helsinki, Finland. The
local TRIGA reactor has been modified and now serves most of the time for
therapeutic application of BNCT, isotope production and basic research [50]. In a
study with 12 patients suffering from head and neck cancer, Kankaanranta et al.
reported complete response in 7 cases, partial response in 3 cases and stable
disease for several months in 2 cases. The BPA-infusion administered had a
concentration on 400 g / kg body weight, one year survival was 58 % [45], and
overall response to the treatment was 83 %. After these encouraging results, the
study was extended to a number of 29 patients. After final evaluation, 22 patients
responded to BNCT. Two-year progression free survival and overall survival were
20% and 30%, respectively, and 27% of the patients survived for 2 years without
locoregional recurrence [46]. Good response was also observed in a study on 6
patients by Kimura et al. [47], of whom four responded partially and one
completely, MST was 26 M. In a larger study with 26 patients carried out by Kato
et al. [48], a similar treatment protocol was applied as in the study presented by
Kimura et al., BPA-infusions between 250 -500 mg / kg body weight, partly with
additional application of BSH. In this study, a 6-year-survival of 24 % was

reported.

In most studies considerable improvement of the quality of life of the patients was
reported after a limited number of treatments (1-3). The treatment by BNCT in the
aforementioned studies usually involves only the infusion of the boron carrier
solution and the irradiation of the patient without any particular follow-up treatment
after a certain post-irradiation supervision time. Therefore, the physical and mental
stress for the patients is usually much lower compared to other oncological
therapies such as conventional radiation therapy, chemotherapy, or surgery, which

may require weeks or months for treatment and recuperation.

Generally, with respect to the gain in MST and quality of life, the efficiency

appears to be higher in head and neck cancer and skin cancer compared to brain
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cancer, though it is very difficult to deduce directly the general effectiveness of

BNCT from studies like those presented above:

1.) In several studies, selected patients were enrolled, e.g., with a certain
Karnofsky performance score [51] or excluding patients without (or with)

prior surgical treatment, chemotherapy et cetera.

2.) BNCT was partly applied in studies along with surgery, X-ray irradiation, or
as 10- or NO-BNCT.

3.) Also, the rather small number of patients (usually between 5 - 30 patients)
enrolled in each trial make a reliable prediction and statistical evaluation of
the efficiency of BNCT difficult.

4.) Furthermore, many of the studies carried out so far, were carried out with
varying treatment protocols, which includes also a variation of the boron
compounds and the dosage protocols. In addition, each facility provides a

very individual irradiation field.
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1.4 Neoplastic diseases of the liver

The liver is the largest gland and the largest internal organ of the human body. It
plays a key role in digestion, protein synthesis, glycogen storage, bilirubin
metabolism, hormone production and detoxification. The liver is located in the
upper right abdomen, below the diaphragm and overlays the gallbladder, weighing
around 1.5 kg. It is supplied by two large blood vessels: the hepatic artery,
carrying blood from the aorta, and the portal vein carrying blood coming from the
gastrointestinal tract, the spleen, and the pancreas. The site where the blood
vessels (and also the bile ducts) enter the organ is called hilum or porta hepatis.
As the liver has a right and a left liver lobe, both artery and vein divide into right
and left branches after entering the organ. The liver is the only human organ with
the ability to regenerate completely, even if up to 75% of its mass are removed.
However, only the functional completeness is restored, not the original shape of
the organ.

The two liver lobes consist of eight segments, which itself consist of a number of
lobules with a diameter of 1 — 2 mm each. These smaller subunits are hexagonally
shaped and made up of liver cells arranged in one-cell thick plate-like layers. In
the centre of a lobule, the central vein is located. From there, rod-like structures of
liver cells are arranged radiating to the edges of the lobule. Between these rows of
liver cells, small blood vessels are placed carrying venous and arterial blood from
the hepatic portal vein and the artery to the central vein. These portal vessels are
located at each corner of the lobule, where they are joined by a bile duct. Between
liver cells, frequently small granules of oxidised lipid and protein clusters can be
found, which are called lipofuscin.

Around 80 % of the liver cells are hepatocytes, which carry out most of the
different liver functions. This includes protein synthesis and detoxification
(inactivation of exogenous compounds and toxins, also the production of urea from
ammonia for subsequent excretion), also, several steps of the lipid metabolism
(cholesterol synthesis and synthesis of bile salts) and the carbohydrate
metabolism (production of fatty acids, lipoproteins, triglycerides, and
gluconeogenesis). Hepatocytes have a life span of around 150 days, they are of
round shape and have frequently more than one nucleus. In Fig. 4, a histological

image of healthy liver tissue is displayed.
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Neoplastic diseases of the liver

The research carried out for this thesis was focused on the application of BNCT for
different forms of malignancies of the liver. Primary and secondary malignancies of
the liver are very common. Worldwide, the World Health Organisation registered
around 610,000 patients who died from colorectal liver metastases (CRLM),
another 700,000 whose cause of death was hepatocellular carcinoma (HCC) [52],
making them the 3™ and 4™ most common types of cancer in the world. Less
frequent, but unfortunately increasing are intra-hepatic cholangiocarcinoma

(IHCC). For example, incidence in the USA is about 3,000 per annum [53].

Fig. 4: Hematoxylin and eosin stained tissue section of a human liver (4.10 x 3.25 mm?)

HCC, IHCC, and the primary tumour responsible for the creation of CLRM, the
colorectal carcinoma, spawn from epithelial tissue. Epithelial tissue forms glands
and covers surfaces and cavities of a variety of structures in the human body.
Malign tumours originating in epithelial tissue or neuroendocrine tissue are called

carcinoma.
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Hepatocellular carcinomas are primary liver tumours. They are often a result of
liver cirrhosis, the consequence of a chronic disease during which large areas of
functional hepatocytes (liver parenchyma) are destroyed by different forms of
necrosis (externally caused premature cell death), which are then replaced by
connective tissue (fibrosis) or regenerative nodules. Both cirrhosis and HCC can
be triggered by hepatitis B and C, pesticides or natural toxins, anabolic steroids or
by diseases of the metabolism.

Intrahepatic-cholangiocarcinomas are also primary liver tumours originating in the
bile ducts inside the liver. It is morphologically distinct from HCC and does not
occur as a result of cirrhosis or any of the other influences causing HCC. It is
therefore not accompanied by cirrhotic reconstruction of the liver.

Colorectal carcinomas are tumours of the colon epithelium, which can be caused
by adenoma (benign tumours of the colon) or by colitis ulcerosa. More than 50 %
of all patients develop metastases in the liver, in many cases the liver is the first

site where metastases are found.

Due to cancer and other diseases, the histology of parts of the liver is changed
characteristically. For that reason, it is a standard clinical procedure to send tissue
samples to a pathologist for further identification if cancer or other ilinesses are
suspected in a patient.

For example, during liver cirrhosis, large areas of connective tissue appear where
hepatocytes and other liver cells would normally have been. Another example for a
morphological change of tumour-free liver tissue is steatosis. Hepatocytes may
retain lipids due to an impairment of the triglyceride metabolism, such cells are
called steatotic.

Several features in tumour growth, which are very characteristic have already
been mentioned: They are characterised by destructive, infiltrating growth into
neighbouring tissue, often displaying atypical cell changes, e.g.,the occurrence of
several nuclei per cell, and a higher cell number (hyperplasia) than other tissues.
When growing, they develop their own blood supply. As the new blood vessels
supply mostly the tumour rim, the inner parts of a tumour undergo necrosis, if the
tumour reaches a sufficiently large size. However, even though the centre of a
tumour may be necrotic, live functional cells can still be found. Also, fibroblastic

tissue is present to a large extent in tumours, but it is particularly prominent in
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carcinomas, where it is called desmoplastic stroma reaction. Triggered by the
effect of growth factors liberated by tumour cells, this reaction guarantees the
development of the tumour vascularisation and stromal support for the tumour
growth. Hence, many tumours consist also of a component of fibrotic tissue. The

very heterogeneous tissue morphology is illustrated in Figure 5.

Fig. 5: Hematoxylin and eosin stained tissue section of a colorectal liver metastasis
(410 x 325 um?). It is visible how polynucleous tumour cells (adenocarcinoma) separate fibrotic

cells (right half) and necrosis (left half)

Treatment options for neoplastic diseases of the liver

Treatment options for lesions caused by HCC, IHCC, and CRLM are similar due to
their common location in the liver, however as they vary in size, position, number,
and dissemination, there are considerable differences.

Due to number and specific location of the lesions, only in a minority of all cases,
surgical or locally-ablative treatment is applicable, such as radiofrequency ablation

[54, 55] or hepatic resection [56, 57]. If not amenable to resection, other options
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are therapy by radiofrequency thermal ablation [58], chemotherapy [59-63],
different forms of radiotherapy [64], and endoradiotherapy (ERT), for example by
%y_containing microspheres [65] or '°°Ho-containing microspheres [66]. Liver
transplantation is an option which is rarely chosen, as in most countries there are
not enough donor organs available, though it offers high survival probabilities [67].
Of the patients suffering from HCC or IHCC, about 75 % do not have any systemic
metastases upon first diagnosis. However, one third of the lesions found cannot be
removed by resection. Therefore, treatment options apart from resection are
similar to those of liver metastases. Sadly, as of today, for a large number of
patients diagnosed with any type of liver cancer, all therapeutic attempts in the end

are only palliative.

Conventional radiotherapy for liver malignancies is a somewhat limited option due
to high radioresistance of several tumours occurring in the liver and by the position
of the organ in the body, where it is surrounded by too many radiosensitive
structures which would be damaged if irradiated entirely. The success of
endoradiotherapeutical approaches show that the biologically targeted application
of high radiation doses offers a great therapeutic potential. Application of BNCT
could offer another possibility of delivering very high doses exclusively to tumour
tissue while sparing surrounding tumour free liver tissue and adjacent
radiosensitive structures. About the issue of applying BNCT to the liver more will

be said in section 1.5.3.
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1.5 Treatment planning in BNCT

1.5.1 Pharmacokinetics and cellular uptake of boron compounds

The information about the pharmacokinetic behaviour of a boron compound is
essential for an application of BNCT to patients in clinical trials. The knowledge of
the different steps from the administration of the boron carrier, over its uptake in
cells, until the clearing of the carrier molecule or its metabolic products from the
body, is needed for the determination of the correct point in time and the interval of
the neutron irradiation. The different stages from the moment of administration to
the excretion can be described in a general action schematic in Figure 6, based on
a schematic by T. Probst [68].

