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Abstract

Glioma is the most common primary brain tumor and the most aggressive in terms of

malignancy and progression. The primary treatment is surgery to completely remove the
tumor.
Currently, a problem persists in the accuracy of lesion delineation, particularly because
healthy tissue and the tumor margin can look the same during surgery and due to the
lack of preoperative imaging modalities specific to infiltration. The 5-ALA-induced proto-
porphyrin IX (PpIX) fluorescence microscopy technique is now the most effective clinical
standard but still suffers from a lack of sensitivity and specificity. At the begining of
this PhD, it had been shown that the spectral complexity of the intraoperative fluores-
cence emission of PpIX is relevant to identify tumor tissue and in particular the infiltrated
component. A first clinical trial on 10 patients was also performed with a prototype of in-
traoperative fluorescence spectroscopy validated by the ANSM. This study demonstrated
the relevance of the two PpIX forms as new biomarkers proposed to identify the tumor
margin and its border with healthy tissue. However, several obstacles remained related to
the understanding and quantification of these biomarkers.

The present work aims to overcome some of these obstacles through several approaches.
On the first hand, because the quantification aspect relies on more or less complex optical
models, it looked necessary to verify that some of the assumptions made for relevant opti-
cal models are compatible with the studied case. We have highlighted the importance of
the value of the internal reflectance of the air-tissue interface in simplistic optical models
widely used. Compared to the commonly used internal reflectance values, whose error on
the prediction of reflectance and transmittance is about 10%, we have shown that consid-
ering an accurate internal reflectance value in simple optical models leads to a reduction of
the reflectance and transmittance prediction error to less than 1.0% for translucent media.
On the other hand, we proposed a new method to estimate the relative concentration
of PpIX fluorescence-related biomarkers. FExisting methods suffer from crosstalk on the
estimation of PpIX fluorescence-related biomarkers. This crosstalk can be due to the omis-
sion or the wrong spectral shape of one or more endogenous fluorophore present in the
measured signal. It occurs when the spectrum of the omitted endogenous fluorophore(s)
is spectrally close to the PpIX emission spectral range and leads to an overestimation of
the PpIX and thus to a "tumor" classification of healthy samples. The method we propose
seeks to be free from a priori on the endogenous fluorophores present in the measured
signal and their respective spectral shape. For this, several fluorescence excitation wave-
lengths are necessary to transfer the a priori in the fluorescence quantum yield of PpIX
fluorescence-related biomarkers and to estimate the part of the signal related to endoge-
nous fluorophores, called baseline. Since a closed form solution was found, the computation
time was greatly reduced. Finally, this new method is as efficient as the existing models for
previously solved cases, but it keeps a specificity equal to 100% compared to the ground
truth in cases where the one of existing models drops to 0%.

Finally, we have realized a new intraoperative prototype allowing multi-wavelength
excitation and extracting optical properties of biological tissues from spectral diffuse re-
flectance measurements. Measurements with this new prototype can be corrected from
scattering and absorption of biological tissues.






Résumé

Le gliome est la tumeur cérébrale primaire la plus courante et la plus agressive en ter-

mes de malignité et de progression. L’exérese chirurgicale est le traitement principal pour
le retrait de la tumeur. Actuellement, un probléme persiste dans la précision de la délim-
itation des lésions, notamment parce que le tissu sain et la marge tumorale peuvent avoir
la méme apparence pendant 'opération et en raison du manque de modalités d’imagerie
préopératoire spécifiques a l'infiltration tumorale. La microscopie a fluorescence de la pro-
toporphyrine IX (PpIX) induite par le 5-ALA est aujourd’hui la technique clinique la plus
efficace, mais elle souffre d’un manque de sensibilité et de spécificité.
Au démarrage de cette these, il avait déja été démontré que la complexité spectrale de
I’émission de fluorescence peropératoire de PpIX est pertinente pour identifier le tissu
tumoral et en particulier la composante infiltrée. Egalement, un premier essai clinique
avait été réalisé sur 10 patients avec un prototype de spectroscopie de fluorescence per-
opératoire validé par TANSM. Cette étude a démontré la pertinence des deux formes de
la PpIX comme nouveaux biomarqueurs proposés pour identifier la marge tumorale et sa
frontiere avec le tissu sain. Cependant, ce travail se heurte a plusieurs obstacles liés a
la compréhension et a la quantification des biomarqueurs. Le travail présenté ici vise a
surmonter certains de ces obstacles a travers deux approches.

