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Photodynamic therapies of high-grade gliomas: from theory to

clinical perspectives

Gliomas are the most common primary brain tumors in adults. Among them,
glioblastoma (GBM) represents the most frequent primary brain tumor and have the most
dismal prognosis. Its annual incidence is about 3 to 5 cases for 100,000 persons (about 3000
news cases each year in France). Median survival varies between 14 to 15 months according
to the extent of tumor resection.

The standard of care includes surgery and is followed by radiation therapy and
chemotherapy. Maximal resection is expected to delay recurrence. Despite of using
intraoperative photodynamic diagnosis, or fluorescence guided resection (FGR), which
improves the extent of resection, relapse still occurs in these resection margins in 85% of
cases.

Alternatives therapies have to be developed to enhance patients’ overall survival. In
this context, Photodynamic Therapy (PDT) seems relevant. PDT is based on the synergy of
three parameters: a photosensitizing molecule, the photosensitizer (PS) that concentrates
preferentially into the tumor cells, laser light and oxygen. Laser light induces a reaction
between the PS and the oxygen of the cell. This reaction produces highly cytotoxic molecules
(including singlet oxygen) and leads to death of tumor cells. Two treatment modalities are
investigated: interstitial PDT (iPDT) or intraoperative PDT.

The main goal of this thesis is to provide technological tools to develop the PDT for
GBM treatment. Thus, the two treatment modalities have been investigated.

When tumor resection is non-achievable (approximately 20% to 30% of cases), iPDT
may be preferred. This modality aims to insert optical fibers directly into the target to
illuminate tumor tissues. Thus, simulation of light propagation in brain tissues is required to
plan the location of optical fibers. Considered as reference method, a Monte-Carlo model
accelerated by graphics processing unit was developed. This model computes the light
propagation emitted by a cylindrical diffusor inside heterogeneous media. Accuracy of the
model was evaluated with experimental measurements. The acceleration provided by the
parallelization allows its use in clinical routine.

The iPDT has to be planned using a Treatment Planning System (TPS). A proof of concept of
a TPS dedicated to the stereotactic iPDT treatment of GBM was developed. This software

provides basic tools to plan the stereotactic insertion of cylindrical diffusors in patient’s brain



and to compute the associated dosimetry. The stereotactic registration and the dosimetry
computation’s accuracy were evaluated with specific methodologies.

When tumor resection is achievable, the intraoperative PDT may be applied early after
the FGR. It takes advantage of the presence of the PS (protoporphyrin IX) used for FGR
purpose and that is already concentrates into the tumor cells. Thus, the proposed treatment
strategy fits into the current standard of care. A medical device was designed into fit to the
resection cavity and illuminate homogeneously the cavity’s margins. The device is constituted
of two parts: a trocar coupled to an inflatable balloon and a fiber guide developed in the
ONCO-THAI laboratory allowing to insert the light source. Specific methodologies were
developed to calibrate and assess the device in terms of mechanical properties and dosimetry.
The calibration process leaded to a transfer function that provides fast, robust and easy
treatment duration prescription to induce a PDT response in cavity margins. Furthermore, a
comprehensive experimental design has been worked out prior to the clinical trial that

evaluate the safety of the procedure.

Keywords: photodynamic therapy, glioblastoma, dosimetry, Monte-Carlo simulation,

GPU computing, medical device, clinical trial.



Thérapies photodynamiques appliquées aux gliomes de haut

grade : de la théorie a la realité clinique

Les gliomes sont les tumeurs cérébrales primaires les plus communes chez ’adulte.
Parmi eux, le glioblastome (GBM) représente la tumeur cérébrale la plus fréquente avec le
pronostic le plus sombre. Son incidence annuelle est d'environ 3 a 5 cas pour 100 000
personnes (environ 3000 nouvelles chaque année en France). La survie médiane varie entre 14
et 15 mois selon la qualité de la résection tumorale.

Le standard de soins inclut une résection chirurgicale suivie d'une radiothérapie et
d'une chimiothérapie. Une résection maximale est souhaitée afin de diminuer les risques de
récidive. Bien que I'utilisation de la technique de diagnostic photodynamique peropératoire,
appelée résection fluoroguidée (FGR), améliore la qualité de résection, une récidive survient
dans ces berges de la cavité opératoire dans 85% des cas.

Des thérapies alternatives doivent étre développées pour améliorer la survie globale
des patients. Dans ce contexte, la thérapie photodynamique (PDT) semble pertinente. La PDT
est basée sur la synergie de trois parametres : une molécule, le photosensibilisateur (PS) qui se
concentre préférentiellement dans les cellules tumorales, la lumiére laser et I'oxygene. La
lumiére laser induit une réaction entre le PS et I’oxygene de la cellule. Cette réaction produit
des molécules cytotoxiques (dont l'oxygene singulet) et conduit a la mort de cellules
tumorales. Deux modalités de traitement sont étudiées : la PDT interstitielle (iPDT) ou laPDT
peropératoire.

L'objectif principal de cette these est de fournir des outils technologiques afin
développer la PDT pour le traitement du GBM. Ainsi, les deux modalités de traitement ont été
étudiées.

Lorsque la résection n'est pas réalisable (environ 20% a 30% des cas), I'iPDT peut étre
privilégiée. Cette modalité vise a insérer des fibres optiques dans la cible thérapeutique pour
éclairer les tissus tumoraux. Ainsi, la simulation de la propagation de la lumiére dans les
tissus est nécessaire pour planifier la localisation des fibres optiques. Considéré comme
méthode de référence, un modele Monte-Carlo accéléré par processeurs graphiques a été
développé. Ce modele calcule la propagation de la lumiere emise par un diffuseur cylindrique
dans des milieux hétérogenes. La précision du modeéle a été évaluée avec des mesures
expérimentales. L'accélération fournie par la parallélisation permet son utilisation dans la

routine clinique.



L'iPDT doit étre planifiée a l'aide d'un systeme de planification de traitement (TPS). Une
preuve de concept d'un TPS dédié au traitement stéréotaxique iPDT du GBM a été
développée. Ce logiciel fournit des outils de base pour planifier I'insertion stéréotaxique de
diffuseurs cylindriques et calculer la dosimétrie associée. Le recalage stéréotaxique et la
précision du calcul dosimétrique ont été évalués avec des méthodologies spécifiques.

Lorsque la résection est réalisable, la PDT peropératoire peut étre appliquée juste
aprés la FGR. Celle-ci profite de la présence du PS (la protoporphyrine IX) utilisé pour la
FGR et qui s’est déja concentrée dans les cellules tumorales. Ainsi, la stratégie de traitement
proposée peut s’inclure facilement au standard de soin. Un dispositif médical a été congu pour
s'adapter a la cavité et éclairer de facon homogene les berges de la cavité opératoire. Le
dispositif est constitué de deux parties : un trocart couplé a un ballon gonflable et un guide de
fibre optique développé au sein du laboratoire ONCO-THAI permettant d'insérer la source
lumineuse. Des méthodologies spécifiques ont été développées pour étalonner et évaluer
I'appareil en termes de contraintes mécaniques et dosimétrique. L'étalonnage a permis la
création d’une fonction de transfert permettant une prescription de durée de traitement rapide,
robuste et facile. De plus, de nombreux tests ont été réalisés en amont de I'essai clinique qui

évalue la sécurité de la procédure.