Phase Action Kinetic modelling
Phase [: Administration of boron
compound
Transfer of boron Blood-boron uptake
to tumour site Transport by blood to kinetics

different tissues

Phase |I:

Transfer into cells

Boron deposition
in cells, cellular Metabolisation of boron Intra- / intercellular

interaction e_md compound inside cells kinetics
metabolisation

Excretion from cells
A\

- S

Phase llI: / \

Unchanged Metabolised

Excretion kinetics

Excretion of
“‘unused” boron

Further metabolisation and
excretion from the body

Fig. 6: A simplified representation of the pathways required to bring a boron-containing species
from the moment of injection to the patient and then to excretion. The arrow denotes the
chronological course of action. Blue boxes are assigned to actions taking place on a

macroscopically traceable scale, the red box is assigned to all microscopic actions.
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The schematic does not include therapeutic steps, which do not influence the
kinetic processes directly, like neutron irradiation. The work presented in this
thesis is closely linked to several of the steps shown in Figure 6, which is why the
schematic is used to clarify the chronological context of the single steps and to
stress the importance of pharmacokinetic modelling and quantitative boron
analysis for treatment planning in BNCT. For some of these steps, qualitative
confirmation of a boron compound acting in a certain way is not sufficient, the

presence (or the action) of the compound has to be determined quantitatively.

It should be noted, however, that the schematic depicts a model situation and
omits several factors and parameters, which have to be considered in a clinical
situation as well. Most notably, these are biological and radiobiological effects
concerning intra- and intercellular processes like DNA-repair mechanisms.

The different actions presented in Figure 6 can be roughly categorised in
macroscopic and microscopic actions taking place. At the time of writing, most
data available in literature have been published for macroscopic steps.
Furthermore, there are three different phases in time, which can be regarded
independently, when describing pharmacokinetics in BNCT. In the following

paragraphs, the different phases and actions will be characterised more in detail:

Administration of the boron compound

As mentioned further above, there are two boron compounds which are the most
frequently used in clinical trials. BSH was introduced by Hatanaka in 1968 as new
boron carrier, which potentially might cross the blood brain barrier [69], and since
then has been used in trials for brain tumour. BPA was originally designed by Y.
Mishima for the application for melanoma treatments, as it is structurally similar to
L-tyrosine, which is a precursor for the production of melanine [70]. Today BPA-
fructose (BPA-f), BPA-mannitol (BPA-m) and BSH are the most commonly applied
boron carriers in clinical trials.

The most frequent administration route for boron carriers is an intravenous
infusion, often through a central vein catheter (CVC), or into another vein.

However, other possibilities in administration for boron carriers, such as intra-
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arterial injection, at times with the additional use of blood-brain-disrupting agents,
have been tried in in vivo studies [71, 72], and in clinical trials ([73] for BPA [74],
for BSH).

For the treatment of brain tumours, BPA-f and BSH have frequently been applied
simultaneously for the treatment of selected brain tumours ([31, 33, 37, 75],
among others). In this case, it is necessary to administer both boron compounds in
different infusions at different points in time. The effectiveness of the simultaneous
application appears to be higher for the chosen tumour entities than the
application of only one boron compound for the respective tumours, which is
probably due to better and more homogeneous boron enrichment in the different
tumour compartments, as both compounds are subjected to different biochemical

transport mechanisms [76].

Transport by blood to different tissues

Pharmacokinetic models for the blood-boron uptake kinetics are created according
to experimental data. Several studies with a pharmacokinetic focus have been
carried out in the past, mostly trying to characterise the transport of the boron
carriers in blood with the aim to define the most favourable moment for neutron
irradiation. To this avail, either in vivo models, which were subsequently adapted
for humans or samples from clinical studies were used. Commonly, the course of
the boron concentration in blood is recorded over the whole infusion period to
obtain the wash-in kinetics and also for a certain period in time after the stop of the
infusion to retrieve information about the excretion kinetics.

Additionally, tissue samples of the regions of interest are taken at different points
in time to retrieve information about the boron uptake in tissue. Very often, tumour
samples are taken in the same intervals to monitor the tumour-to-blood (T/B) and
the tumour-to-tumour-free tissue (T/H) ratio. Blood-boron kinetics have been
assessed in a number of studies for BPA-f, BPA-m and BSH. Ideally, the T/H ratio
of the boron uptake is highest at the moment of irradiation. However, at the same
time, the absolute boron concentration in the tumour cells must still be high

enough to reach therapeutic dose levels, and it must be certain that due to a
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probably too high boron concentration in the blood no damage is dealt to the blood

vessels. Furthermore, boron accumulation in cells may also take some time.

For BSH, a rapid clearance from the blood has been found in various studies [74,
77-79], can be expressed exponentially. Also, in these studies, T/B and T/H ratios
were determined, sometimes together with calculated theoretical dose ratios. All
studies agree in the recommendation for an optimal effectiveness of the treatment
to irradiate 12 to 20 hours post-infusion. Indeed, in most clinical trials involving the
application of BSH patients are irradiated 12 hours after start of the infusion ([31,
33, 37, 75], among others). All of the pharmacokinetic features of BSH stated in
this paragraph were outlined for intra-venous infusion. Intra-arterial infusion of
BSH was discussed by Kageji et al. with the conclusion that the intra-venous
infusion route should be preferred during treatment, as it provides less risks for the
patient: BSH after intra-arterial infusion was found to move into the peripheral
organs more easily than after intra-venous infusion [74].

So far, very few data about the kinetics of BPA-m are available, but which appear
to phenomenologically agree with those published for BPA-f [73]. Most clinically
applied BPA-f infusions last between 1 and 2.5 hours ([24-26, 44, 46, 48, 80],
among others), but also significantly longer infusion times have been chosen for
therapy [28]. The course of the BPA concentration curve in blood is characterised
by a steep increase which leads into saturation. After the stop of infusion, rapid,
exponentially expressible clearance from the body was found, although the
clearance does not proceed as quickly as in the case of BSH. In most clinical
studies, for various kinds of cancer, an interval of 2-3 hours for BPA-infusion is
considered to be optimum for the enrichment of boron in tumour compared to
surrounding tumour free tissue. An example curve for the typical course of the
boron concentration in blood is presented further below in Figure 8, section 1.5.2.
However, this should not be seen as general rule and might be different for each

kind of tumour tissue [81].
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Transfer of the boron compound into cells

Cellular uptake of BSH

The cellular uptake mechanism for BSH has not been investigated in detail and
remains largely unclear, proposed mechanism hints at endocytosis [82]. However,
it has been confirmed that cellular uptake definitely takes place in different brain
cancer cells.

Ceberg et al. [83] measured boron in subcellular fractions of BSH-infused
astrocytoma tissue from patients. After tissue homogenization and centrifugation,
they found 21% of boron in nuclei, 18% sedimented with the fraction consisting of
mitochondria and other cell organelles and 61% of boron was found in the soluble
fraction, consisting of cytosol and extracellular fluid.

Similarly, Otersen et al. could show by immunohistochemical staining that there is
an uptake of BSH into cell nuclei and cytoplasm. Partly, the BSH coincided with
the expression of Ki-67 proliferation markers. Though the fraction of cells both
proliferating and showing BSH uptake was not quantified, it appeared that only a
minority included both features, hence a correlation of linking BSH-uptake to
proliferative activity of cells could not be drawn [84]. Additionally, Neumann et al.
found high BSH concentrations along the cell membrane examining tumour
samples of patients suffering from glioma. Therefore, as mentioned further above,

it was proposed that the BSH uptake could be carried out by endocytosis.

Cellular uptake of BPA

Compared to BSH, BPA has been used for the treatment of more types of cancer
and its properties have been identified in more detail. Particularly, the transport
mechanism for BPA has been identified with relative certainty. Bulky amino acids
like phenylalanine, tyrosine, valine, and leucine, are transported via the L-system
into cells. The L-system consists of four transporters (large amino acid
transporters LAT-1, LAT-2, LAT-3, and LAT-4). Two are hetero(di)mers composed
of a catalytic subunit (LAT-1 or LAT-2, as light-chain glycoprotein-associated
amino acid transporter) linked covalently with the glycoprotein 4F2hc/CD98 (heavy

28



chain) [85]. The other ones, LAT-3 and LAT-4, are distinct in there structure, for
both a monomeric structure has been proposed. They share many functional
characteristics like sodium, chloride, and pH independence, narrow substrate
specificity, a two-component kinetics, lack of trans-stimulation, stereospecificity,
and sensitivity to the presence of the amino acid analogue BCH [86, 87].

The transporter with the seemingly greatest responsibility for BPA is LAT-1 [88,
89], which is most probably due to the structural similarity of BPA to phenylalanine.
The efficiency of BPA as boron carrier in BNCT might be explained with the high
expression of LAT-1 in various tumour entities [90-94]. For this reason, LAT-1 is
being used as marker for prostate cancer [95] and is being considered, in
combination with '®F-fluorated L-DOPA, as tracking substance for tumour
visualisation [96]. In addition, it seems to be possible to increase the LAT-1
expression by trans-stimulation, i.e.,the intake of BPA can be stimulated by

offering structurally similar metabolites to the cell, which are transported by LAT-1

as well (Fig. 7).
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Fig. 7: Structures of BPA, L-tyrosine and L-DOPA

Papaspyrou et al. could show that trans-stimulation of BPA is possible by prior
administration of L-tyrosine in an in vivo melanoma model (also-called
“preloading”) [97]. Capuani et al. could show similar results for an in vivo glioma
model after preloading with L-DOPA [98, 99]. However, though the structural
resemblance of BPA, L-DOPA, and L-tyrosine is very high, even smaller changes
greatly influence the uptake behaviour. Hiratsuka et al. found during in vitro
studies with the structural isomers of BPA (ortho-, meta-, and para-BPA) that

enrichment in the respective cells was highest for para-BPA. This could point to a
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certain steric hindrance of the uptake of BPA in case of ortho-, and meta-BPA
[100].

As also the A-System is responsible for transport of neutral amino acids like
alanine to a certain extent [88], there is the assumption that the transport of BPA
into a cell might be a two-step process of first using unidirectional A-system
transporters for the intake of a similar metabolite, like L-tyrosine, and then

exchanging this metabolite via the L-system [85].

An actual accumulation of boron after BPA-infusion inside tumour cells was
demonstrated for glioma cells using secondary ion mass spectroscopy (SIMS)
[101-103] and for melanoma cells using electron energy loss spectroscopy
(EELS) [104]. More than that, Chandra et al. could demonstrate that in T98G
human glioblastoma cells there is an elevated '°B concentration in mitochondria-
rich cell regions compared to other cell regions [103].