D’une part, la quantification reposant sur des modeles optiques plus ou moins complexes,
il semblait pertinent de vérifier que certaines des hypotheses faites dans les modeles sim-
ples sont compatibles avec le cas étudié. Nous nous sommes intéressé a 'une d’entre-elles
qui concerne la forme de la distribution angulaire de la lumiere. Cette hypothése in-
flue directement sur la valeur d’un parametre appelé la réflectance interne, c’est-a-dire la
réflectance de l'interface air-tissu du c6té des tissus. Par rapport aux valeurs de réflectance
interne couramment utilisées qui dépendentes uniquement de l'indice optique du milieu,
et qui peuvent induire une erreur sur la prédiction de la réflectance et de la transmit-
tance d’environ 10 %, nous avons montré que la prise en compte d’une valeur précise de
la réflectance interne de 'interface tissu-air, fonction de I’épaisseur du matériau et de ses
propriétés optiques, dans les modeles optiques simples conduit a une réduction de I'erreur
de prédiction de la réflectance et de la transmittance & moins de 1.0 % pour les milieux
translucides.

D’autre part, nous avons proposé une nouvelle méthode pour estimer la contribution des
biomarqueurs liés a la fluorescence de la PpIX. En effet, les méthodes actuelles souffrent
d’interférences lors de l'estimation des biomarqueurs liés a la fluorescence PpIX. Elles
peuvent étre dues a ’omission ou a la mauvaise forme spectrale d’un ou plusieurs fluo-
rophores endogenes présents dans le signal mesuré. Ces interférences se produisent lorsque
le spectre des fluorophores endogenes omis est spectralement proche de la gamme spectrale
d’émission de PpIX et conduit a une surestimation de PpIX et donc & une classification
comme ' tumeur " des tissus sains. La méthode que nous proposons cherche a s’affranchir
des a priori sur les fluorophores endogeénes présents dans le signal mesuré et leurs formes
spectrales respectives. Pour cela, plusieurs longueurs d’onde d’excitation de fluorescence
sont nécessaires pour transférer les a priori dans le rendement quantique de fluorescence
des biomarqueurs liés a la fluorescence de la PpIX et pour estimer la partie du signal liée
aux fluorophores endogenes, appelée ligne de base. Comme une solution mathématique
explicite a été trouvée, le temps de calcul a été considérablement réduit. Finalement, cette
nouvelle méthode est aussi efficace que les modeles existants pour les cas déja résolus, mais
elle conserve une spécificité égale & 100 % par rapport a la vérité terrain dans les cas ou
celle des modeles existants tombe & 0 %.



Enfin, nous avons réalisé un nouveau prototype peropératoire utilisant une excitation
multi-longueurs d’onde et permettant ’extraction des propriétés optiques des tissus bi-
ologiques a partir de mesures de réflectance spectrale diffuse. Les mesures effectuées avec
ce nouveau prototype peuvent étre corrigées de la diffusion et de I'absorption des tissus
biologiques.
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Medical Glossary

Medical terms followed by an asterisk in this thesis are defined here from the Larousse

dictionary.

Anaplastic

Cortex
Cytonucleic
Encephalon
Endogenous
Endothelial

Endothelium
Exeresis
Exogenous
Girus
Homeostasis
Metabolism
Mitotic
Mitosis

Necrosis

Pericytes

Resection

Peroxidase technique
Gliosis
Dessication

Refers to certain neoplasms whose lack of histological differentiation
makes it difficult to diagnose the origin. Anaplastic tumors thus present
tumor cells that are very different from the initial healthy cells.

The outer part that forms the envelope of an organ

Relating to the morphological characteristics of the nuclei

Part of the central nervous system and its envelopes contained in the
cranium of vertebrates

Qualifies everything that is generated by the organism itself without any
external contribution, as opposed to exogenous.

Relating to the endothelium

Thin layer of cells lining the inner surface of blood and lymphatic vessels
Operation consisting in removing an organ, a set of tissues or a foreign
body by surgical means

Qualifies everything that is generated by the organism itself with an
external contribution, as opposed to endogenous.

Brain circumvolution

Process of regulation by which the organism maintains the various con-
stants of the internal environment between the limits of the normal
values.

All the complex and unceasing processes of transformation of matter
and energy by the cell or the organism.

Relating to mitosis

General mode, rather complex, of division of the cell, characterized by
the duplication of all its elements and by their equal distribution in the
two daughter cells

Transformation of physico-chemical and chemical order that the living
matter is affected by and which leads to its death.

Cells surrounding the small blood vessels of the brain, which play an
essential role in the regulation of cerebral blood flow. They also stabilize
the vascular network and modulate the inflammatory response.
Operation consisting in removing an organ, a set of tissues or a foreign
body or a foreign body by surgical means

Immunological technique for revealing antigens

Proliferation of glial cells, often to form an astrocytic scar.