Mots clés : thérapie photodynamique, glioblastome, dosimétrie, simulation Monte-Carlo,

calcul parallele par processeur graphique, dispositif médical, étude clinique
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General introduction

1. Context

Gliomas are the most common primary brain tumors in adults. Among them,
glioblastoma (GBM) has the most dismal prognosis. It represents the most frequent primary
brain tumor in adults [1-3] with an annual incidence of about 3 to 5 cases for 100,000 persons
[4-6]. Even if no environmental risks factor has been identified except in radiation therapies
[7, 8], the population growth and aging, the diagnostic improvement and the dismal prognosis
of this tumor are expected to challenge the research community to find relevant answers to
this medical emergency [9].

The first-line treatment is usually surgery, either to confirm the diagnosis with a
biopsy or to remove as much of the tumor as possible. Once the surgery or biopsy has been
realized, adjuvant treatments, such as radio and/or chemotherapy, are administered according
to the grade and the genetic profile of the tumor. Unfortunately, this standard of care has a
modest result regarding the patient’s survival. Thus, alternative therapies using different ways
of treatment are expected to bring effective solutions to GBM treatment.

Among the recent alternatives, the photodynamic therapy (PDT) may be a promising
treatment in oncology and particularly in the treatment of brain cancers, including GBM. PDT
is a non-thermal energy-based therapy relying on light exposure after photosensitization of
tumor cells. A PDT effect is the result of the synergy of three elements: a photosensitizing
molecule, the energy delivered through laser light exposure in order to excite the molecule,
and the oxygen. The combination of these three components leads to the formation of reactive
oxygen species, including singlet oxygen, which are cytotoxic molecules that damage the
tumor cells.

PDT was firstly used in the Antiquity to treat skin disease [10] and was reconsidered
in 1972 [11]. The first clinical trial using PDT on GBM was realized in 1980 by Perria et al.
[12]. The advent of this therapy is largely related to the improvement of laser systems,
particularly in medicine. Currently, two clinical PDT modalities for neurosurgery are
investigated. When the surgical resection cannot be achieved because of surgical constraints,
the PDT is delivered interstitially. This treatment modality plans to insert optical fibers under
stereotactic conditions and to vehicle light directly into the tumor. When the patient can

undergo to surgery, PDT is delivered intraoperatively, i.e., early after the resection. This
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lighting modality aims at illuminating the cavity created by the surgical resection in order to
treat the remaining tumor tissue that cannot be removed.

Although there are few studies demonstrating proofs of concepts, this therapy is not
adapted to current clinical therapeutic modalities for several issues yet. No consensus has
been defined on the use of a photosensitizer and there is a lack of reliable and reproducible
therapy delivery systems (medical devices and treatment planning software). All these
disparities lead to the absence of randomized, controlled multicenter clinical trials on the
treatment of GBM by PDT.

2. Contributions

This work has been achieved in the ONCO-ThAI laboratory (Inserm, University of
Lille, Hospital of Lille), which develops therapies based on laser light, mostly in oncology.
An interdisciplinary research is led in order to reach the clinic evaluation of the technologies
developed in the laboratory.

The main objective of this thesis was to develop technological tools adapted to clinical
routine, both software and hardware, dedicated to the treatment of GBM by PDT. Several axis
of research have been investigated in which the dosimetry was the guideline: planning the
PDT in both lighting modalities (interstitial and intraoperative) and designing the device to

deliver the treatment.

The main contributions of this thesis can be summarized as follows:

- A GPU-accelerated Monte-Carlo method is proposed to compute the light distribution
emitted from cylindrical diffusers in heterogeneous biological tissues.

- A proof of concept of a treatment planning system dedicated to stereotactic interstitial
photodynamic treatment is introduced. The workflow of this software is similar to the
one used in neuro-radiosurgery. It proposed to plan the stereotactic insertion of several
cylindrical diffusers and compute the light propagation during the treatment
procedure.

- A new medical device dedicated to intraoperative photodynamic therapy has been
designed and characterized using ex vivo experimentations. Results have been
compared to Monte-Carlo simulations.

- A transfer function has been created in order to easily obtain the treatment duration
according to the size of the cavity to obtain a therapeutic effect at 5 mm inside

margins resection.
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- A clinical trial has been set up to evaluate the safety of the procedure using this

medical device. This phase one clinical trial is currently under evaluation.
3. Roadmap

This dissertation is organized as follows.

Chapter I introduces laser technologies and their application in medicine including the
PDT. A focus is made on the photosensitizer and the biological mechanisms involved. Then, a
description of the glioblastoma, its standard of care and alternative treatments are presented.
Among them, previous photodynamic treatments of GBM, including interstitial and
intraoperative modalities treatment, are listed.

In order to plan PDT treatments, a dosimetry modelling is needed. Since light is one of
the three major components of PDT, Chapter Il details the physics interactions of light
propagation in biological tissues used in the predictive dosimetry. Among all dosimetric
features, models of light delivery computing are presented. Also, some monitoring methods
used to evaluate the PDT dosimetry are described.

The Monte-Carlo method used to model the light propagation in tissue is still the
reference model. Chapter I11 presents this model and techniques to reduce the computing time.
Among them, a Monte-Carlo model based on acceleration by GPU parallel computing is
proposed. Its implementation and the evaluation methodology are presented. Also,
optimization of algorithm’s performances is described.

A proof of concept of a treatment planning system dedicated to stereotactic interstitial
photodynamic treatment is detailed in chapter IV. Methodologies to validate the stereotactic
registration and evaluate the dosimetry part are described. Future improvements including the
integration of the GPU Monte-Carlo model presented in chapter 111 are discussed.

Finally, Chapter V is dedicated to the intraoperative PDT treatment. The design of a
new lighting applicator is described. Methodologies to characterize the device is detailed,
including its dosimetry, a mechanical assessment and other safety tests. Thus, the method
proposed enables to obtain the treatment duration according to the cavity size in order to
obtain a therapeutic effect in resection margins. The clinical investigation of the device within
the clinical trial INDYGO is described. Further improvements and future technologies to

substitute this medical device are discussed.
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This chapter presents the concept of photodynamic therapy (PDT) dedicated to the
treatment of High-Grade Gliomas (HGG). An overview on laser is firstly given which
includes a brief history of laser technology, the physics principles, the main technological
components and its current applications in medicine. Then, photosensitizers are presented
with a specific focus on the precursor, 5-aminolevulinic acid (5-ALA). Direct and indirect
processes of tumor cells destruction resulting from PDT are highlighted. In the context of this
study, primary brain tumors, especially glioblastoma (GBM) and their standard of care are

described before a systematic review of PDT technics dedicated to treat HGG.