For a long time, uptake of BPA was believed to be mostly subjected to the
proliferative activity of tumour cells, which was not unsurprising, as LAT-1
expression was found to be correlated with cell proliferation indicated by Ki-67
expression, e.g.,in non-small cell lung cancer [92]. However, contrary to these
results, in studies by Detta et al. [89] and Wittig et al. [88], no significant correlation
between immunohistochemical analysis using proliferation markers like Ki-67 or
PCNA in squamous cell carcinoma, colorectal liver metastases, or glioblastoma
could be found. Both groups concluded that the activity of LAT-1 therefore seems

to be upregulated in these tumour cells regardless of their proliferative status.

The difference of such results clearly indicates the need for further research on
this matter. Up until today, only few works have been published on assessing the
tracing abilities of the boron compounds in clinical use so far. Also, only scarce
information about the coincidence of tumour- and radiobiological parameters
between boron compounds and the tumour entities, which are subject of clinical

trials, is available.
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Excretion from cells and from the body

The elimination of BPA from the body is most probably managed by the kidneys
[105]. During metabolisation and following clearance from the body, a large
fraction of the BPA-f is split into fructose and BPA. This process appears to start
shortly after administration and proceeds within several hours [106]. Unfortunately,
the implications of this structural fragmentation of the BPA-f molecule have not
been assessed yet. Fortunately, the fragments of BPA-f are non toxic and can be
excreted from the body without further difficulties. They therefore pose no threat to

the patient’s health.

In the case of BSH, the consequences of metabolisation and elimination from the
body are at least partly known. Though most of the BSH is excreted unchanged
(around 80%) [107], it partly aggregates to a dimeric form Cs4B24H2,S, (BSSB)
[106], for which it is known to be taken up in higher levels in 9L rat gliosarcoma
cells [108] and which has longer retention times in C6 rat glioma cells and M2R
mouse melanoma cells [109]. However, it is very difficult to consider such
structural changes in dose planning models, as there might be different kinetic
constants be found for different kinds of tumour cells. It is very important to stress
that cellular uptake of either of the two boron compounds (BPA and BSH) is cell

and tissue type dependent.

Although many works have been published about cellular enrichment and
pharmacokinetic issues of BPA and BSH, it is still very little known about the
microscopic pharmacokinetic behaviour, e.g., the intake and excretion kinetics on
the cellular level of either of the boron compounds. Kinetic modelling so far must
rely on data available for the blood-boron kinetics and the linked boron-in-tissue /
boron-in-tumour ratios. As all of these processes can be highly individual for each
tumour, for each tumour entity, existing models should be verified or new ones

should be established.
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1.5.2 The relevance of boron concentration monitoring for treatment
planning

Prediction of the boron concentration in blood

The numerical modelling for pharmacokinetic behaviour typically includes a
multi-parameter fit for the transition of the boron from blood to tissue and out of
tissue. This is commonly expressed by oligo-compartment models (with usually
two or three compartments), e.g., a model that assumes transport of boron in
single steps from one compartment to the other, which can be reversible. Such
steps would include transfer of the boron from the infusion to blood, from blood to
tissue or from extracellular to intracellular space. With such models, dose
prediction for neutron irradiation after the stop of the infusions containing the boron

compounds is made possible.

The pharmacokinetic behaviour of BPA is commonly described by an open two-
compartment model [105, 110, 111]. The course of boron concentration during
infusion is characterised by a steep increase which reaches slowly a level of
saturation, if the infusion persisted for a longer time. After stopping the infusion,
the boron concentration decreases exponentially within several hours. In Figure 8,
the simulated pharmacokinetic behaviour of the boron concentration according to
an open two-compartment model during and after BPA-f infusion is shown. In this

example, three irradiations of the same patient are part of the treatment planning.

For BSH, the clearance from the blood also has been described by two-
compartment models proposing a biexponential decline (Fig. 9) of the boron
concentration after stop of the infusion [74, 77]. From the pharmacokinetic data
collected, Kageji et al. drew the conclusion that BSH moved relatively quickly from
the blood to other organs, where is was retained and slowly released over a period
of several days [74]. The major part of the boron accumulated in tumour tissue
was cleared 24 hours after stop of the BSH-infusion. Interestingly, the kinetic
parameters found for BSH are similar to those for Carbamazepine, Clonazepam,
Lorazepam, and Nitrazepam [112], which are all drugs targeting the nervous

system.
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Fig. 8: Course of a simulated BNCT treatment involving a 90 min BPA-f infusion followed by
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Fig. 9: Calculated concentration of boron in blood after a 100 mg/kg BSH infusion (figure taken
from [79])
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Description of the total dose

The boron dose in blood and different tissue compartments and cells is a key
parameter for treatment planning in BNCT. The dose applied during BNCT
treatment is commonly described by a sum of four major dose contributions,
defined by the nuclear reactions that occur when neutrons pass through tissue and
by additional radiation emitted from the irradiation facility. Of the four dose
contributions, only one, the boron dose (Dg), is of therapeutic interest. The boron
dose is the dose from the heavy charged particles generated during the "°B(n,a)Li
reaction with a total energy release of 2.79 MeV (described in more detail in

section 1.2). The other three dose contributions are:

1. The nitrogen or thermal neutron dose (Dy), caused by 580 keV protons
released upon the capture of thermal neutrons by nitrogen atoms in
tissue (™*N(n,p)'*C).

2. The proton dose or fast neutron dose (Dp), which is a result of the
interactions of fast neutrons with hydrogen atoms in tissue (*H(n,n’)'H).
Fast neutrons are a part of the neutron spectrum in almost all neutron

beams available for BNCT.

3. The y-ray dose (D,). This dose consists of y-rays of different sources,
one part are y-rays emitted from hydrogen atoms in tissue after
capturing thermal neutrons (*H(n,y)’H), while the other part are y-rays

emitted by the neutron source itself.

Mathematically, the total radiation dose a patient receives during BNCT is usually

described by the following equation (Eqg.1):
Eq.1: D, =Dy +Dy+D,+D,

As very different particles are released in tissue due to neutron capture (protons,

a-particles et cetera), it is not convenient to merely express the dose contributions

34



as physical dose (in Gy) due to the very different radiobiological effects caused by
each kind of particle (see also section 1.1).

The total dose in BNCT is therefore commonly expressed as sum of photon-
equivalent doses. This is achieved using weighting factors (w) which are
determined experimentally and which are then multiplied with each dose

contribution. As a result, the weighed total BNCT dose is expressed like this
(Eq. 2):

Eq.22 D, =wyDy+wyDy+wpDp+w,D,

tot ,w

To distinguish weighed dose from physical dose, it is often given in units of Gy,
instead of Gy. The determination of such weighting factors is carried out by
comparison of radiobiological effects caused by photon irradiation assessed in in
vitro and in vivo models to the effects in the same models caused by radiation with
a higher LET. More information about importance and determination of weighting

factors may be found elsewhere [113-117].

The three latter dose components, apart from the gamma-ray contamination of the
neutron beam, cannot be avoided during therapy. All of them are unwanted dose
contributions as they cause unspecific dose deposition in the targeted tissue.

While y-rays coming from an accelerator or a reactor core can be diminished by
appropriate shielding, all other reactions occur due to the natural composition of
tissue by interaction with incoming neutrons. Therefore, these dose contributions
might be called indirect dose contributions, as their radiobiological effect can only

be influenced by the intensity and the energy spectrum of the irradiation field.

The boron dose however is a direct dose contribution, its radiobiological effect can
theoretically be controlled by the enrichment of boron in the tissues and cells
which are irradiated during treatment. The prediction of the boron dose is also
the most difficult task, as it is usually not possible to predict the exact boron
distribution in every patient individually, whereas the indirect dose
components can be simulated very well using reference values for human

tissue and by the precise characterisation of the irradiation field.
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Monitoring and determination of the boron dose is therefore usually accomplished

in two steps:

First, the blood-boron kinetics have to be determined by a suitable
pharmacokinetic model. With such models, a prediction of the kinetic boron curve
is possible, if in different time intervals sufficient data about the boron
concentration in the blood is provided. To do this, during infusion of the boron
carrier, blood samples are taken regularly which have to be analysed in a very
short time. With the analytical methods in use for routine boron determination in
blood, such data can be produced within several minutes, a short geographical
distance between operation theatre and analytical laboratory provided. The
methods routinely used for rapid boron analysis during BNCT treatment are
inductively coupled plasma mass spectrometry (ICP-MS), inductively coupled
plasma optical emission spectroscopy (ICP-OES), and prompt gamma activation
analysis (PGAA) (for further details about methods for boron analysis see section
1.6.3) [118-120].

Second, the boron enrichment in tumour tissue has to be predicted. This task is
more difficult to deal with, as it is not possible to take tissue samples from the
tumour and the surrounding tissue during BNCT treatment. Therefore, models for
the prediction of the enrichment are created relying on data obtained during
preclinical studies. Additionally, it is possible to assist such models by determining
enrichment factors during or shortly before treatment by non-invasive methods like
positron emission tomography (PET) [34, 46, 120]. In this case, a small quantity of
a structurally similar radiotracer is injected in order to retrieve values reflecting the
uptake behaviour in the moment of the treatment itself as realistic as possible.
Preclinical studies to determine enrichment factors of boron may be carried out
using animal models, whose data are either later extrapolated for patients [121].
Similarly, data from such trials are used to explore the general possibility of a
favourable enrichment in a specific tumour entity, thus determining if it is at all
possible to treat this entity by BNCT ([122—-125], among others).

If this is confirmed, studies involving patients have to be carried out including

administration of the boron carrier during surgery, e.g., indicated resection of
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tumours or metastases independently of the BNCT related questions. Often this
includes also sampling of the relevant tissues during the infusion and/or at the

moment when an irradiation should take place ([73, 79, 126—128], among others).

The obvious conclusion can be drawn that the exact prediction of the boron dose
is a task requiring much work prior to a clinical application of BNCT. Ideally, not
only the integral boron concentration in tissue is determined. The detailed
knowledge of the boron concentration and distribution in a targeted tissue (down to
the subcellular level) allows inclusion of more parameters for safe and successful
treatment planning. Especially, the characterisation of dose weighing factors can
be greatly improved. In many reports published by several groups concerning the
spatial boron distribution in tissue compartments or inside cells, the results
strongly indicate the need for differentiated boron analysis of tissue samples to
improve treatment planning [126, 127, 129]. Moreover, not only precise boron
determination, but also the accompanying analysis of morphological and biological
properties of the tissue will provide further refined treatment planning. Other
approaches suggest higher precision for dose calculation, if microdosimetrical
models are used [130]. However, for most tumour entities and boron carriers, too
few information is available to realise such approaches at present.

At this point, it should be stressed again that the possible radiobiological
consequences of the metabolisation of a boron compound have to be taken into
account for treatment planning as well. Also the correlation of the spatial boron
concentration in tumour tissue to its biological features is particularly useful.