Action of drying out
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Chapter 1

General Introduction

Cancer kills 13% of the world’s population and this percentage is constantly increasing
[WHO (2022)]. Brain tumors represent only a small proportion of cancers (1% in France)
but one third of them are malignant. Gliomas represent half of all brain tumors and
are a major public health issue with 308,102 new cases in 2020 according to [Sung et al.
(2021)]. They are infiltrating tumors, which makes them difficult to cure. The majority of
gliomas are glioblastomas (GBM), a tumor whose patients’ life expectancy is barely more
than one year [Yu et al. (2022)]. In addition to the malignant nature of some gliomas,
their presence can involve various symptoms such as headaches, nausea, but also seizures,
personality changes, muscle weakness, and even semi-paralysis or complete paralysis of
the patient. Whenever possible, patients with glioma undergo surgery to remove as many
tumor cells as possible to reduce the effects of the tumor and prevent its progression.
However, in more than 85% of glioblastoma cases, operated patients have a recurrence in
the cavity of the previous operation [Petrecca et al. (2013)]. This high risk of recurrence
is explained by the infiltrative nature of gliomas and the difficulty of separating tumor
infiltrates from healthy tissue in real time during surgery. Moreover, these tumors appear
in the glial tissue, which is a supporting tissue of the neurons. Gliomas can therefore be
located next to or even in a functional brain area, which complicates removal due to the
severe postoperative deficits that resection of these areas can cause.

In the presence of a glioma, the neurosurgeon is confronted with a double challenge:
on one hand, they must identify the tumor infiltrations in order to remove a maximum of
tumor to increase life expectancy, and on the other hand, they must identify the cerebral
functionality in order to limit postoperative damage and thus preserve quality of life.

This double identification must be done in real time, once the brain is exposed, because
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preoperative imaging techniques do not provide maps that are sufficiently faithful to what
the surgeon observes during the operation. Indeed, the opening of the cranium implies a
change in pressure and a collapse of the brain, a phenomenon called "brain shift", which
generates a shift of up to 3 cm between the arrangement of the brain tissue on the pre-
craniectomy image and the one in the operating field [Nabavi et al. (2009)].

Various intraoperative techniques already exist to guide the neurosurgeon and have
increased the average life expectancy by a few months while improving quality of life.
However, those techniques have a number of limitations that need to be overcome today.
The emergence of optical techniques has great potential as they are non-invasive, non-
ionizing, compatible with real-time analysis and economical [Valdés et al. (2016)]. In
order to identify tumor infiltration in real time, the exploitation of fluorescence properties
of tissues has notably been proven over the last 20 years and protoporphyrin IX (PpIX)
fluorescence microscopy is now used in clinical routine [Stummer et al. (2000)]. However,
fluorescence microscopy does not allow a correct delineation of the glioma, especially be-
cause it is an infiltrating tumor. Thus, the method and tools to enable the neurosurgeon
to perform a complete resection of the glioma is still an open problem.

A multitude of possibilities are being explored to solve this open issue, including fluo-
rescence spectroscopy. The latter uses spectral information of fluorescent optical biomark-
ers, also called dyes, and has demonstrated a real interest for the extension of glioma
resection [Stummer et al. (1998),Sanai et al. (2011)b, Lacroix and Toms (2014), Corns
et al. (2015)]. A real scientific emulation has appeared since, in order to remove this lock
that obsesses the biomedical optics community: improving the sensitivity of fluorescence-
guided surgery (FGS) to allow a complete resection, which directly implies to be able
to distinguish healthy tissues from surrounding infiltrated tissues which often resemble
normal tissues. Two of the major approaches of the scientific community are the quantifi-
cation of biomarkers [Valdés et al. (2011),Saager et al. (2011),Valdés et al. (2012), Valdés
et al. (2014), Valdés et al. (2015), Valdés et al. (2016),Sibai et al. (2017), Angelo et al.
(2019)] and the analysis of the spectral shape of the emitted fluorescence [Haidar et al.
(2015), Montcel et al. (2013)b, Montcel et al. (2013)a, Alston et al. (2018), Alston et al.
(2019), Black et al. (2021)]. Each approach requires a specific acquisition probe, and also
specific models to correctly quantify dyes, resp. estimate dyes contributions according to

their spectral shape.

The work reported in this thesis manuscript is part of this approach, following two dis-
tinct approaches that are in line with the approaches described above. The first approach
attempts to better estimate the contributions of fluorophores useful for the delineation of
the tumor infiltrating zone by an analysis of fluorescence spectra. The other one, more
exploratory, aims at modeling the light propagation in tissues, from the source to the
detector, in order to eventually obtain robust methods for fluorophore quantification.