I. Photodynamic therapy

1. LASER: History

“This property of elementary processes as expressed by equation (12)
makes a quantum theory of radiation almost unavoidable. The weakness of the
theory lies, on the one hand, in its not bringing us closer to a union with the
wave theory, and, on the other hand, that it leaves the time and direction of the
elementary processes to chance; in spite of this, I have full confidence in the
trustworthiness of this approach.” [13]
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This quote comes from a paper published by Albert Einstein in 1917. In this paper, the
scientist confirms his interest in the Planck’s theory according to which light radiation is
composed of several “quanta” (namely photons) that can be absorbed or emitted
discontinuously. Furthermore, he carries on the corpuscular theory of light and its duality with
the wave theory and describes for the first time the stimulated emission of radiation process
[14]. Later, this physical principle will be used in the MASER technology (Microwave
Amplification by Stimulated Emission of Radiation), the ancestor of the well-known LASER
(Light Amplification by Stimulated Emission of Radiation) described by Gould in 1959 [15]
and firstly designed by Maiman in 1960 [16, 17].

a. Physics principles

The laser is based on two main physic processes: the stimulated emission of radiation
and the population inversion.

The stimulated emission of radiation occurs when a photon with a particular energy
encounters an excited atom (see figure 1.1). If the energy level hv of the incident photon is
equal to the difference between levels of the electrons Ei1 and Eo, the incident photon then
stimulates the electron return to the ground state Eo. This relaxation leads to the creation of a

second photon bearing the same properties of the incident photon.
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Figure 1.1: llustration of the stimulated emission of radiation.

Regarding laser, light beam of 1J at a wavelength of 630nm requires about 3.10%°
photons using stimulated emission process. If the two photons resulting from this stimulated
emission process do not meet other excited atoms, then, they have a strong probability to be
absorbed. It appears thus necessary to have a majority of excited atoms to produce a large
number of photons and because atoms are mostly naturally at the ground state, another energy
source is expected to excite atoms.

A second issue occurs if we consider only two states atoms constituting the irradiated
media. To create enough photons from stimulated emission process, photons must have a
higher probability to meet an excited atom than to meet a stable one. However, if a photon is
emitted in a media composed of 50% of excited atoms at an energy level E1 and 50% of
ground state atoms Eo, statistically, only absorption and spontaneous emission processes is
obtained (independently from the initial conditions of the atoms population). Thus, a third
state must be considered to perform a “population inversion” (see figure 1.2). This term
defines the process during which a media owns more excited atoms than natural ground state
atoms. This inversion can occur only with at least a triple states system.

Let us consider a media with triple states atoms: at the Boltzmann equilibrium, there
are more atoms at the ground state Eo than excited state E1, and there are more atoms at the
excited state E; than excited state E>. However, if an external source of energy Eex equal to E»
— Eo is applied to this system, several Eq atoms are promoted to the E> energy level. The
number of E> atoms tends towards the same number of Eo atoms but cannot exceed this
number. Nonetheless, the population of E> atoms can be larger than the population of E;
atoms. In this case, the inversion population between E> and E1 is reached. An incident photon
owns therefore more chances to encounter an excited atom and to provoke a stimulated
emission corresponding to a relaxation of Ez - E1. The stimulated emission of two excited
atoms by photons from a first stimulated emission induces four photons and consequently
leads to a cascade of photons. If the excited atoms proportion is maintained higher than the
proportion of ground state atoms and if the photons created by stimulated emission remain
with a sufficient number for them to induce stimulated emission processes, a laser light is

created.
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Figure 1.2: Jablonski diagram of triple state inversion population.

Mainly due to the conservation of photon’s properties during the stimulated emission

process, each photon composing the light beam owns the same features.

Thus, laser light is:

Monochromatic: each photon has the same wavelength. However, due to several
mechanisms of spectral emission broadening, a laser light cannot be a pure
monochromatic light beam.

Directional: the light beam produced by a laser has a very small divergence in
space. This strong directionality allows to obtain a highly focal beam.

Temporally coherent: because all photons produced by a laser are almost with the
same wavelength, each photon’s phase is synchronized and is the same for all of
them.

Spatially coherent: additionally, in a perpendicular plan to the light propagation,

all photons have the same electromagnetic field (value and direction).

Using these particular properties, laser light has quickly found several applications in

many different fields.
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b. Technological setting

To produce stimulated emission and population inversion, all lasers are composed of
three different parts: active gain medium, pumping and resonating cavity.

Active gain medium is the core of a laser, where the stimulated emissions happen. It is
composed of atoms with determined energy levels that define the wavelength of the laser
light. Changing the composition of this part can modify the wavelength of the laser light.
Several active gain media are employed and allow the classification of the laser type
according to the material composition:

- Solid state: crystal (ruby, Nd-YAG) and optical fiber (silicate or phosphate

glasses)

- Semi-conductor material

- Liquids: dyes

- Gases (CO?, He-Ne, argon)

Amplifier or laser pumping is dedicated to the realization of the inversion population.
It transfers an external energy to the active gain medium in order to excite atoms and to
produce in return stimulated emission of radiation. Several types of pumping have been
developed including:

- Optical pumping using flash lamp, arc lamp or the use of an additional laser

- Electrical pumping: application of an external electric current or electron beam,

glow discharge
- Other types such as thermic pumping (adiabatic cooling), chemical reaction and

even using nuclear reaction products.

Resonating cavity is composed of two face-to-face mirrors and one is partially
transparent. The proportion of transparency must be highly controlled. If too many photons
leave the resonator, the percentage of stimulated emission decreases and tends toward zero.
Furthermore, the distance between those two mirrors represents one of the main filters to
obtain an output light beam with a narrow waist of the spectral emission peak. The distance is
computed in order to attenuate most of non-desired wavelengths using resonance

phenomenon.

c. Applications
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Decades ago, laser device was highly unstable, expensive, cumbersome, with a very
bad efficiency and was mostly dedicated to research applications. With the advent and the
development of the semi-conductor technology, laser technology has been strongly
democratized in many applications, including medicine. Nowadays, laser systems in medicine
are more efficient, portable and can be highly powerful (see figure 1.3). Most of lasers
currently manufactured are based on laser diode technology. Its three parts (active gain
medium, pumping and resonating cavity) are contained in an electronic component of only
few millimeters. Output power can easily reach several watts. Additionally, with the
improvement in the electronic doping and recent semi-conductor compositions, a large range
of wavelength is possible (from 405nm with Indium-Gallium-Nitride compound to 980nm

with Indium-Gallium-Arsenide compound). All these improvements have led to a larger use

of the laser in the medical field.
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Figure 1.3: Laser evolution from 80’s to current device.

2. Photosensitizer
The use of molecules for which the cytotoxic effect can be activated by laser light

28



emerged in medicine. Photosensitization is the process of initiating a reaction using a
molecule called photosensitizer (PS) able to absorb a radiation and transfer this energy to
reagents. Using this absorption property, numerous natural or synthetic molecules can be used

as therapeutic agents from chemical reactions occurring after their activation by radiations.
a. Photophysical mechanism

Photodynamic activity of a PS is based on the interaction between energy delivered by
the light and its absorption by the molecule (see figure 1.4). The absorption of this energy by
an electron excites the PS, moving an electron to an upper level of energy. This absorption
can only occur if the incident energy is exactly the same required to make this transition.
Consequently, only allowed electronic transitions can be used to activate the PS. Using the
Planck’s relation between energy and wavelength, these electronic transitions follow a
specific absorption spectrum. Each absorption peak matches with an allowed electronic
transition of each atom constituting the PS. Thus, in order to excite the PS, it is required to use
the correct wavelength. There are two different processes to return to the ground state:
radiative and non-radiative transitions.