However, only a few publications on this topic have been issued so far [88, 89].

1.5.3 Treatment planning for an application of BNCT to the liver

The application of BNCT to treat liver malignancies has been limited to three
cases world wide so far. The general interest of the BNCT research community
was stirred by the TAOrMINA programme initiated in the late 1980s in a
cooperative project of several institutions of the University of Pavia, Italy [131],

with the aim to treat patients suffering from inoperable colorectal liver metastases
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(CRLM). Intra-corporeal irradiation of the liver was considered not to be feasible
due to location of the liver inside the abdomen, where it is surrounded by several
organs which would suffer irradiation as well. After a series of in vitro and in vivo
studies with BPA as boron carrier confirming the theoretical feasibility of BNCT for
CRLM, it was decided to explore the possibility of an extra-corporeal liver
irradiation. For this kind of treatment, the irradiation facility, the TRIGA Mark Il
research reactor at the laboratory for applied nuclear energy (L.E.N.A.) in Pavia
had to be structurally modified. This included most notably the enlargement of the
irradiation channel in the thermal column and the installation of two bismuth
shields to reduce the gamma-rays emitted from the reactor core [132, 133]. More
detailed information about clinical outcome and treatment planning of the trials can
be found elsewhere [134, 135], therefore, only a brief summary of the trials will be

given here:

Extra-corporeal liver irradiation

In 2001 and 2003 one patient each was treated. The first patient died 44 months
after BNCT due to systemic metastases, the second patient died 33 days after
BNCT from a preoperatively existing dilatative cardiomyopathy. Upon autopsy,
remnants of vital tumour tissue were found in the liver of the second patient [135].
Both patients received a BPA-f infusion of 300 mg / kg body weight over two hours
prior to complete removal of the liver from the body. After removal, the liver was
washed, chilled, packed in sterile, hydrogen-free plastic bags and a
polytetrafluoroethylen (PTFE, Teflon) box for irradiation and then transferred to the
TRIGA Pavia reactor for irradiation, and biopsies from both tumour and tumour-
free liver were taken to determine the enrichment factor of the boron in tumour
tissue, which were 5.9 : 1 and 5.6 : 1, respectively. Subsequent irradiation lasted
about 10 min. The whole treatment including surgery for explantation, transport
and preparation of the organ, irradiation, and re-implantation took 21 and 18.4 h,

respectively.
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Intra-corporeal liver irradiation

Intra-corporeal BNCT for hepatocellular carcinoma was tried in Japan by Suzuki et
al. [136] in one case. Two infusions with both BPA and BSH along with a vessel
embolising agent were administered. About 6h after infusion, irradiation with two
different irradiation fields took place at the Kyoto university research reactor
institute. The moments for irradiation were chosen following the boron
concentration in the patient’s blood, the monitoring of the boron level was carried
out by prompt gamma activation analysis. Tumour growth was stable for one
month post BNCT, the patient died 10 months after the treatment. The trial
confirmed the technical feasibility of in situ BNCT for liver malignancies, however
many questions, most of all concerning the boron concentration and distribution in

the different irradiated tissues remain.

Advantages of extra-corporeal liver irradiation compared to the intra-corporeal

approach

The irradiation of an explanted organ comes with certain therapeutic advantages
and difficulties for both the patient and the physicians, who are responsible for a
successful therapy. A treatment protocol following the TAOrMINA-approach
includes extensive and complicated surgery (auto-transplantation) which greatly
increases the risk for the patient. Also, the number of patients eligible for such a
procedure is limited, as only patients with a “structurally stress-resistant” liver can
be chosen, because the organ has to be mobilised, resected, and transported.
Therefore, patients with cirrhotic livers (not uncommon in case of HCC) would not

be amenable for therapy.

Moreover, the idea of irradiating the organ ex-situ enables the radio-oncologist to
expose the organ to a (theoretically) ideal irradiation field. In BNCT, patients are
mostly irradiated in front of a beam aperture, which means that all neutrons for
irradiation are coming from the same direction. This may require extensive beam
shaping and/or a particular neutron spectrum to ensure the presence of sufficient

thermal neutrons also after a certain penetration of tissue. In case of the irradiation
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of the explanted liver inside the thermal column of a reactor, the liver is placed in
an irradiation field where a significant part of the neutrons reach the liver from all
sides (Fig. 10).

Inside the reactor Outside the reactor

~ |2 o liver on a slide

reactor core y-shield graphite gate of the thermal column

Fig. 10: Example for a possible structural modification of the thermal column of the TRIGA Mainz.

Figure re-used from [137].

Therefore, it is possible to choose the location in the thermal column with the most
suitable irradiation field, thus providing a more homogeneous dose for the whole
organ. Also, the liver can be repositioned, e.g., by rotation, during irradiation if
needed for an optimal irradiation, and it can be carefully put into a specific
container to change its three-dimensional shape, e.g., by using a spherical
container to irradiate a more “ball-shaped” organ [138]. Additionally, especially if
the organ has to endure longer irradiation times, a cooling system for the organ
has to be installed.

If kept outside the body and separated from their natural vasculature, organs have
to be perfused with preservation solution in order to clear the blood from all the
blood vessels, since coagulation would cause serious damage during the time
they spend outside the body. If cooled after perfusion, there are little metabolical
influences on boron distribution inside the organ (and the tumour) to be expected.
This simplifies pharmacokinetic modelling, as far as the possible consequences of
the perfusion of the organ are known, because the model only has to consider the
time interval of the boron infusion, after which the blood vessels to the liver will be

clamped and resection will begin.
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In several studies, the irradiation field inside the thermal column of the TRIGA
Mainz research reactor was characterised and it was successfully shown that the
facility, after some structural modification, would be adequate to serve as neutron
source for a BNCT trial involving extra-corporeal irradiation of a human liver
[137, 139].

However, the patient has to undergo surgery involving auto-transplantation, which
is a very complicated operation with the risk of a fatal outcome. Therefore, the
reasons for and against extra-corporeal BNCT treatment must be carefully
considered and weighed. To be able to do this, a number of crucial parameters
must be assessed. The work presented in this thesis is mainly focused on one of
these parameters: the boron distribution and concentration and their correct

determination in cancerous and tumour free liver tissue.
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1.6 Boron imaging and boron analysis

1.6.1 Characteristics of boron

Boron is a low-abundance, metalloid element. Of the two stable isotopes '°B and
"B, "°B is used frequently in the nuclear sciences due to its ability to capture
neutrons, e.g., as neutron stopping shielding material. Boron cannot be found
chemically unbound in nature, most commonly, it is found as borate in minerals
like Kernite (Na,B4O7 - 4 H,0), Borax (Na,B4sO7 - 10 H,O), Borocalcite (CaB4O7 -
4 H,0) and Colemanite (CazBsO14 - 4 H,0O). Elemental boron has to be produced
industrially. Crystalline boron can be extremely hard and exists in five allotropic
forms. The formation of crystalline boron structures and their properties highly
depend on different parameters like external pressure [140].

The chemistry of boron is very complex and unique, as it has three valence
electrons and four valence orbitals; it forms preferably strong, covalent bonds. The
characteristic electron deficiency is the reason for the variety of boron compounds
trying to complete their electron octet by 1m-bonds or three-centric bonds containing
two electrons. It may form complex, three-dimensional structures, especially when
combined with other elements like carbon, nitrogen or different transition metals
[141].

Boron is essential to life and has a very low toxicity in mammals. While the
nutritional essentiality for higher plants was confirmed decades ago [142], it
remained to be somewhat debated if this accounted for humans, too. However,
this seems to be confirmed now as well [143].

Boron plays also a role in life sciences, though its biological and physiological
potential has not been fully explored yet. For example, in animal models, boron
was found to ameliorate fulminant hepatic failure by counteracting the changes
associated with the oxidative stress [144].

In cancer therapy, boron is mostly associated with BNCT, though more recently,
the use of polyhedral boron compounds was proposed as carriers for radionuclide

therapy and diagnostics [145].

42



1.6.2 The importance and application of boron analysis

The need for precise analysis of boron concentrations arose as early as it was
considered as essential for life and when its application in nuclear sciences
became of interest. Due to potential toxicity, the analysis of boron in drinking and
groundwater has become a routine task, there are threshold limits established by
the World Health Organization (WHO) and the European Union (EU) [146, 147].
Partly linked to boron analysis in water, trace analysis of boron is also of interest
for nuclear power plants using water as cooling agent and moderator, which might
contain traces of boron [148].

Considering the importance of boron in life sciences and oncology, the need for

boron analysis in biological materials such as tissue, blood, and cells is evident.

Boron may be quantitatively analysed using a variety of methods. Each analytical
protocol allows boron determination at a certain spatial resolution. The resolution
automatically determines the biological relevance of the data which are gained
during analysis. Whilst macroscopic analysis may give information about rough
boron distributions in larger tissue compartments (of a volume of several cm?),
e.g., boron concentration in a whole tumour, with increasing resolution down to the
cellular and subcellular level, it is possible to derive information on microscopic
parameters such as cellular uptake, cellular transport behaviour, or metabolisation
of the boron carrier molecule. Though some of this information may be obtained by
cell culture studies, the analysis of actual tissue and blood samples from either in
vivo or clinical studies is required to investigate for a detailed knowledge of the

true biological situation.

The resolution is defined differently for destructive and non-destructive methods.
For destructive methods, often only an integral (or bulk) determination of boron is
possible. Therefore, the spatial extent of a sample automatically sets the limit of
the resolution. Non-destructive methods may be limited as they analyse only the
surface of a sample. Radiospectroscopic methods, which are frequently non-
destrucitve as well, are limited by the spatial efficiency and resolution of their
detector array. Also, the applicability of a method for either bulk or differential
boron analysis is restricted by its respective upper and lower limits of

quantification.
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If boron analysis of a living organism is required, one will tend to choose a non-
invasive method in order to not compromise health or physical integrity of the

organism. In this case, mostly radioanalytical methods are chosen.

Furthermore, time-resolved analysis may be an issue when regarding samples for
dynamic systems. While boron content in water samples is usually not subjected
to major fluctuation, this might be completely different in a living organism. For
example, sampling time is a key parameter in cell analysis, as the uptake of a
boron containing metabolite might be linked to one of the steps in the cellular
reproduction cycle. Sampling time can also be decisive, if the boron carrier is
metabolised or cleared from the system, e.g., through excretion by the kidneys. In
this case, not the originally administered substance, but rather its subsequent
metabolic products could be detected.

Moreover, sample throughput of a method can be an issue. If either the method
itself or sample preparation for the measurement requires too much time, it might
not be chosen for a given task (e.g., because it would not be possible to obtain
statistically reliable data within a certain period of time).