This thesis manuscript is structured in such a way as to first recall the general scientific

and clinical problems of intraoperative imaging in neurosurgery for total glioma resection

4 Arthur GAUTHERON



(Chapter 2), then to present the main contributions of this thesis in this field through
original models for the estimation of fluorophore contributions by multi-spectral analysis
of fluorescence (Part II), and advances on quantitative methods (Part III) in particular
through the implementation of a radiative transfer model where the internal reflectance of
the tissue-air interface is more rigorously analyzed that in many previous studies. Part IV
is devoted to the description of the experimental system that has been designed in order to
be able to carry out measurements combining quantitative and semi-quantitative methods.
The research perspectives that are foreseen for the next years and our contribution to the
European Scan’n’treat project are described in Part V, before proposing a more personal
conclusion and some thoughts for the future. Finally, I thought it would be useful to

summarize my scientific communications in the appendix B.
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Chapter 2

Background and issues

In this chapter, we present the context of this work to improve the identification of
tumor infiltrations in real time, in the operating room, by quantifying the fluorescence
emitted by protoporphyrin IX (PplX) after ingestion of the molecule 5-aminolevulinic
acid (5-ALA) by the patient. Thus, we will start by describing the biological tissues of
study, both the healthy brain and the gliomas. Then, we will state the physical basis of
interactions between light and biological tissues, especially fluorescence. Finally, we will
focus on PpIX fluorescence spectroscopy, one assistance technique under development for

use in the operating room.

2.1 The healthy brain and glioma

In this section, we describe the two types of tissues analyzed during this work and the
clinical problematic which results from it. Concerning the presentation of the tissues, we

will only focus on the elements and properties of interest for the thesis.

2.1.1 Morphology of the healthy brain

This section contains the structure and properties of the healthy tissue. The brain is
schematically separated into two hemispheres, right and left. Each is further subdivided
into 4 lobes and gyri*! individualized by grooves, visible in Figure 2.1a. A functional car-
tography based on an organization into areas dedicated to specific functions was sketched
by Gall and confirmed by Broca in the 19" century [Saban (2002)]. This structuration

Words followed by an asterisk are defined in the medical glossary on page xxv.
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is currently being questioned and a network organization is now being suggested [Duffau
(2018)]. The functional cartography requires awake patient surgery to avoid permanent

neurological damage and increase return-to-work capacities [Duffau (2022)].
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(a) Principal fissures and lobes of the cere-

brum viewed laterally.(Extracted from Gray’s (b) Cross-section of the brain.(Extracted from
Anatomy [Gray (1878)]) Neuranatomy [Mercadante and Tadi (2022)])
Figure 2.1

Represented in Figure 2.2, the brain is surrounded by various tissues. First, we observe
protective envelopes, the meninges, composed of 3 layers: the dura mater (adhering to
the endocranium*), the arachnoid and the pia mater (adhering to the cortex). Between
the arachnoid and the pia mater is the cerebrospinal fluid, a liquid composed of 99%
water which plays a role in maintaining the stability of the intracranial pressures and the
cellular homeostasis* of the brain. Surrounding these envelopes are the cranium (bone
and periosteum), the temporal and occipital muscles (not shown in Figure 2.2) and the

skin.

Skin Aponeurosis
Periosteum

Meninges
Dura mater
Arachnoid
Pia mater

Arachnoid granulation
Dural venous sinus

Figure 2.2: Protective envelopes of the brain (image from the SEER Development Team
of National Institute of Health).

During surgery, these tissues are incised to access the brain. The opening of the
meningeal cavity leads to a decrease in intracranial pressure due to the leakage of cere-
brospinal fluid, and therefore to a displacement of the brain tissue. This phenomenon,

called "brain shift", causes a shift between the location of anatomical structures or the

8 Arthur GAUTHERON


https://training.seer.cancer.gov/stws_about.html
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limits of a tumor visualized intraoperatively and their location on preoperative imaging.
This shift can be up to 3 centimeters [Nabavi et al. (2001)].