On each relaxation process, dissipation of energy is required. Non-radiative transitions
do not involve the light radiation emission but rather a heat emission for example.
Conversely, radiative transition emits a photon with an energy that corresponds to the gap
between the two allowed energy levels. In the case of a radiative process, the emitted photon
has a lower energy than the incident one due to vibrational relaxation and internal conversion.
Two different types of relaxation lead to light emission: fluorescence or phosphorescence

(depending on the initial singlet or triplet state).
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Figure 1.4: Jablonski diagram of photophysical processes.

The PS, initially at the ground and singlet state, absorbs a photon and goes straight to
an excited singlet state. Using vibrational relaxation, the PS energy decreases slightly to reach
the lower allowed transition of its excited state. At this stage, this singlet state can move to a
triplet state. Fluorescence occurs with the singlet state relaxation, phosphorescence with the
triplet one. In the case of the triplet state, photo-oxidation mechanisms produce reactive
oxygen species (ROS) (such as hydrogen peroxide, hydroxyl and Superoxide radicals, singlet
oxygen) and free radicals. These species lead to the degradation of several cell components
and induce the cell death.

Limitation appears when ROS, which is produced by the PS activation, damages the
PS. This gradual degradation of the activated PS during illumination is called photobleaching
[18]. This reaction induces a reduction in PS absorption and fluorescence [19-22].
Photobleaching results from PS photodegradation, which is the modification of the molecule
structure (i.e., fragmentation of the sensitizer, relocalization and photomodification without
rupture of the porphyrin rings) leading to the creation of non-absorbent photoproducts [23,
24].
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b. First and other PS generations

One of the first PS, called first generation PS, is mainly composed of hematoporphyrin
and hematoporphyrin derivative (HpD). Photofrin®, the commercial name of the HpD, was
one of the main PS used in several studies and clinical trials using photodynamic mechanisms
[25-28].

An ideal PS should have at the same time a strong selectivity for tumor tissues and the
ability to generate ROS efficiently. It should also have a stable composition and be easily
produced. In addition, the PS spectrum absorption should display several high absorption
coefficients in the red or near-infrared part in order to be activated as far as possible in
biological tissues. Regarding the pharmacokinetics parameters, an ideal PS should have a
favorable absorption, distribution, metabolism, excretion and the lowest post-treatment
photosensitivity [29].

In the light of this description, this first generation of PS had several drawbacks such
as a very poor selectivity and a very long duration of photosensitivity (about 30 days). In
order to circumvent those issues, two generations of PS have been developed. The porphyrins
group development (aminolevulinic acid, texaphyrin, or phthalocyanine) was the main interest
of the second generation. Those molecules have good tissue selectivity and a modest
absorption on the range 600-700nm that allows them to be activated until several millimeters
in biological tissue. They own a fluorescence property (light emission around 450nm) and a
correct ROS production. Some molecules are already commercialized such as the temoporfin,
(commercial name Foscan®), verteporfin (commercial name Visudyne®) and the 5-
aminolevulinic acid (5-ALA) (commercial name Gliolan®).

Although the second PS generation shows correct results and is deeply involved in
many clinical trials, the third PS generation is currently under investigation mainly in order to
increase the tissue selectivity. Several technics are under development to graft other
molecules on second PS generation to better target tumor molecules. Nano-particles are also
highly attractive to improve the PS selectivity using encapsulation process or being used as
contrast agent for imaging [30-33].

c. Case of the 5-aminolevulinic acid

Because of its growing interest in oncology field using its photophysical properties, it
appears essential to highlight the 5-ALA molecule. 5-ALA is a precursor drug that is
converted into the actual PS, protoporphyrin IX (PplX), by using the heme-synthesis [34] (see
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figure 1.5). 5-ALA administration leads to high tumor-selective PpIX accumulation in the
tumor cells and its strong ability to penetrate the blood brain barrier (BBB) also contributes to
the high PplX uptake. PpIX is a photoactive substance endogenously synthesized in the
metabolic pathway for heme. In a healthy cell, the maximum rate of ALA synthesis is always
lower than the maximum rate of the heme synthesis. If heme is less consumed than
synthesized, the ALA synthesis is naturally inhibited. Thus, neither the intermediate products
nor heme is accumulated in a normal cell. In the case of tumor cells, individual steps of the
heme synthesis process are altered and might cause accumulation of various intermediate
products leading to a PpIX accumulation in tumor cells only. Then, an exogenous exposure to

5-ALA leads to a strong escalation of PplX concentration in tumors cells up to 6-8 h before

saturation.
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Figure 1.5: a) 5-ALA molecular structure, precursor of the photosensitize b) Protoporphyrin

IX molecular structure.

As said previously, PS are molecules that use their photophysical properties to induce

chemical reactions. For some decades, researchers and clinicians have tried to put this
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photosensitization to good use in clinical applications and particularly in oncology.
3. Photodynamic therapy
a. History

The very first applications of a treatment using daylight (named “heliotherapy”)
appeared during the antiquity with Egypt, Chinese, Indian and Greek civilizations to treat skin
diseases mostly [10]. However, a therapy using an exogenous substance (extern from the
metabolism) reacting with photons’ sun was only observed in India during the XVth century
BC. Psoralen, a natural chemical compound originating from Psoralea Corylifolia stems that
is a common plant in India, allowed a repigmentation of the skin (auto-immune disease
leading to large white plate on body skin). At the beginning of the XXth century, Oscar Raab
was the first to introduce a scientific consideration about the interaction between light and a
molecule (a dye called “acridine”) in order to obtain a medical treatment [10]. The term
“photodynamic therapy” (PDT) appeared for the first time in 1907 in a book written by Van
Tappeiner to describe the necessity of the presence of the oxygen to obtain a chemical
reaction [35]. Following this publication, VVan Tappeiner leaded the first clinical trial on three
patients with skin cancer using PDT. An eosin solution had first been applied on treated areas
and then been irradiated using sun light or an arc lamp during several weeks. He observed an

improvement of patients’ condition.
b. Definition

PDT is a non-thermal energy based therapy relying on light exposure after PS
accumulation in the tumor cells. A PDT effect is the result of the synergy of three elements: a
PS, the energy delivered through light exposure at a specific wavelength to excite the PS and
the presence of oxygen. Combination of these three components leads to the formation of
ROS, including singlet oxygen, which are cytotoxic molecules that damage the PS-targeted
cells.

The sequence of a PDT treatment begins with the PS administration to the patient
topically, orally or by intravenous injection. Once the PS goes through the blood circulation’s
patient, it spreads into the organism using several proteins according to its physical and
chemical characteristics. It concentrates selectively using different processes (depending on
whether the drug is a precursor or the PS itself) into the neoplastic tissues. In this way, a

higher PS concentration (that can vary according to the tumor-selective PS uptake) is
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observed in the tumor cell than in the healthy one.