Additionally, though from an entirely scientific point of view not always an issue,
time and cost efficiency also determine the kind of analysis chosen for a set of

samples.

Particularly for biological samples, simply the imaging of the boron, i.e., obtaining
qualitative information about the boron distribution can be sufficient for resolving a
task. Whilst there are methods which exclusively yield qualitative information,
others are applicable for both qualitative and quantitative analysis. Of course, the
combination of several methods to reach the desired end-point of an analytical
task is an option as well.

Different methods are presented with respect to their possible field of application in

the following section (see also Figure 11 at the end of section 1.6.3).
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1.6.3 Methods for boron analysis

As sampling and work-up of biological material is an issue in the thesis presented
as well, these matters will be briefly addressed together with advantages and
drawbacks of different quantitative and qualitative analytical methods to give a
short overview of possibilities for boron analysis. On the issue of boron analysis,
especially if required for BNCT, several reviews have been published focussing on
applicability, boron imaging [149], and the limits of detection and quantification
[68, 150, 151]. It is not the intention in this introduction to give a comprehensive
overview of analytical methods, but rather a short presentation to explain the most
common methods to provide a context of the experimental work carried out for this
thesis. The methods most relevant for the thesis will be presented in more detail in

chapter 3.

Sample preparation

To analyse a sample, it might be necessary to carry out sample preparation for the
respective method chosen for this task. The preparation must be planned carefully
as boron is ubiquitous in nature and environment, therefore, the possibilities for
boron loss and contamination are manifold and the analysis may be greatly
influenced. Every step of sample preparation must be carefully planned with
respect to each source of potential boron contamination [152]. Generally, sample
preparation serves the purpose to allow or to ease boron analysis in a given
sample. This might include extraction or separation of the boron from the sample
matrix or the decomposition of the sample matrix. The latter is the case when, e.g.,
an originally solid sample is to be analysed by a method requiring liquid samples.
Possibilities for sample decomposition might require the addition of further
substances to assist sample preparation. Among the options frequently chosen
are wet open vessel digestion in mineralic acids [153-155] or under basic
conditions [156], dry ashing [153], wet ashing [118], fusion [157], combustion in
oxygen atmosphere [158], liquid extraction with hot water [159] or nitric acid [160],
and microwave digestion [159, 161-164]. Especially for tissue samples,
microwave digestion has been found to be more effective and more reliable than
other methods [153].
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Quantitative boron analysis

However, all mentioned possibilities for sample preparation have the side effect of
altering the original properties of the sample, in which the boron is to be analysed.
If the spatial distribution of boron inside tissue is not of principal interest of the
analysis of a given sample, a bulk or integral technique will be chosen. More
“traditional” methods are titrimetry, ion chromatography [165], spectrophotometry
[166], and potentiometry [167], which require time-consuming separation of the
boron species from the sample matrix. This may include particularly distillation of
borate species or the use of ion exchangers in combination with addition of various
substances facilitating the separation. Such techniques can be practical for cases
of isotope dilution analysis (IDA) or flow injection analysis (FIA) [168].

Less complex sample preparation is usually required for atomic absorption
spectroscopy (AAS), flame atomic absorption spectroscopy (FAAS), or graphite
furnace atomic absorption spectroscopy (GFAAS) measurements [169, 170],
though these techniques are only of limited efficacy for analysis of biological
samples due to boron carbide formation.

From the field of atomic spectroscopy emerged three other methods, which are the
most commonly used methods for boron analysis: Direct current plasma and
inductively coupled plasma optical emission spectroscopy (DCP-OES and ICP-
OES, also-called DCP-AES and ICP-AES) [118, 153, 164, 171-174], and
inductively coupled plasma mass spectrometry (ICP-MS) [173, 175-179]. All of
these methods combine important characteristics such as the possibility of a high
throughput of samples, low quantification limits, and reasonable sample
preparation prerequisites. Sample introduction for these methods usually requires
liquid samples, which after passing through a nebulizer eventually are injected as
aerosols. Samples which are not liquid in the first place, therefore, have to
undergo digestion or a comparable process of liquification. Alternatively, injection
of solid samples can be achieved after electrothermal vaporisation (ETV) for either
of OES or MS (ETV-ICP-OES and ETV-ICP-MS [180]) or, for ICP-MS, by laser
ablation (LA-ICP-MS) [181, 182]. LA-ICP-MS is a very versatile method, as it does
not require much sample preparation and very few material, it offers furthermore

the possibility of either performing bulk analysis, two dimensional surface analysis,
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or the analysis up to a certain depth when focussing the laser to one spot, thus
searing through the analysed material.

Very common for boron analysis in geological samples is negative or positive
thermal ionisation spectroscopy (NTIMS/PTIMS), which is frequently combined
with chromatographic methods for boron purification. Furthermore, it is possible to

perform isotope specific analysis [183, 184].

Radioanalytical boron analysis

If the analysis of boron containing materials can be carried out at a facility
equipped with a high-flux neutron source such as a nuclear reactor or an
accelerator, radioanalytical techniques are an option. The most obvious advantage
of such techniques over other techniques is that they are non-destructive.

Several of these techniques are based on the on the high probability of '°B for
neutron capture reactions, as the isotope has a cross section for thermal neutrons
of 3837 barn. The 'B(n,a)’Li reaction provides the possibility to detect two
different kinds of fission products.

Prompt-gamma activation analysis (PGAA, also PGNAA, PGRA or PGRS) is a
form of gamma spectroscopy, which detects gamma rays emitted by short-lived
isotopes created by neutron capture. As stated above (see section 1.2), neutron
activation of the '°B istotope to ''B* is followed by fragmentation of the latter and
by emission of a 478 keV gamma photon in 94 % of neutron capture reactions by
the "Li-nucleus. The spectroscopic recording of the gamma spectrum provides an
indirect method to measure the integral boron content in a sample [185, 186].
Another possibility related to this kind of measurement is indirect determination of
the boron content by measuring the attenuation of a neutron beam after passing
through a given material [187]. Since only the energy of a gamma photon, but not
its origin can be determined, PGAA can only be carried out for bulk analysis,
unless two-dimensional detector systems are used with the ability to discriminate
between the single gamma emitters in a given volume.

Two methods detecting the fragments of the '®B(n,a)’Li reaction are neutron
activation mass spectrometry (NA-MS) [188] and quantitative neutron capture
radiography (QNCR) [189, 190]. In NA-MS the He-nuclei emitted after neutron

47



capture are detected directly by a mass spectrometer. Measurements may be
carried out with very low quantification limits, however, there may be a
considerable contribution to the background signal by other isotopes emitting a-
particles after neutron capture.

QNCR is a quantitative application of neutron capture radiography (NCR), which is
used for the qualitative analysis of materials which emit charged particles upon
neutron capture [191, 192]. Contrary to NA-MS, analysis with QNCR is carried out
using solid state nuclear track detectors (SSNTDs) enabling the user to spatially
analyse the boron concentration in a sample by visualisation of tracks created by
the impact of “He and ’Li onto the STNTD’s surface. Closely related to QNCR is

spatially selective a-spectrometry, using a different detector system [193].

The possibility of non-invasive analysis of boron in the metabolism of animals or
humans after administration can be achieved indirectly by use of suitable isotope
marked boron carrier molecules, which can be detected by positron emission
tomography (PET) or single photon emission computer tomography (SPECT).
Both methods are used for qualitative analysis and quantitative analysis.
Especially PET has been established in several BNCT centres as a
semiquantitative technique for treatment and dose planning by determination of
the uptake coefficient between tumour and tumour-free tissue for each patient
individually before irradiation [46, 194]. Either ''C or '®F can be used as tracer
isotopes. Whereas "'C would be preferred, as it does not change the chemical
properties of the carrier molecule [195], it is not conveniently used due to its short
half life. The more commonly used tracer is, therefore, '|F_BPA [22, 196-198].
Also, PET in combination with computed tomography (PET/CT) is a possible
application [199]. For the application of SPECT, the use of *"Tc¢, 2|, and '*®| as
tracers was proposed [200], though never thoroughly pursued. A very interesting
approach is the use of SPECT for tomographic imaging in BNCT. In first
experiments it was possible to depict the neutron capture rate in a model phantom
[201].

Boron imaging is a discipline of analysis of almost exclusive importance for BNCT,

though in material science, e.g., for analysis of silicon used for production of

photovoltaic cells, and environmental science, some application has been noted
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[202]. The importance of boron imaging is easily explained by the questions
arising in treatment planning. For the different stages of treatment planning,
different information is required, therefore, macroscopic and microscopic imaging
is an issue to be addressed during analysis. It exist a number of methods which
are applicable for these tasks, some of them being suitable only for qualitative
analysis, others also for quantitative analysis.

Of the radioanalytical methods presented, neutron capture radiography is
frequently used for the determination of the boron distribution in biological samples
in combination with histological staining techniques to facilitate the analysis of
tissue morphology. With NCR it is possible to analyse larger samples like whole
body-sections of small animals [203], but also of tissue slices of small diameters
[204]. With some effort and use of particular SSNTDs, it is possible to create
radiographic images of very high resolution (high-resolution alpha-track
autoradiography (HRQAR)) [205-207].

Qualitative boron analysis and boron imaging

Any quantitative method can also be used to prove the mere presence of boron in
a given sample. However, there are possibilities to conduct qualitative analysis
which yield much more information than just confirming the presence of boron.

An entirely qualitative technique for cellular imaging is electron energy loss
spectroscopy (EELS), which is able to create images of the morphological
properties of a tissue sample and of the boron distribution on a cellular scale [104].
As a non invasive technique, nuclear magnetic resonance spectroscopy (NMR),
for local analysis, or magnetic resonance imaging (MRI) for boron imaging in either

patients or animals, can be chosen [208—-210].

A very powerful tool for subcellular boron imaging is secondary ion mass
spectrometry (SIMS). SIMS pictures image the boron distribution with a resolution
of several nanometres, thus enabling the analyst to assess, whether the boron is
found inside the cell nucleus, in the cytoplasm or in extracellular spaces [101, 211,
212]. With the data derived from such analysis, the exact deposition of the

fragments of the NCT reaction of the '°B isotope can be further used for
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microdosimetric calculations [130]. Images of comparable resolutions may also be
gained by sputter initiated resonance ionization microprobe (SIRIMP) or laser
atomization resonance ionization microprobe (LARIMP) [213], however both
methods are not commonly used in BNCT at the moment, even though it is

possible to perform precise quantitative analysis as well.