2.1.2 Scale of cell structures (Ultrastructure scale)

The brain contains several hundred billion cells, divided into two categories: neurons
and glial cells. These cells are located in the peripheral grey matter, also called the
cerebral cortex, and in the subcortical white matter. The white and grey matters are
shown in Figure 2.1b. Neurons are composed of a cell body located in the cortex, where
information is processed, and an axon located in the white matter, which transmits nerve
impulses between the cortex and various structures of the brain*. Nerve impulses are
propagated within neurons by changes in electrical potential. At the synapses at the end
of the axons, each neuron communicates with an average of 10,000 others via physico-
chemical processes. Glial cells form the support tissue of neurons, ensuring in particular
the cerebral metabolism*. They are mixed with neurons and are five to ten times more
numerous than neurons in the cortex [Azevedo et al. (2009)]. This interconnection explains
the complexity of removing the associated tumors, e.g., gliomas. These glial cells can be
divided into two groups: microglia and macroglia. Microglia is composed of cells involved
in the immune defense of the brain (macrophage and other inflammatory cells); macroglia
is composed of oligodendrocytes and astrocytes. Oligodendrocytes are responsible for the
formation of the myelin sheath that surrounds the axons, which increases the speed and
frequency of nerve impulses. The associated tumors are oligodendrogliomas. Astrocytes
provide nutrition to neurons and regulate the extracellular environment (being located
between neurons and the vascular system). The tumor associated with these cells is the
astrocytoma.

Astrocytes, together with pericytes™ and endothelial cells, form the Blood Brain Barrier
(BBB). This barrier is a selective physiological filter that protects the brain from attack by
external elements. This filter allows only the nutrients necessary for brain function to pass
through and the elimination of waste products [Janzer (1993)]. Many active molecules
cannot cross this BBB, and it would seem that the 5-ALA molecule has difficulty crossing
it in healthy tissue. However, the presence of a high-grade glioma implies a rupture of this
barrier, which allows the passive passage of some molecules that are normally blocked, such
as gadolinium (a marker used in MRI to identify these tumors), chemotherapy molecules,
5-ALA at higher doses [Novotny and Stummer (2003)] or fluorescein. For information,
the use of focused ultrasound sonication (FUS) combined with intravascular microbubbles

allows bypassing the BBB and improving drug delivery in the CNS [Dasgupta et al. (2016)].

2.1.3 Gliomas

Gliomas represent 50% of primary brain tumors. Their degree of malignancy, and
thereby their consequences for the patient, varies a lot. The origin of these tumors is

unknown, although searches for genetic mutations are ongoing [Chen et al. (2020), Louis
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et al. (2016), Marumoto and Saya (2012)] and some environmental factors have been
claimed. In 2007, the World Health Organization (WHO) proposed a classification of
brain tumors based on histological criteria [Louis et al. (2007)] and then improved this
classification in 2016 by considering molecular criteria in addition to histology [Louis et al.
(2016)]. The purpose of this classification is to better predict the prognosis of these
tumors and thus improve the therapeutic management of patients by offering an adapted
protocol. This classification divides gliomas into four grades, according to their malignancy
level: grade I is well circumscribed and curable by surgery, grade II (benign glioma) is a
diffuse tumor originating from astrocytes or oligodendrocytes, grade III is derived from
the same cells that have acquired malignant properties, and grade IV or glioblastoma
multiforme (GBM) is derived from an undifferentiated cell (primary glioblastoma) or from
the malignant degeneration of a grade II or grade III glioma (secondary glioblastoma)
[Louis et al. (2016)]. However, in our study as in many other ones, we will separate
gliomas into two classes: on the one hand, High Grade Gliomas (HGG) of grade IV
(GBM) or grade IIT and on the other hand, Low Grade Gliomas (LGG) of grades I and II.
Grade II gliomas are considered to be histologically benign but can be described as pre-
cancerous. They appear in younger patients (around 40 years old versus 60 years old for
GBM) and are intensively monitored since they almost always transform into malignant
gliomas after 5 to 10 years [Gilbert and Lang (2007)]. Moreover, they are very diffuse
tumors whose boundaries are difficult to specify by current imaging techniques [Fouke
et al. (2015), Pouratian and Schiff (2010), Prabhu et al. (2010),Sanai et al. (2011)a].
GBMs are the most common brain tumors, representing 80% of gliomas. They are
also the most malignant: the life expectancy of a patient with a GBM does not exceed
1.5 years, with a 5-year survival rate of less than 10%. These tumors occur at any age
but preferentially in the elderly, which raises the question of the risk of surgery. In view
of their high incidence and low survival rate, many studies are particularly interested in
these tumors, as evidenced, by the substantial number of recent literature studies [Acerbi
et al. (2014),Kubben et al. (2011),Leroy et al. (2015),Li et al. (2014),Su et al. (2014)]

and the increasing number of publications related to this topic (refer Fig. 2.3).

In addition to the already stated BBB disruption, the presence of this tumor al-
ters other properties of the tissue, such as its pH [Estrella et al. (2013)], vasculariza-
tion [Khalfaoui-Bendriss (2010)], cell appearance and density, or the light absorption and
emission properties of the tissue. The different assistance techniques therefore use changes

of one of these different properties to try to discriminate healthy tissue from tumor.