Under irradiation, several reactions occur between PS and the oxygen inside the cell.
In order to excite the PS, the light wavelength used must fit into one peak absorption of the
PS. In most cases, a LASER light is applied (use of the monochromaticity property) as closely
as possible to the therapeutic target. Light depth penetration depends on two factors: the
wavelength and the size of the light source.

The higher wavelength, the deeper the light penetrates tissues (see figure 1.6a). A
compromise must be found between a minimal light absorption by tissues and a maximal light
absorption by the PS.

Light penetration depends also on the size of the light source (see figure 1.6b). The
larger the light source, the deeper light penetrates tissues, independently from the wavelength.

However, a limit of depth penetration is reached even if the light source continues to grow.
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Figure 1.6: Illustration of the light depth penetration in biological tissue: a) dependency of the

wavelength and b) dependency of the size of the light source (taken from [36]).

When using a PS with a poor selectivity, light must be applied only on areas to be
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treated (e.g., hematoporphyrin, Photofrin® [26, 27]) and organs at risk must be defined to

avoid side effects. Conversely, regarding PS with a higher selectivity (e.g the temoporfin,

Foscan® or protoporphyrin 1X, Gliolan® [37-40]), defining safety margins to achieve a

selective treatment is not needed. Indeed, if the PS uptake is low, cells will not be killed.

Several lighting modalities are available and can vary according to the topology of the

target zone (see figure 1.7):

Optical fibers, called “frontal diffusers”, emit a lighting cone that can vary
according the numerical aperture of the fiber. They are mostly used in topical
illumination or interstitially but remain little used in clinic,

Optical fibers, called “cylindrical diffusers”, allow to illuminate a larger volume
than a frontal diffuser. They are used for interstitial or cavity treatments,

Lighting devices with a shape of one or several balloons (e.g., the Freiburg flap)
can be used to illuminate cavity with a more homogeneous light distribution than
fibers,

LED panels are often used in dermatology applications to illuminate large
surfaces,

Lighting fabrics are constituted by optical fibers braided or knitted. This modality
allows to obtain a more homogeneous light distribution on non-plane surfaces
compared to LED panels,

The “daylight PDT” uses the light produced by the sun to bring a low power light

for dermatology treatments.
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Figure 1.7: Illustration of lighting modalities available for PDT treatments (illustrations taken
from [41]).

c. Direct mechanisms: apoptosis and necrosis

The tumor microenvironment can be divided into three parts:

- The tumor core is essentially composed of tumor cells

- The tumor vascularization is composed of endothelial cells

- The interstitial space is composed of stromal and immune cells

The creation of singlet oxygen, main cytotoxic product of a PDT reaction, induces
tough modifications inside the intracellular media: lipids oxidation, spreading of amino acid
and cross-linkage of protein components of cell membranes [42]. These modifications can
impair permeability of cell’s membrane, provoke a loss of fluidity and inhibit enzyme
receptors on cell membrane, which leads to the cell death. Lifetime of the singlet oxygen is
very short (approximately 50 nanoseconds). Its distance of diffusion is very short
(approximately 20 nm), which restricts the PDT reaction inside cell’s organelles only. Several
organelles concentrate PS: mitochondria, lysosome, endoplasmic reticulum, Golgi apparatus

and inside cell membrane [43, 44].
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Two mechanisms of cell death can occur during a PDT treatment: apoptosis and
necrosis (see figure 1.8).

Apoptosis defines the programmed cell death. This type of cell death occurs naturally
inside the organism and allows to evacuate damaged cells. Multiplication of damaged cells
could lead to the tumor creation and development. Thus, apoptosis is one of the filters that can
stop the tumor emergence and progression.

Necrosis defines the non-programmed cell death. This destruction is not determined by
internal cell actions but by external cell factors leading to the cell’s membrane breach.
Because necrosis produces a strong inflammatory response, apoptosis is generally preferred to

decrease clinical complications.
d. Indirect mechanisms: Vascular and immune

Currently under investigation, other mechanisms with delayed actions appear also
after a PDT treatment.

During a PDT treatment, a large proportion of oxygen inside tissues is consumed by
the chemical reaction. The weak oxygen concentration can lead to an oxidative stress and
provoke an ischemia of the treated tumor. To overcome this lack of oxygen supply and to
continue its development, the tumor creates new vessels (neo-angiogenesis). Vascular
endothelial growth factor (VEGF) are spread into the extracellular media during hypoxia,
which can amplify the angiogenesis process [45]. An anti-angiogenesis treatment is often
coupled to a PDT treatment to annihilate the process and to decrease the tumor recurrence
risk. However, recent studies measure a decrease of VEGF secretion post-PDT on some cell
lines [46-50]. These results demonstrate the significance of choosing a PS that best fits the
targeted cells by PDT [42].

A growing number of studies about the long-term effect of the PDT using the
activation of the immune system is observed. During the inflammatory response induced by
the destruction of cells by reactive species, Damage-Associated Molecular Patterns (DAMPS)
are secreted and can be recognized by Pattern Recognition Receptors (PRR). These PRR are
receptors of the innate immune system. Cytokines (interleukine IL-4, IL-10 et IL-12 mainly)
and chemokynes are created and differentiate immune cells to provoke an immune response to
inflammation [51, 52]. Also, DAMPs activate the differentiation of T cells (CD4+ and CD8+)
and B cells to initiate a response of the adaptive immune system [53]. Activation of the innate
and adaptive immune system using inflammation due to reactive oxygen species (ROS)

during PDT treatment might provoke a long-term destruction of the tumor and, consequently,
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decreases the recurrence risk.
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Figure 1.8: Illustration of cell death mechanism induced by PDT treatment (inspired by [54,
55]).

e. Applications

A growing number of scientific papers about PDT is observed: 443 results in 2000,
1425 results in 2015 (obtained with MEDLINE database (Medical Literature Analysis and
Retrieval System Online) using the keywords “photodynamic therapy”). Applications are
currently under investigation in the following fields:
- Oncology: head and neck cancer, pulmonology, urology, neurosurgery,
gastroenterology, dermatology, gynecology [56]
- Antimicrobial agent: ulcer treatment, sinusitis, acne and skin burn.

- Ophthalmology: retinoblastoma treatment

I1. Glioblastoma

Gliomas are the most common primary brain tumors in adults. They are malignant
tumors based on histologic similarity to mature glial cells, including astrocytes and
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oligodendrocytes or a mix of both cell types. According to the latest World Health
Organization (WHO) classification [57], they are categorized from Grade | to grade IV
depending on their malignancy (see figure 1.9). Low-grade gliomas (LGG) include pylocytic
astrocytoma (WHO grade 1) and astrocytoma, oligodendroglioma (WHO Grade II). High-
grade gliomas (HGG) include anaplastic astrocytoma (WHO grade III), anaplastic
oligodendroglioma (WHO grade I11), and Glioblastoma (GBM, WHO Grade V).