Quantitative, integral boron determination Qualitative analysis and boron imaging
titrimetry ion chromatography PET / PET-CT SIMS
potentiometry spectrophotometry SPECT NMR / MRI

FIA AAS NCR SIRIMP

FAAS GFAAS EELS LARIMP
DCP-OES DCP-MS

(ETV)-ICP-OES (ETV)-ICP-MS

NA-MS NTIMS

PGAA PTIMS

Quantitative, spatially selective boron
determination

QNCR/HRQAR LA-ICP-MS
(PET)

Fig. 11: Overview over the analytical techniques for boron analysis introduced in section 1.6
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1.7 Statistical data evaluation

In this section, the ‘tools’ used for statistical data evaluation in chapters 3 and 4

will be briefly presented:

Mean values

Arithmetic mean: X, = ; for a number of n values

n
Geometric mean:  X; = 1fl_[xl- , for a number of n values
i=l

Regression analysis

Linear regression of measurement values was carried out via the least squares
method, by which the coefficients of the best fitting regression curve for a set of
data is determined. For two linear parameters, a first order polynomial is chosen
as fit function:

. 1 2
min! Z”i ,with . =a,+a,x, -y,
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The coefficients ag and a; are defined as:

a, =y —a,x,with X and y being the arithmetic means of x and y.

The correlation between two linear datasets for simple linear regression of a model
can be predicted by the coefficient of determination R? which in this case ranges

form 0 to 1, with 1 indicating full predictability:
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arithmetic means of x and y.

Standard deviation

In a probability distribution or a set of normally distributed values, the variance is
used to describe how far the numbers lie from the mean (expected value). The
parameter describing how much variation exists from the mean is the standard
deviation o, which is defined as the square root of the variance. Obviously, during
repeated measurement of a sample low standard deviation is desired.

n

> - x)

2 =1
o =- n , with x being the arithmetic means of x.

Uncertainty and propagation of uncertainty

Usually, measurement of a certain parameter depends on more than just one
factor. Therefore, for determination of the total uncertainty of a measured value,
the different contributing factors must be known. Furthermore, their connection
between each other must be assessed, i.e., whether they are independent or
influence each other. Uncertainties can either be systematic or arbitrary. Assuming
that the analyst works flawlessly, systematic uncertainties are method or
instrument specific or, e.g., a pipette or an analytical balance cannot be operated
without intrinsic uncertainty. While intrinsic uncertainty of a method can be
determined and corrected by control measurements, intrinsic instrumental
uncertainties have to be mathematically integrated in data evaluation. Arbitrarily

occurring uncertainties can be minimised by repeated measurement, but never be
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ruled out completely. Consequently, both kinds of uncertainties have to be
considered when determining the total uncertainty via propagation of uncertainty.

Since they cannot be avoided and are independent from each other, systematic
uncertainties are accounted for in linear propagation of uncertainty by addition of

their respective highest possible uncertainties. The total uncertainty T, is therefore:

T :|r“Aa|+|rbAb|+|r“Ac|+ """ , with Aa, Ab, Ac as highest possible uncertainties of

the parameters a, b, c... and r as parameter specific factors.

In case uncertainties may counteract each other, total uncertainty is calculated by
Gaussian propagation of uncertainty using either total absolute uncertainty of the

involved parameters or their standard deviation:

_ 2 2 2
Tg _\/(V“a) +(rbb) +(VCC) +"', with a, b, c... as highest possible uncertainties or

the standard deviation of the involved parameters and r as parameter specific

factors.

Conformity of two values

With respect to their uncertainty, two values can be checked for conformity

following a criterion based on Bayes statistics:

‘x—y‘éy-,/uf+u§

According to Weise et Woger y = 2 is a sufficient constraint [214].
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2. Motivation

The potential clinical advantage of BNCT lies in selectively delivering a minimum
radiation dose to healthy tissue and a suitable therapeutic dose to cancerous
tissue by a controlled, selective uptake of '°B into tumour cells. Dose planning,
however, is not an easy task, as a very complex combination of biological and
technical parameters has to be considered. The determination of the '°B
distribution in targeted cells or tissues is a crucial issue in this context.

Dose planning involves dose modelling from a larger scale down to the
microscopic scale. As modern computing allows the simulation and prediction of
dose deposition in a very small volume (< 1 um?3), this offers theoretically the
possibility to calculate the exact dose to be delivered in each cellular compartment
during therapy. The subcellular boron distribution must be known, to ensure the
ionising radiation created in the '°B(n,a)’Li reaction damages crucial cell function
and that this radiation is not generated too far away from the respective cellular
structures. However, such calculations are still limited by the fact that the boron
distribution at the time of irradiation in most tissues is not yet known on a

microscopic scale.

Most published data from clinical studies focus on the difference of “tumour” and
“healthy” tissue. Usually, a number of samples were retrieved from the tumour site
and tissue around the tumour; the morphology was confirmed by histological and
patho-morphological analysis and the samples were analysed by a number of
analytical methods, mostly with respect to their boron concentration.

However, tumour entities may be very heterogenic in morphology, with
metabolically active and inactive cell groups, necrotic areas, or areas rich in
desmoplastic stroma cells. In present clinical application of BNCT, these features
are responsible for an uncertainty about the resulting spatial distribution of the
boron carrier and, thus, make the exact prediction of an effective therapy of
tumour malignancies in a targeted tumour entity very difficult. In case there was
more emphasis on the morphological or biological relation to the boron distribution,
usually great differences in the boron concentrations were found, most prominently
where necrotic tissue was analysed. Also tumour free tissue can be very

heterogenic, however, there are even less data available in literature addressing
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the issue of a correlation between the boron concentration and cellular
characteristics.

Therefore, the mere classification of a sample as “tumour” or “healthy” can be
misleading, as it does not fully describe the biological environment in which the
generated radiation comes into effect. Consequently, the interpretation of the
boron concentration found in such samples does not necessarily lead to the

correct conclusion.

In addition, in many works, integral analytical methods have been used for boron
determination, which are unable to distinguish between different tissue or cell
compartments. With the given heterogeneity, such methods can only be used to
determine the boron concentration correctly, if prior to boron analysis, the
homogeneity of the boron distribution in the samples has been proven.

Also, in most research groups, very different analytical techniques are chosen for
boron analysis. Though boron determination in biological samples can be a very
complex task, few publications have been issued so far addressing
standardisation of boron determination (especially in BNCT) and standardisation of
reference materials, which could serve for intercomparison of the methods used by

different research groups.

Most clinical BNCT trials in the past have been focused on the treatment of
neoplastic diseases of brain, head, and neck, and the skin. Regarding the present
structure of the TRIGA research reactor, similar treatments for cancer patients are
not possible at the University of Mainz. However, researchers of the University of
Pavia, Italy, reported an intriguing concept for extra-corporeal irradiation of auto-
transplanted livers, thus enabling application of BNCT for cancer treatment without
irradiating the patient inside the reactor facility [131].

Until today, one patient with hepatocellular carcinoma [136] and two patients with
colorectal liver metastases have been treated by intra-corporeal BNCT or extra-
corporeal BNCT [134, 135]. Though boron analysis in tissue was performed during
the trials in Pavia, Italy, scarce clinical data concerning boron uptake in different
cell types of the targeted tissue, such as necrotic, fibrotic, or steatotic cells are
available so far. Stirred by this pioneering work, several feasibility studies in

Germany, the Netherlands, and Argentina were initiated to explore the applicability
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of such a procedure in other research centres. Cardoso et al. [126] and Wittig et
al. [127] reported the uptake behaviour of BPA in human liver tissue from two
clinical studies. Both groups indicated the need for a correlation of histological
analyses with the analysis of the boron concentration, as different areas within the
same tumour had different uptake behaviour depending on biological tumour
characteristics. Their results also indicated that the boron-uptake was dependent

on the biological activity of cancerous tissue.

To conduct research on BNCT for liver cancer in Mainz, animal trials were not
considered to serve as promising model. Thus, the necessary data had to be
obtained from a clinical trial with the involvement of patients. Such a trial [EudraCT
number 2006-002796-40] was started in 2008 in collaboration with the Department
of Hepatobiliary, Pancreatic and Transplantation Surgery, the Institute of
Pathology of the University of Mainz with assistance of the Department of
Theoretical and Nuclear Physics of the University of Pavia. As tumour model,
patients suffering from colorectal metastases in the liver were chosen, as there
were data already available for this malignancy in literature. Patients with
colorectal liver metastases served as clinical model, as surgery

(hemihepatectomy), is carried out many ways similarly to an autotransplantation.

The enrolled patients received an infusion of p-boronophenlyalanine (BPA) over a
certain period of time during which blood samples were taken continuously. After
that, the liver lobe with the metastases was resected and perfused with
preservation solution to simulate the same course of action during transplant
surgery. Before and after perfusion, tissue samples from tumour and tumour free

liver tissue were retrieved.

The aims of this thesis are closely linked to the realisation of this clinical study:

1. A standard protocol for retrieval and storage of tissue biopsies and blood

samples had to be created.
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. For further treatment planning, which would include pharmacokinetic
modelling and the determination of the therapeutic boron dose, routine
analytical protocols for boron determination in blood and tissue samples

had to be created.

. Homogeneous tissue samples and blood samples were to be analysed by
Inductively Coupled Plasma Mass Spectroscopy (ICP-MS) and Prompt
Gamma Activation Analysis (PGAA).

. In tumour tissue, the boron distribution on the smallest scale possible was
to be determined and analysed in correlation to morphological tissue
characteristics. For spatially selective boron determination. Quantitative
Neutron Capture Radiography was chosen, as there had been preliminary

works already been carried out on this topic [215].

. QNCR, ICP-MS, and PGAA were to be compared according to their
suitability, precision, and upper and lower limit of detection for boron
analysis in both blood and tissue samples. To enable the analyst to perform
an intercomparison study, a suitable reference system to verify the results

obtained from three methods had to be created.
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3. Experimental and Results

In this part, the planning and conduction of all experimental work for this thesis will
be laid out in detail. This includes sample retrieval and sample preparation for the
measurements. Also, the analytical methods used for boron determination for the
results presented in this thesis will be introduced in more detail. A part of what is
written down in this section has already been published in peer-reviewed journals
[137, 139, 216, 217]. However, compared to the publications, especially the
methodical development of the analytical protocols will be looked at more closely.
A more detailed discussion of the clinical implications of the results presented in
this chapter can be found in chapter 4.

For a complete list of all publications related to this thesis, please see Appendix A.

3.1 Clinical study on pharmacokinetic behaviour and boron uptake in
colorectal liver metastases

As explained in more detail further above (see section 2), the need for additional
research on uptake behaviour and pharmacokinetics of BPA for the application of
BNCT for liver malignancies was given, as no detailed information about these
issues was available in the literature. Furthermore, in case of an irradiation of an
explanted organ, perfusion would be necessary. However, there was no
information available about how the boron concentration in tumour-free and
cancerous liver tissue would be affected by this procedure.