2.1.4 Description of the Glioma Resection Neurosurgery

Surgery is the key component, whether in the context of resection or biopsy (EANO
recommendations [Weller et al. (2014)]). Neurosurgery specializes in surgery of the central

and peripheral nervous system. The neurosurgeon opens a part of the skull to see the
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Figure 2.3: Number of publications related to GBM depending on the year from 2000 to
2021. (data taken from PubMed)

brain. In case of resection neurosurgery, special tools are used to cut through the tumor
and remove it. After surgery, the skull is sewn or stapled back into place, along with the

skin. The scheme in Figure 2.4 describes the interventional context. This figure shows the

Nomnal . . .
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Figure 2.4: Schematic of the operating room. In orange, the sterile area, in blue the people
present and in grey the areas occupied by tools (operating microscope, screens, neuronav-
igation system, stocks...) The space dedicated to the prototype is in the disinfected area.
(adapted from [Alston (2017)])

sterile area (hatched in orange), in which the different actors (neurosurgeons, OR-nurses,
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patient, ...) of the surgery take place. We cannot access the latter because it is mandatory
to wear a sterilized outfit, thus we have to stay in the disinfected area. The rest of the
diagram describes the layout of the room and the disinfected area. As the disposable area
for our research is small, we notice the important need for a compact and transportable
device. In addition, it is common for the patient to be under hypnosis for the surgery.
Therefore, it is also important that our system is as quiet as possible so as not to influence

the patient’s hypnosis.

2.1.5 Clinical Issue

The particularity of gliomas is their infiltrating characteristic. This makes them dif-
ficult to resect using a microscope because part of the infiltration is invisible by current
imaging techniques and therefore by the neurosurgeon. Figure 2.5 presents the concen-
tration of tumor cells according to the distance to the visible area on MRI for high grade
astrocytomas (Grade III). We observe in this figure the presence of tumor cells more than
4 cm from the MRI contrast. Real-time identification of these cells in the operating room

is therefore essential to improve excision and prevent recurrence.

Complete Resection
Visible Invisible

Necrosis Solid  Margins : high Margins : low Healthy
tumor  density of tumor density of tumor
cells cells

Figure 2.5: Modeling infiltrations of high-grade gliomas (translated from [Alston (2017)])

The goal of this thesis is to improve PpIX fluorescence spectroscopy which is a technique to
assist in the visualization of tumor cells in low-density tissues in order to maximize glioma
resection while preserving as much as possible the healthy functional tissues around. The
underlying assumption is that maximizing resection will increase the life expectancy and
quality of life of the patient. It is relevant to ask whether maximizing the extent of resec-
tion (EOR) actually increases survival. This question was controversial in the 1990s [Kreth
et al. (1999),Nitta and Sato (1995), Quigley and Maroon (1991)], because of the absence
of a prospective randomized study, which is difficult to design for obvious ethical reasons.
However, in 2003, a research team did [Vuorinen et al. (2003)] a randomized study with a
small number of patients comparing biopsy to surgical resection in patients over 65 years
of age, the median survival was 171 days in the resection group, compared with 85 days

in the biopsy group (p=0.035). These results are consistent with two other randomized
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studies for which this was not the primary objective [Stummer et al. (2008),Stupp et al.
(2005)] and many other non-randomized studies, e.g. [Sanai and Berger (2008)].

Figure 2.6: Pre-operative MRI showing a high-grade glioma located in associative areas
and ventricular crossroad. On the right, early post-operative control (<72h) with no more
contrast enhancing tumor (taken from [Dupont et al. (2016)]).

On the other hand, the oncological interest of a complete excision is still debated,
particularly as it is currently defined by the absence of residual contrast on immediate
postoperative MRI, which must be performed within 48 to 72 hours after surgery (Fig.
2.6). Indeed, the surgeon’s subjective impression is not reliable enough [Menei et al.
(2005)], but it is also illusory to resect all the tumor cells according to this criterion
because the tumor infiltration extends beyond the MRI contrast.

Thus, in the literature, the term "complete" is contrasted with "subtotal" (98% of contrast)
and "partial" (< 98% of resected contrast) resection. Concluding on the "threshold" value
of maximizing excision at which there is an oncological benefit (98% for [Lacroix et al.
(2001)], 78% for [Sanai et al. (2011)b], 95% for [Chaichana et al. (2014)]) is difficult in
particular due to the amount of criteria correlated with EOR that also influence survival
rate, such as the age of the patient, the location of the tumor or the degree of necrosis.
The arguments against excision are the cost, the risk of postoperative damage and the
stress induced to the patient. This controversy was resolved starting in the 2000s, when
the value of surgery was demonstrated, both to remove as much tumor as possible and to
favor adjuvant therapy thereafter in grades III and IV [Chaichana et al. (2014), Lacroix
and Toms (2014),Lacroix et al. (2001),Sanai et al. (2011)b,Stupp et al. (2005)]. Recently,
Li’s study of 1229 patients with GBM proved the value of resection beyond tumor contrast
on MRI [Li et al. (2016)]. Nowadays, all studies agree to maximize resection when possible,
i.e., when brain functionality is not threatened. Moreover, recent studies like [Skardelly
et al. (2021)], demonstrated the correlation between the overall survival of patient and

the residual tumor volume after surgery; the lower the residual tumor volume the better
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the overall survival for the patient.