Grade | Pilocytic astrocytoma
Subependymal giant cell astrocytoma
Angiocentric glioma

Grade Il Diffuse astrocytoma, IDH-mutant
Oligodendroglioma, IDH-mutant and 1p/19qg-codeleted
Choroid glioma of third ventricle

Grade Ill Anaplastic astrocytoma IDH-mutant

Anaplastic oligodendroglioma, IDH-mutant and 1p/19g-codeleted
Anaplastic pleomorphic xanthoastrocytoma

Anaplastic ependymoma

Choroid plexus carcinoma

Anaplastic ganglioglioma

Anaplastic meningioma

Grade IV Glioblastoma, IDH-wildtype

Glioblastoma, IDH-mutant

Diffuse midline glioma, IDH-mutant and 1p/19q-codeleted
Embryonal tumors

Addition of 3 new | IDH mutated, 1p19g-codeleted (best response to treatment)

subtypes of | IDH mutated, 1p19g-retained (intermediate response to treatment)
tumors to the | No IDH mutation (worst response to treatment)
WHO 2016

classification

Figure 1.9: Gliomas classification according to the world health organization.
1. Description and latest classification

Among them, GBM have the most dismal prognosis. GBM is a malignant astrocytic
tumor with the most common glioma histology. It represents the most frequent primary brain
tumor in adults [1-3] with an annual incidence of about 3 to 5 cases for 100,000 persons [4-6].
Prevalence is estimated at about 3 cases for 100,000 persons each year [58-62]. Although it
may occur at any age, 70% of patients are between 45 and 70 years of age [63]. GBM appears
usually in the brain hemispheres, but can be found anywhere in the central nervous system.
The disease often grows rapidly (over 2 to 3 months), except when the glioblastoma develops

within a pre-existing low-grade astrocytoma (secondary glioblastoma). Approximately 90%
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of GBM are primary tumors [64]. GBM is characterized by its diffuse property and its strong
inter and intra-tissue heterogeneity. Regarding the etiology of the disease, no factor has been
reported, except the exposition to ionizing radiations in the context of brain tumor
radiotherapy [2, 65].

Prognosis is poor, especially in the absence of gross total resection, in elderly patients
and in case of severe neurological impairments. Lacroix et al. published in 2001 [66] a study
including 416 patients with GBM. A 53 + 14 years mean age was reported, whom 63% of
male and 37% female patients. Currently, median survival varied between 14 to 15 months

according the extent of tumor resection percentage [4, 67-69].
a. Tumor development

The diagnosis is most often achieved with an MRI imaging following the
manifestation of patient’s symptoms. A strong contrast is often observed: a necrotic core
surrounded by a hyper-intense signal showing the edema and tumor infiltration [70]. GBM
distinction from the other grade 11l gliomas is realized using the histologic profile. Criteria
include hypercellularity, nuclear atypia, and mitotic activity [71]. Furthermore, diagnosis
requires either microvascular proliferation and/or tumor necrosis. However, many aspects of
these histologic features remain poorly correlated with GBM genetic markers. Main primary
brain tumor markers are the loss of 10q chromosome, amplification of the gene coding for the
EFGR gene and the inactivation of the CDKN2A/P16 gene. However, a mutation on the IDH
(Isocitrate DeHydrogenase) gene is observed on secondary GBM. In addition, among IDH
wild type high-grade, the key molecular chromosomal changes are shared between histologic
grade 11l (anaplastic astrocytoma) and GBM (histologic grade 1V) tumors.

Histopathologically, several patterns exist, including giant cell GBM, small cell GBM,
and gliosarcoma. Gliosarcoma cell can be observed at initial diagnosis or at recurrence, and
appears to have some similar genetic aberrations as GBM. The term “GBM with
oligodendroglioma component” (GBM-O) is sometimes specified where the tumor appears
regionally similar to anaplastic oligodendroglioma. These tumors are easily distinguished
from GBM by the presence or absence of 1p/19q co-deletion. GBM-O is distinguished from
anaplastic oligodendroglioma by the absence of 1p/19q deletion, and the presence of IDH
mutation and 1p/19g deletion effectively defines anaplastic oligodendroglioma and is

therefore incompatible with the diagnosis of GBM-O.

b. Standard of care
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The first-line treatment is usually surgery (advised by the European Society for
Medical Oncology (ESMO) [72]), either to confirm the diagnosis with a biopsy (in order to
assess the grade of the glioma) or to remove as much as possible of the tumor (see figure
1.10). Resection plays a crucial role in the improvement of patient’s survival. Currently,
aggressive resection is encouraged to realize a maximal extent of resection (EOR) using
intraoperative neuro-navigation tools. This technic enables to preserve organs at risk and
functional areas to provide the patient a better quality of life. A resection surgery considered
as “complete” can improve the progression free survival (PFS) of about 3 to 5 months [66, 73,
74].

Increase of the EOR and prolonging of the progression-free survival (PFS) have been
observed when resection is carried under blue light after administration of 5-ALA
(Fluorescence Guided Resection, FGR). A PFS improvement of about 2 months was observed
using FGR. Because PplX is a highly selective photosensitizer, the PS emits a fluorescence
light (635 nm) if the resection cavity is exposed to blue light (375 - 440 nm) [75, 76]. This
light emission helps the surgeon detecting remaining tumor tissue at surface of the resection
cavity and therefore, to improve the EOR. Unfortunately, improvement of overall survival
cannot be currently statistically proved although there is a trend toward increase of survival
[77].

Once the surgery or biopsy realized, adjuvant treatments are administered according to

the grade and the genetic profile of the tumor with different treatment options (figure 1.10):
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Figure 1.10: Decision algorithm of the HGG treatment plan.

The loss of heterozygosity of the 1pl19g gene [78, 79], IDH mutation and
methylguanine methyltransferase (MGMT) methylation enzyme (enzyme used in DNA
reparation process) are the three major keys points occurring into the decision algorithm of
adjuvant treatments.

In terms of survival, the benefits from adjuvant treatments after resection surgery are
significant, although they remain modest. Because tumor cells infiltrate the whole brain, a full
resection cannot be performed. Radiotherapy combined with chemotherapy help to complete
the treatment.

In case of relapse, the WHO does not establish a standard of care. Generally, a second-

line of chemotherapy or surgery is achieved.
c. Limits of the standard treatment and alternative treatments

Although standard treatment for patients with GBM, that includes surgical resection,
radio and chemotherapy, allows to improve the patient’s survival, patients cannot be cured of

their disease. These modest results are in part due to the cellular composition and more

42



particularly, to the presence of self-renewing, tumorigenic stem cells that contribute to tumor
initiation and recurrence [80, 81]. Furthermore, conventional chemotherapies fail to bring an
effective response to GBM treatment due to a poor BBB penetration. In this context, several
alternative therapies appear using different treatment ways [82]:

- Immunotherapy: this recent treatment modality is based on the immune system
activation. In GBM treatment context, checkpoint molecules and monoclonal
antibodies are targeted. Checkpoint molecules inhibition is aimed at enhancing
immune activation. Monoclonal antibodies target tumor-specific antigens to cause
tumor cell death [83, 84].

- Epigenetic: this therapy affects the genes expression. In GBM treatment context,
Histone deacetylase (HDAC) inhibitors appear as a promising way to stop
tumorigenesis [85]. HDAC expression is related directly to the patient’s survival.
HDAC inhibition can provoke both direct effects (apoptosis, enhanced ROS
production) and indirect effects (angiogenesis, metastasis and glucose utilization
inhibition).