The aforementioned clinical trial (registered under EudraCT number 2006-002796-
40: “Konzentrationsmessungen von Bor-Phenylalanin (BPA) in Leber- und
Tumorgewebe bei Patienten mit Lebermetastasen kolorektaler Karzinome”) was
designed in a collaboration with the Department of Hepatobiliary, Pancreatic and
Transplantation Surgery, the Institute of Pathology of the University of Mainz with
assistance of the Department of Theoretical and Nuclear Physics of the University
of Pavia. It started November 2008 with admission of the first patient.

Study protocol, including drug administration, surgical procedures, retrieval of

samples, and consecutive scientific work-up of samples, was performed with
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permission of the German Federal Institute for Drugs and Medical Devices
(Bundesinstitut fir Arzneimittel und Medizinprodukte, BfArM) and with permission
of the Ethics Commission of the Board of Physicians of the State of Rheinland-

Pfalz (Ethikkomission der Landesérztekammer Rheinland-Pfalz).

3.1.1 Study protocol for surgery

The protocol includes the following steps: Adult patients undergoing typical
hemihepatectomy [218] for CRLM were included in this pilot study, i.e. one liver
lobe (Fig. 12) with confirmed metastases was removed by surgical resection.
Patients with renal dysfunction and phenylketourenia were excluded. The patients’
consent was to be given one week prior to surgery. More details about the patients

who participated in the study can be found in Table 4.

Tab. 4: Patient and tumour characteristics and number of samples retrieved in four
patients with colorectal liver metastases.

Patient 1 Patient 2 Patient 3 Patient 4
Age (years) and
gender 61/ male 70 / male 69 / female 49 / female
Performed surgery right right right left

hemihepatectomy hemihepatectomy hemihepatectomy hemihepatectomy

Number of metastases 1 1 1 3
Diameter of
metastases (cm) 3 10 4.5 35/35/2

Grading G2 G2 G2 G2

Interval between
primary

and hepatic surgery 64 27 25 16

(months)

No. of biopsies used
for boron determ-
ination (tumour /
tumour free

3/5 6/5 5/8 6/9

After resection, an ex-situ perfusion using histidine-tryptophan-ketoglutarate (HTK)

solution was immediately started in two steps: 2.0 L HTK-solution via the portal
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vein and 0.5 L via the hepatic artery were used (Fig. 13 & 14). This protocol was
chosen in order to reach a degree of resemblance to the approach required for
future clinical use with total hepatectomy, ex-situ BNCT, and re-implantation of the
liver after neutron irradiation as performed in Pavia [134, 135].

After perfusion, tissue samples from the tumour and the tumour free areas of the
liver specimen were taken for further radiochemical and pathomorphological
analysis. The remainder of the specimen was used for dosimetric experiments in
the thermal column of the TRIGA Mainz research reactor.

So far, four patients undergoing resective surgery for CRLM were included in
study. During surgery, '°B was administered to each patient by an intravenous
infusion of 200 mg / kg body weight of a p-borono-phenylalanine—fructose (BPA-f)
complex for two hours. The "B was enriched to 99.9 % and purchased from
Hammercap, Sweden. During this time, the hilar structures were isolated, the liver
was mobilised and parenchymal transsection was performed using a clamp
fracture technique without hilar occlusion. As last step before surgical removal of
the liver specimen, 50 ml of heparin were infused via the portal vein to counteract

blood-coagulation.

Fig. 12: Liver specimen after resection. The area of the cut is visible on the right
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Fig. 13: Perfusion of the liver specimen via the hepatic artery

Fig. 14: Perfusion of the liver specimen via the portal vein
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3.1.2 Sample retrieval

Samples of metastatic tissue were taken from the surface and at different depths
of the metastases to analyse the microscopic two-dimensional '°B distribution in
the investigated specimens (Fig. 15). Tumour-free liver tissue samples were
obtained similarly from different locations in the liver to permit a macroscopic,
three-dimensional analysis of the boron concentration distribution in the whole
resected liver specimen (Fig. 16).

The samples were retrieved in the following way: The liver specimen was vertically
cut in 4-5 lamellas without separating them completely. This means that they
shared a common baseline and could be opened like the pages of a book. This
was done in order to preserve the shape of the specimen as intact as possible for
subsequent dosimetric experiments, for which the lamellas could be folded back

together. The dosimetric experiments were not part of this thesis.

Fig. 15: Retrieval of biopsies from a metastasis. Four of five lamellas are visible in this case. The

tumour (dark white) is marked by an arrow
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Fig. 16: Retrieval of samples from tumour-free liver tissue. Five of five lamellas are visible in this

case.

From each patient, samples of about 1 cm?® each in size were obtained. The
number of tumour samples was limited by the dimensions of the lesions (Table 4).
One sample of tumour free and tumour tissue each were taken before perfusion
with HTK-solution, all other samples were taken immediately after the end of the
perfusion. Regarding all patients, no general rule was followed whilst retrieving the
biopsies, because the resected specimens were very different in size, shape, and
weight. It was therefore tried to take tissue from widely spread positions inside the
specimen.

It took five to ten minutes to perfuse the specimen and another five to ten minutes
to retrieve the biopsies. Perfusion and sample retrieval were carried out as quickly
as possible in order not to allow for any redistribution of the BPA. After retrieval,
the samples were transferred in polypropylene (PP) vials and stored in liquid
nitrogen until they were transferred to a freezer where they were stored at - 80°C.
Parallely, blood samples were taken after five time intervals for the first three
patients and after nine intervals for the fourth patient during surgery. Data
evaluation after three patients showed that pharmacokinetic estimations would be

more detailed if more detailed time-dependent blood-boron curves were available.
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Therefore, it was decided to take blood samples every 15 min instead of every 30
min for all following patients.

The time of the first sample taken in each surgery slightly differed. For the first,
second, and the fourth patient, the first sample was taken shortly before the
infusion started. For patient 3, it was taken 2 min after the start of infusion. The
other four samples were taken every 30 / 15 min during the two-hour surgery,
except for patient 2, where the last two samples had to be taken earlier than

planned because surgery already finished after 1.5 h.

Each sample was sub-divided into five small cryo-tubes made of polypropylene
(Nunc, Roskilde, Denmark), which were stored at - 80°C in a freezer until the
moment of sample preparation for boron analysis.

The weight of each blood sample was between 500 and 1500 mg, in total around 8
ml of blood were taken at each time point. No further processing of the blood

samples was carried out, and all samples measured were whole-blood samples.

Various experiences made when working with these samples suggest to strictly
follow this protocol, as even brief thawing can either alter the boron distribution in
tissue (by diffusion) or have the effect that a sample cannot be used any more for

production of croysections.
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3.2 Quantitative Neutron Capture Radiography

3.2.1 Principles of Quantitative Neutron Capture Radiography for BNCT

As neutral particles, neutrons are detected due to their interaction with atomic
nuclei. The consequences of such interaction are defined by the kinetic energy of
the neutron and by the nature of the targeted atomic nucleus. An elastic collision
can result in: (A) a recoiling atomic nucleus, which is how the neutron was
originally detected by Chadwick in 1932 [219], or in a (B) nuclear reaction between
neutron and atomic nucleus (also-called neutron capture). The so-formed
compound nucleus can now release the excess energy by transferring it into
motion, e.g., vibration, by emission of particles or electromagnetic radiation, e.g.,
y-rays, or by fragmentation.

Use of the phenomenon “neutron capture” is therefore the physical basis to detect
neutrons indirectly by using specific nuclei as beam converter after neutron
bombardment or to analyse the content of specific isotopes in solid materials

according to their emitted y-spectra.

A method relying on neutron capture of different isotopes and their detection is
neutron capture radiography. Since radiography is an imaging method, solid state
nuclear track detectors (SSNTD) are used which enable the analyst to determine
the spatial distribution (qualitative analysis) and the quantitative distribution of the
isotope looked for. In both cases, the spatial resolution can vary with respect to the
SSNTDs in use, sample preparation, work-up et cetera. The SSNTDs are usually
polymer films, in which trespassing radiation damages the molecular structure of
the film. This can occur with structural changes so large that an image is
immediately created. In other cases, the damages (also-called “latent tracks”)
have to be deliberately enlarged by chemical etching to obtain a visible image.

A very important feature of SSNTDs is that they do not have equal sensitivities
towards ionising radiation, i.e. there SSNTDs have different detection thresholds
with respect to the atomic number (Z). Therefore, the analyst may choose a
suitable SSNTD for the detection of each targeted isotope. In nuclear sciences,
most SSNTDs are used for the detection of charged particle radiation, but also for

neutrons and gamma rays (radiography for diagnostic reasons). This was of

66



significant importance for cluster radioactivity research, where SSNTDs are used
to detect emitted "*C without registering lighter fragments, e.g., a-particles [220].

The recording of charged particles produced as fragments after neutron capture is
called indirect neutron radiography, whereas the recording of the neutrons

themselves is called direct neutron radiography.

In BNCT, the beam converters are the B isotopes. The reaction, during which the
detectable particles are generated is therefore the same neutron capture reaction,
which is used for therapeutic purpose ('°B(n,a)’Li). If also other neutron capture
reactions in tissue (for those with the largest contribution see section 1.5.2) are
considered, the detectable solid fragments are, for the major part, a-particles, Li-
nuclei and protons.

Though protons are not exclusively generated during the '*N(n,p)'*C and
"H(n,n’)'H reaction, these protons are by far the largest share due to the
combination of natural abundance in tissue and their cross sections for incoming
neutrons of different energies. Also neutrons themselves and y-rays generated in
the sample or emitted by the neutron source itself could be detected. To exclude
the latter, in BNCT only SSNTDs are used, which are sensitive only towards
charged particles. Such films often require subsequent work-up, as holes
produced after neutron bombardment and fragmentation of the targeted nuclei are
too small to be seen with the naked eye or a microscope. The enlargement of
these latent tracks can be achieved by chemical etching, usually performed under
basic conditions, often including heating of the etching solution. After that, number
and size of the resulting tracks determine the spatial resolution and, hence, the

efficacy of a radiographic method.

The protocol for neutron capture radiography in BNCT usually includes fixation of
a piece of tissue on a SSNTD film, as the major objective of radiographic analysis
is to image the boron distribution, therefore, any space left (or any “obstacle”)
between detector and sample would lead to a distorted picture. This is followed by
irradiation of the film in a neutron beam or neutron field, etching of the film, and
evaluation of the result. As the films can be theoretically cut to any size and shape,
the irradiation of very small tissue slices or of entire animal sections is possible, if

there are microtomes available, which facilitate the cutting of samples.
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As it is a non-destructive, both quantitatively and qualitatively applicable method,
neutron capture radiography was considered and used very early for tissue
analysis in BNCT [221, 222]. If stored appropriately, analysis of the same sample
can be carried out repeatedly, enabling the analyst to ensure the quality of the
measurements.