Nonetheless, a standard treatment protocol is clearly established for GBM since 2005: the
Stupp protocol. This protocol involves surgery when possible, followed, always if possible,
by radio- and/or chemotherapy [Stupp et al. (2005)]. When surgery is not possible or not
desired, a biopsy can be performed to identify the grade of the tumor in order to classify
it according to the WHO grades and adapt the treatment. If necessary, a brain function
identification is performed during the operation in order to preserve functional areas. For
an in-depth presentation of optical methods for the identification of brain functionality, the
interested reader can for example go to the PhD dissertation of Charly Caredda [Caredda
(2020)]. This section contains only glioma properties that are relevant for our work. The
curious reader can get a presentation of other brain tumors and extended description of
glioma properties in the first chapter of Leh’s PhD dissertation [Leh (2011)].

2.2 Basics of light-matter interaction in biological tissues

Since the resection must be as complete as possible, but remain extremely limited,
the delineation of the infiltrating zone is very important and yet delicate. We will see
later that optical techniques offer advantages for this task. But to understand them, it is
important to introduce some notions about the properties of biological tissues in relation
to light.

We will present the basics of light-matter interaction of biological tissues. We will begin by
presenting the absorption and scattering of light, phenomena that occur regardless of the
light source and the tissue. We will then present the phenomenon of fluorescence, which

occurs only when photons arrive on certain atoms or molecules so called fluorophores.

2.2.1 Absorption

Light absorption occurs when the energy of an incident photon matches an electronic
transition of a chromophore, which, in medical biology, is a molecule capable of absorbing
radiation. This energy is then mainly dissipated in the tissues as heat. Each chromophore
can be modeled by a sphere of a size proportional to its absorbance to which an effective
absorption cross-section o, is associated. The absorption coefficient u, of a pure compound
is expressed from the absorbing properties of each of the absorbing centers, which are
characterized by an effective absorption cross section o, in mm?. With p the density of

3

absorbing centers in mm™, we thus have:

fa = POq. [mm™1] (2.1)

As desribed in [Duncan (1940)], if the non-diffusing medium is composed of N different

absorbers, the absorption coefficient of the mixture, ug,, is the sum of the absorption
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coefficient of each pure component i, ;, weighted by their respective volumic fraction p;:

N N
fa =Y Piflai, With Y pi=1. (2.2)
i=1 =1

When light propagates in a homogeneous absorbing non-scattering medium, it is at-

tenuated exponentially as a function of the traveled distance and a spectral absorption
coefficient p,(A). This phenomenon is known as Bouguer’s law, named after the same
French scientist Pierre Bouguer [Simonot and Boulenguez (2019)].
By studying colored liquids in 1852 [Beer (1852)], the German scientist August Beer (1825-
1863) concluded that by changing the concentration of a dye, the absorption coefficient is
changed in the same proportion. This is the Beer’s law, Lambert’s law or Beer-Lambert’s
law, which links the flux F' at the depth z with the incident flux F{y as follows:

F(z) = FyeHa®, W] (2.3)

The transmittance of a layer of thickness h is therefore:

F(h)

t=e Hah =
Foy

(2.4)
Note that a change of p, or a change of the layer thickness to the same extent have the
same consequence of the layer’s transmittance. Without scattering, the product p, - b is
sometimes considered as one parameter, called optical thickness. Thus, a change in dye

concentration has a similar effect to a change in layer thickness.
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Figure 2.7: Absorption spectra of the main components of biological tissues: water,
melanin, protein, hemoglobin (Hb), oxyhemoglobin (HbO2). The quantity given as a func-
tion of wavelength is the absorption coefficient p,. Extracted and translated from [Ogien
(2017)]

Coming back to the biological tissues, the main absorbers are presented in Figure
2.7. We observe on this Figure 2.7 that the 600-1000 nm spectral domain is where the
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absorbance of tissues is the weakest, with notably a very limited absorbance by water.
This domain is called the "optical window" or "therapeutic window" and is the working
area of many techniques referred to as near-infrared techniques [Scholkmann et al. (2014)].