- HIFU: the therapy named High-Intensity Focused Ultrasound is mostly combined
with chemotherapy for the GBM treatment. This therapy is based on the emission
of multiple ultrasound (approximately 1 Mhz) beams focused on the same spot in
order to create a thermal and/or a mechanical effect [83, 86-89]. The main goal of
this approach is to disrupt the BBB to allow drug used in chemotherapies to
penetrate into tumor tissues.

- Proton therapy: currently, conventional radiotherapies do not deposit a precise
enough dose, as brain tumors treatment requires. However, proton therapy brings a
successful way to obtain a high dose in a very selective volume and to reduce
radio-toxicities [90]. However, like photon radiotherapy, proton therapy can target
only the visible part of the tumor with a small margin of macroscopic healthy brain

tumor.
I11. PDT treatment of HGG
1. History

To our knowledge, PDT to treat brain tumors was first studied in 1972 [11]. From the
observation of Haematoporphyrin concentration in neoplasm tissues, the authors grafted 20

rats with GBM cells. Tumor-selective PS uptake along with the death of tumor cells after light
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exposure was observed. However, the authors failed to obtain total tumor destruction. They
emitted the hypothesis that the inhomogeneous PS or the light distribution could lead to this
incomplete treatment.

In 1980, the first clinical trial using intraoperative PDT to treat HGG was realized by
Perria et al. [12]. Nine patients were treated using a He-Ne laser (632.8 nm) to illuminate the
resection cavity with hematoporphyrin derivative (HpD) PS. Each patient received a fluence
of 9 J/cm? with an injection between 2.5 to 10.0 mg/kg of HpD. No adjuvant treatments (radio
or chemotherapy) were delivered to the patients. However, survival remains very weak:
between 6 to 44 weeks.

One year later, in 1981, a report on the first phase I clinical trial using interstitial PDT
treatment was published by Laws et al.. Five patients were treated with 5 mg/kg of HpD and
were protected from direct or indirect sunlight during at least 2 weeks [91]. A single optical
fiber (400pm diameter with a numerical aperture of 0.35) was inserted at the center of the
tumor using stereotactic localization. The argon-pumped laser provided red light (630 nm)
with a power of 300 to 400mW delivered at the end of the fiber. Authors administered a
300mW red light during 45 minutes. Three grade Ill and two grade IV were treated. The
authors concluded that a CT-guided needles insertion might be interesting during treatment
planning to insert multiple fibers in order to reach an optimal tumor exposure to laser light.
Reaction to PDT could be observed in CT post-treatment.

2. Interstitial PDT

When the surgical resection cannot be achieved because of surgical constraints (e.g.,
functional area, relapse), PDT delivered interstitially is investigated (approximately 15% of
all cases [92-94]). This modality plans to insert optical fibers under stereotactic conditions

and to vehicle light directly into the tumor (see figure 1.11a).
a. Instrumentation

In most studies, optical fibers are used to deliver laser light through brain tissues. Two
types of medical devices are used: frontal and cylindrical diffusers as mentioned before (see
figure 1.7). They are mainly made with silica core (0.4 to 0.6mm diameter) surrounded by a
plastic casing. Frontal diffusers (or bare-end fibers) are characterized by their numerical
aperture, which can vary from 0.2 to 0.4. This feature defines the size of the cone beam: the

higher the numerical aperture, the higher the angle of the cone is. This type of diffuser is
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mostly used in dermatology [95], urology [96], gastroenterology [97], pre-clinical trials on
small animals [98] or in optical measurements [99]. Cylindrical diffusers produce an ellipsoid
illumination around the extremity composed of a diffusing tip. Currently, this type of diffuser
is more used in clinical applications because it maximizes the irradiated volume during the
procedure and thus, minimizes both the number of fiber to insert and the treatment time [100].

With technological improvements (imaging and computing performance), a few
treatment planning systems (TPS) have been developed in PDT field: pleural application
[101], urology [102-104]. Some more advanced or commercial applications are available such
as IDOSE developed by Spectracure [105]. It provides an optimization of the fiber position
into the body’s patient, generated from a 3D tissues model using ultrasound imaging. A
second example is the TPS provided with the technical solution named Tookad developed to
plan an interstitial PDT treatment of prostate cancer [106].

Improvement of accuracy of surgical gesture in neurosurgery is mainly due to the
apparition of the stereotactic surgery method [107]. In 1908, Horsley and Clarke published a
paper describing the first apparatus dedicated to a monkey head and allowing to localize a
point in a 3D Cartesian coordinate system. The first trial of stereotactic devices on humans
was realized by Speigel et al. in 1947 [108]. In 1951, Lars Leksell described an apparatus set-
up on the patient’s head, defining a 3D polar coordinate system much easier to use during
surgical procedure [109]. At the same period, Jean Talairach and Pierre Tournoux developed
also a stereotaxic frame [110, 111] to create a brain atlas [112]. Since their respective
commercialization, several other systems have been proposed to improve the technic and
adapt it to the advent of imaging system (CT and MRI). This tool could be a real advantage in
interstitial PDT treatment for both planning step and surgical gesture and, furthermore, for
computer-assisted which is on the rise. Robot-assisted stereotactic neurosurgery is an
technology allowing high accuracy treatment on laser interstitial thermal therapy, responsive
neuro-stimulation or stereo electroencephalography [113, 114]. Replacing conventional tools
(e.g., electrodes, needles) by optical fibers, an accurate interstitial PDT treatment could be

delivered by such robot-aided system.
b. Clinical trials

The following table represents the major clinical trials of interstitial PDT treatment of
GBM.
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Authors Patients | Photosensitizer Follow up status | IHlumination
and posology features
Laws et al.[91], | 5 patients | hematoporphyrin One GBM and | One frontal diffuser,
1981 including | derivative, 5 mg/kg | one grade IIl | 400um, NA: 0.35
2 GBM 48-72hours  prior | died coupled with argon
surgery laser (630nm),
300mW during 45
minutes
Powers et al. |7 patients |2 mg/kg of | Recurrence at 2 | One 5-25mm
[115], 1991 including | Photofrin 24 hours | and 27 weeks for | cylindrical diffusor
2 grade IV | prior to surgery GBM, and 6 and | for each patient, the
8 weeks with 2 | light dose was about
stable patients 1000J
Krishnamurthy | 18 2 mg/kg of | Enhancement of | Interstitial PDT (25
et al. [116], | gliomas Photofrin 24 hours | median survival | mm cylindrical
2000 including | prior to surgery of 116.5 days for | diffuser, 6 insertions
12 GBM GBM, 493 days | max) with three
for AA goups of different
light dose : 1500J-
3700J / 3700J-4400J
/ 4400J-5900J
Beck et al. |10 20 mg/kg body | Median survival | Insertion of 4-6
[117, 118], | patients weight of 5-ALA was 15 months cylindrical  diffuser
2007 per patient, Mean
fluence was 4320-
11520 J.
Johansson et al. | 5 GBM 20 or No progression | Insertion of 4-6
[19], 2013 30 mg/kg body |at 29, 30 and 36 | cylindrical diffuser
weight of 5-ALA months, death at | per patient

3 and 9 months

Table 1.1: Major clinical trials of interstitial PDT treatment of GBM.