Analysis of liquids is theoretically possible, however difficult to achieve in the
laboratory. While solid samples keep their shape, thickness, and position during
irradiation, liquids have to be prepared with considerable efforts [223], if mere
immersion of the SSNTD film is not desired. Though feasible, radiography has
been seldom used for boron determination in, e.g., blood samples. Until today,
most applications of neutron capture radiography have been carried out for
imaging of boron distributions in smaller tissue sections and whole body sections
of small animals [191, 203, 224-226] and less frequent for quantitative analysis.
Also, different approaches for quantitative analysis using neutron capture
radiography were developed over the years [189, 190, 206, 227, 228], though
there is no “standardised” method, neither for irradiation and etching, nor for image
evaluation.

All radiographic images for the work presented were produced using a polyallyl-
diglycol-carbonate film purchased from TASTRAK (Track Analysis Systems Ltd.,
Bristol, United Kingdom) (Fig. 17). TASTRAK films are sensitive only towards

irradiation of charged particle energies and fast neutrons.
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Fig. 17: The polyallyl-diglycol-carbonate monomer
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3.2.2 Neutron sources for Neutron Capture Radiography

For neutron capture radiography, of course, a suitable neutron source has to be
provided. These can be smaller, not necessarily stationary sources, relying on
spontaneous fission of atomic nuclei, e.g., a 22Cf-neutron source, on the emission
of neutrons after nuclear reaction of a-particles with surrounding nuclei, e.g., in an
Am-Be source, or relying on high-energy gamma photons, which can cause
ejection of neutrons from a nucleus, if the latter is irradiated with gamma rays
exceeding the binding energy of the targeted nucleus.

Such neutron sources commonly produce neutron fluxes between 10* — 108
n/cm? - s. For experiments requiring higher neutron fluxes, as it was the case for
the work described in this thesis, the use of accelerator facilities or reactor facilities
has to be considered. In BNCT, mostly reactor facilities are used for clinical
research and therapy, as they often provide better irradiation fields, which is due to
their initial construction design. Accelerator facilities have been modified, too, or
are currently being modified for both clinical research and therapeutic application
[229, 230].

Since the neutron capture reaction depends on the neutron energy, a source has
to produce not only a sufficient flux, the neutrons may have to be moderated to

generate a sufficiently thermal neutron spectrum.

The neutron source for all radiographic analyses presented in this thesis was the
TRIGA Mark Il research reactor of the University of Mainz. In Figures 18 and 19, a
horizontal and vertical cut through the whole TRIGA Mainz can be seen. The
reactor is a swimming pool reactor with a maximum thermal neutron flux of
1.6 -10%n/cm?- s at the maximum power of 100 kWy, (steady state operation).
The core comprises of 75 fuel elements containing 20% enriched U-235, encased
in either aluminium or steel. The uranium is bound as uranium-zirconium-hydride,
which is a combination of uranium hydride and zirconium(ll)hydride. The fuel is
characterised by its prompt negative thermal coefficient of reactivity, which makes
it possible to operate the reactor as well in pulsed mode. This is achieved by a
hydraulic system that ejects one of the control rods from the reactor core, the
power of the reactor then rises to a maximum of 250 MWy, for about 30 ms, after

which neutron production ceases completely.
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Fig. 18: Horizontal cut through the TRIGA Mainz research reactor

For irradiations the TRIGA Mainz offers four horizontal beam tubes, one central
vertical irradiation tube, three pneumatic transfer systems (with sample transport
times < 1s), a carousel for up to 40 samples and a thermal column. The thermal
column is made of graphite blocks, which can be extracted individually to provide
different irradiation channels for samples of different sizes.

For all irradiation radiographic experiments, a channel in the so-called thermal

column was used (for more details see Fig. 20).
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Fig. 19: Vertical cut through the TRIGA Mainz research reactor

3.2.3 Characterisation of the irradiation field of the TRIGA Mainz reactor

Irradiation positions in the thermal column

The correct imaging of the boron content is only possible, if the neutron field used
for irradiation is homogeneous for the whole area of the irradiated sample and the
exact thermal neutron flux is known. Samples irradiated anywhere inside the
thermal column will be irradiated by an isotropic field and not by a neutron beam,
which is maybe the case in other facilities, though the majority of the neutrons will

still hit SSNT films coming straight from of the reactor core.
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For the work presented in this thesis, it was made sure that the variation of the
neutron flux inside the irradiation channel of the thermal column of the TRIGA
Mainz was indeed very low. In Figure 20, the irradiation channels in the thermal

column are shown.
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Fig. 20: Back view (upper left and right) of the thermal column and top view of the thermal column
(below). The irradiation channel is marked in green (upper left and below), the irradiation position is
marked by a light-blue spot (below). The distances in the top view image are measured from the
centre of the reactor core. The graphite bars which have to be extracted to enable radiography are

marked in red (upper right). The bismuth shield is marked leaf-green.

For the experiments, an irradiation channel (marked in green) of 10 x 10 cm? is
created by extraction of some of the graphite bars (shown in red (upper right)).
The thermal column is also used for irradiations during in vivo and in vitro studies,

which are not part of this thesis; for such irradiations a larger channel is needed.
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For this purpose, the red marked three graphite bars and the two adjacent 10 x 10
cm? bars in Figure 20 are extracted as well to create a 20 x 20 cm? channel for
irradiation.

For reasons of radiation protection during in vivo and in vitro experiments, a
bismuth shield (20 x 20 x 8 cm?) was inserted at the end of the channel, which was
closer to the reactor core (also-called “hot end”; consequently the end further away
from the reactor core is called “cold end”). As a result, one corner of this shield

looms into the central irradiation channel used for neutron radiography.

Characterisation of the thermal neutron field at two possible irradiation positions

After extraction of the graphite bars to create the central channel, there is no
longer a homogeneous environment for the neutrons passing through the thermal
column, as their moderation is different in air, bismuth, and graphite. Any graphite
block removed or material inserted into the thermal column (like the bismuth
shield) will additionally modify the known energy spectrum [231, 232] of the

neutrons at the irradiation position.

The thermal column had already been used for radiographic experiments [215],
however, due to reconstruction, the irradiation channel and the different graphite
bars, which had to be extracted for the introduction of samples, working conditions
had changed for the works presented in this thesis. As mentioned further above,
when performing quantitative neutron capture radiography, the neutron flux must
be constant for the whole area of the irradiated sample. To ensure this, the
homogeneity of the neutron flux had to be characterised for the irradiation position.

This was done experimentally and confirmed by particle transport simulations.

Experimental characterisation of the neutron field
The experimental characterisation was carried out indirectly via the "*’Au(n,y)'*®Au

reaction using a Ge-semiconductor detector for the recording of the gamma

spectrum. The evaluation software used was Genie2000 (Canberra Eurisystems /
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Areva, France). For efficiency calibration, a multi-isotope standard was used
(QCY48, UKAS calibration, Amersham, United Kingdom). The gold-foil
measurements were carried out using a specially made phantom, which was
inserted into the irradiation channel of the thermal column. The same phantom
was used for all radiographic measurements. It is made of PTFE and consists of a

rod with a quadratic pan at one end (Fig. 21).
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Fig. 21: Schematic design of the phantom for radiography. The pan with the bismuth blocks is on
the left side

Small bismuth blocks are placed into the pan to lower the gamma background for
radiation protection of the analyst inserting and extracting the phantom from the
thermal column (Fig. 22), as the bismuth shield already built into the thermal
column does not cover the total area of the channel. Between the bismuth blocks,
cavities are left to insert up to eight SSNTD detectors for irradiation. The whole

phantom was left in the thermal column during the experiments.

Fig. 22: Image of the sample holder of the irradiation phantom with blocks of bismuth inserted
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The homogeneity of the neutron flux for the irradiation position of the SSNTDs for
radiography was confirmed by irradiation of two SSNTD films (508 x 676 mm?
each) equipped with 16 and 20 gold foils of 5 x 5 mm?, respectively. One was
irradiated at the spot where irradiation for radiography originally was to take place,
the other one was irradiated at a spot considered being an alternative in case the
originally location aimed for would be unsuitable due to two-dimensional
heterogeneity of the flux. The alternative spot considered was the hot end of the

channel created by extraction of the topmost graphite bar (marked red in Fig. 20).

The gold foils on the films were distributed in a way that the area of the respective
channels was representatively covered. The flux measured with each gold foil was

determined using the following equation (Eq. 3):

A, _N:m-NA

Eq. 3: o, = ;
q " Nlo-th ’ [l_exp(_/l .TB )] MAu

@, = neutron flux; A, = starting activity in becquerel (Bq); N = number of gold atoms; oy, = cross-
section for thermal neutrons of the targeted isotope in barn (1 / 10 cm?); A = decay constant

(1/1); Tg = time of irradiation; Ma, = molar mass of gold; m = mass; N, = Avogadro constant

The irradiations took place at a reactor power of 1 kW for 15 min. The results are
shown in Fig. 23 and 24. The mean flux (3.44:10° n/ cm?s per W) of the central
channel is higher than in the alternative channel (2.24-10° n / cm2s per W). This is
because the channel is closer (on the vertical axis) to the reactor core.

One measurement in the central irradiation channel (topmost peak on the right in
Figure 24) yielded a surprisingly low result of only 1.967:10° n / cm?s, however it
remains unclear, why only at this point a considerably deviation from the other
values was found. For further considerations, this value was excluded. Apart from
that, in both positions, a homogeneous neutron flux was measured. The standard
deviation of the flux for the central and the alternative irradiation channel is 2.64 %

and 2.18 %, respectively.
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Fig. 23: Two-dimensional plot of the neutron flux distribution at the hot end of the alternative
irradiation channel. Each peak represents one gold foil measurement. The tip of the peak accounts

for the whole gold foil

Characterisation of the neutron field by FLUKA simulations

For both positions, the homogeneity of the neutron flux was also assessed by
FLUKA simulations, a multipurpose Monte Carlo transport code [233]. The
calculations were kindly carried out by || | |} =t the Institute for
Nuclear Chemistry in Mainz. For the calculations, only a part of the thermal column
and not the reactor as a whole was simulated. As neutron source, a source plane,
located 75 cm versus the cold end of the thermal column from the reactor core
was chosen. The same source plane used other findings related to the BNCT
project in Mainz [137, 139, 232, 234]. In Figure 25, a graphic representation of the
neutron flux is shown for the whole thermal column (top view), in Figures 26 and
27, a graphic representation of the two-dimensional flux distribution at both

positions examined experimentally.
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