3. Intraoperative PDT

Intraoperative PDT treatment has been the first PDT modality used to treat brain

tumors (see figure 1.11b). This lighting modality aims at illuminating the cavity created by

the surgical resection in order to treat the remaining tumor tissue that cannot be removed. It

also aims at treating the healthy brain invaded by infiltrating tumor cells inevitably.

a.

Instrumentation

The first clinical trial of brain tumors using PDT achieved by Perria et al. in 1980 had

been performed during the surgical procedure [12]. A He-Ne Laser (632.8 nm) was used to

illuminate the cavity. After a second intraoperative PDT trial conducted by McCulloch et al.
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in 1984 [119], Muller and Wilson developed the first medical device dedicated to the
intraoperative PDT [120] one year later. They designed an inflatable balloon to replace the
volume of the removed tumor tissue after the surgical resection. This balloon was composed
of a glove middle finger and a stainless steel tube. The balloon was then filled with a diffusing
solution (lipid emulsion (Abbott Laboratories Ltd, Chicago, IL, USA) concentrated at 0.1%)
in order to obtain the most homogeneous light distribution around the balloon. The device
could dilate from a diameter of 3 to 5 cm. A frontal diffuser, with a nominal numerical
aperture of 0.4 coupled to a 7.5 W argon laser, was inserted in the tube and the balloon. Since
this rudimentary irradiator, several improvements were realized in order to provide a more
straightforward and safer device. In 2000, Dwyer et al. proposed a laboratory-made balloon
and a flexible nylon tube to handle the device during the surgery and carry the frontal diffuser
[121]. In 2007, Moseley et al. published the latest paper dedicated to the development of a
balloon device for intraoperative PDT brain tumors treatment [122].

Some clinical trials used a single optical fiber placed at the center of the cavity.
Differences appear between frontal diffuser, cylindrical diffuser and spherical diffuser. In
many cases, the resection cavity is filled with diffusing solution.

Another type of irradiator was proposed by Schmidt et al. in 1996 using properties of
LED [123]. An inflatable balloon-shape device was designed to fit into the resection cavity to
deliver light provided by a light source composed of 144 LED chips. These chips were
arranged as a cylinder and placed at the center of the balloon. Three inputs were created in the
tube fixed to the balloon: firstly to provide electricity for the LED tip, secondly to fill the
balloon with diffusing liquid and thirdly, to cool the LED tips using sterile water. A total light
power of 1.0W was measured with a peak emission at 677nm and with a wide bandwidth of
about 20 — 25nm. This device was evaluated in clinical trial and compared to laser beam.

Recently, Akimoto et al. proposed a diode laser combined to the microscope from the
operating room to enable surgeons to determine accurately target area during the surgery
[124]. Once the target identified, the laser diode produces a 1cm? beam at a wavelength of 664

nm and 150 mW power and an irradiation time of 180 seconds.
b. Clinical trials

The following table displays the major clinical trials of intraoperative PDT treatment
of GBM.
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Authors | Patients Photosensitizer and | Follow up | Hlumination
posology status features
Perria et | 9 patients hematoporphyrin Survival He-Ne laser (632.8
al.[12], derivative, 2.5-10.0 | between 6 to | nm)
1980 mg/kg 44 weeks
Kaye et| 22 patients | hematoporphyrin Two One frontal diffuser
al.[125], |including 15 | derivative, 5 mg/kg | recurrences at | placed in resection
1987 primary and 7 | 24hours prior surgery |2 and 13| cavity, mean
recurrent months for | illumination  time
primary GMB, | was  about 60
4 deaths for | minutes with a
recurrent GBM | fluence of 145 J/cm?
at 630nm
Perria et |8 patients | hematoporphyrin 6 deaths | One frontal diffuser
al. [126], | including derivative, 5 mg/kg | (30days, 3.5, 6, | placed in resection
1988 2GBM 24hours prior surgery | 6, 6, 13 | cavity, illumination
months) time varied between
33 to 225 minutes
with a light dose of
2400J at 630nm
Kostron | 39 GBM | hematoporphyrin Median time of | A spherical diffuser
et al. | including 25 | derivative, 2.5 mg/kg | recurrence was | was placed in the
[127], first 24-48  hours  prior | 13 months, | cavity filled with
1996 recurrences surgery median Intralipid, the
survival  was | fluence was 15-
10 months 260J/cm?
For
primary GBM,
median
survival of 19
months
Rosental | 29 patients | boronated porphyrin, | Median overall | One optical fiber
et al. | including 16 | 0.25 — 8 mg/kg 24h | survival of 5| placed inside the
[128], GBM (7 | prior surgery months for de | resection cavity, the
2003 primary and 9 novo GBM and | light dose  was
recurrent) 11 months for | between 25 to
recurrent GBM | 100J/cm? at 630nm
Schmidt | 20 patients | Photofrin, 0.75-2 | 15.8 months of | Comparison
et al. | including 4 | mg/kg 18-24 hours | PFS between balloor or
[129], GBM prior to surgery single 15mm
2004 Compared to cylindrical diffuser
0.25mg.kg of Versus balloon
Benzoporphyrin composed of 144
derivative LED chips, the light
dose was 1 800J for
both device used
Stylli et | 145 gliomas | Haemetaporphyrin Median Intralipid in cavity
al. [130], | (30 AA | derivative (HpD), 5 | survival of | and optical fiber, a
2005 primary, 29 | mg/kg 24 hours prior | 76.5  months | total light dose of
AA recurrent, | to surgery for AA, 143|240 Jcm? was
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31 GBM for GBM administered to
primary, 55 most patients
GBM
recurrent)
Muller et | 112  gliomas | Photofrin, 2 mg/kg 12- | Median Balloon device, the
al. [131], | (including 49 |36 hours prior to |survival of 30 | light dose was 58 *
2006 GBM) surgery weeks for | 17 Jlcm?
GBM, 67
weeks for non-
GBM
Kostron | 26 GBM 0.15 mg/kg body | Median Balloon device or
et al. weight of FOSCAN® | survival of 8.5 | interstitial 20 mm
[38], months cylindrical diffuser,
2006 The light dose was
20 J/cm?
Eljamel 13 GBM | Photofrin (2 mg/kg | Mean survival | Repetitive PDT
et al. | treated by | body weight) ,48h | of 52.8 weeks | (balloon catheter)
[132], PDT, 14 | prior to surgery and 5- | with PDT, 24.2 | inflated with 0.8%
2007 without ALA (20 mg/kg body | weeks without | Intralipid solution),
weight)  3h  prior | PDT a dose of 100 J/cm2,
anesthesia five PDT treatments
were  given  on
subsequent days
Akimoto | 13 GBM Talaporfin sodium, 40 | 24.8 months of | Diode Laser coupled
et al. mg/m?2 prior to surgery | median to the operating
[124, survival microscope, 27J/cm?
133],
2013

Table 1.2: Major clinical trials of intraoperative PDT treatment of GBM.

49




a) Interstitial PDT b) Intraoperative PDT
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Figure 1.11 : The two main clinical PDT modalities for neurosurgery a) Interstitial PDT:
optical fibers are inserted through the skull i