In the case of working with PpIX, the latter having absorption properties towards 405
nm and emission of fluorescence in the spectral band 600-800 nm, we will focus on these

spectral bands hereinafter.

2.2.2 Scattering

The scattering of light is due to changes or fluctuations of the refractive index of
media. The refractive index of a medium is defined as the ratio between the speed of
light in a vacuum and the speed of light in the medium it passes through. Please note
that, as for absorption, we define the scattering coefficient us for a tissue as a linear
combination of the product of the density of scatterers and their respective scattering
cross-sections. The inverse of this coefficient represents the distance that a photon can
travel on average while having a probability 1/e to be scattered. In the case where the
medium is slightly scattering, the attenuation of a directional light beam follows a similar

exponential attenuation as the one described by the Beer-Lambert law:

F(z) = Fye He, W] (2.5)

where pe = pq + ps is the extinction coefficient, sum of the absorption and scattering
coefficients. The notion of optical thickness stands also for absorbing and scattering media.
Because the measured attenuation of light depends a lot on the detector and transmitter
geometry, and the scattering and absorption properties of tissues, Delpy et al. in [Delpy
et al. (1988)] suggested to use the modified Beer-Lambert law defined as :

F
— = aL 2.
m(%> jal + G (2.6)

with F' the detected light flux and Fy the incident flux. G is a coefficient that depends
on the geometry of the tissue and the system and L (in mm) is the length of the average
optical path traveled by the photons in the medium. The optical path depends on the
tissue probed, it can be calculated or estimated. p, is the absorption coefficient of the

tissue.

Light scattering means that the propagation direction of light is modified.Different
models, called phase function, translate this phenomenon of elastic scattering, depending
on the size of the scattering particles (Mie scattering, Rayleigh scattering). Scattering is
said ’isotropic" when light goes equivalently in every direction. But scattering is generally
not isotropic. An anisotropy factor g is introduced, which varies from -1 for predominantly

backward scattering, to 1 for predominantly forward scattering, through 0 for isotropic
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0.5]

Figure 2.8: Henyey-Greenstein phase function [Henyey and Greenstein (1941)] for various
values of the anisotropy parameter g. The incident radiation arrives from the left. (Wiki-
media)

scattering, i.e., uniform over all directions. Defining © as the angle between the incident-

and the scattered direction of a photon, the anisotropy factor is:

1

QZE

AW p(©)cos(©)dO (2.7)

where p is the scattering phase function. In this thesis, we will use the Henyey-Greenstein
scattering phase function, plotted for various values of g in Figure 2.8, inside our model;
a detailed presentation of this is made in Chapter 5. The product p), = us(1 — g) is called

reduced scattering coefficient.

2.2.3 Principle of Fluorescence

Fluorescence is one of the properties of the electronic cloud of certain molecules which,
absorbing an incident photon, pass from the energetic rest state to an excited state. In
order to return to the rest state, different phenomena are possible, including fluorescence.
Figure 2.9 shows the Jablonski diagram, illustrating the different phenomena of return to
the fundamental state after absorption of an incident photon, by linear processes. The
fluorescent molecule absorbs the energy of an incident photon, which makes its electrons
pass from the rest state Sy to an excited state S1 or So for example. After a step of internal
reconversion of the captured energy, the return to the equilibrium of the electrons of the
molecule is carried out either by a non radiative release of energy, or by an emission of
less energetic photons, thus of wavelength larger than the initially absorbed photon. This

phenomenon of light re-emission is called fluorescence if the excited molecule was in a
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singlet state, or phosphorescence if the excited molecule was in a triplet state. The singlet
or triplet state depends on the spins of the electrons of the molecule. The fluorescence
emission is faster than the phosphorescence emission. The energy required to excite a
molecule depends on its energy levels. The absorption of a photon at the frequency v
by a molecule is governed by the relationship £ = hv where F is the energy required, h
the Planck constant and v the frequency of the incident photon. An absorption spectrum
allows to identify the optimal wavelengths to excite a molecule. For some fluorescent
molecules, including porphyrins, the Soret band is defined as the UV wavelength where

the absorption is at its maximum.
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Figure 2.9: Jablonski diagram illustrating the phenomena of fluorescence and phosphores-
cence

Different fluorescence properties characterize a fluorophore. The quantum yield n of
a fluorescent molecule is defined as the number of photons emitted over the number of
photons absorbed. The extinction coefficient reveals the probability of absorption of pho-
tons by a molecule per unit distance. The fluorescence spectrum emitted by a molecule
represents the number of photons emitted as a function of their wavelength and its shape
is often independent of the excitation source. In order to determine the presence of a
molecule in a sample, several parameters can be studied. In the Part II we will use results
of a previous study which characterize the fluorescence of PpIX under two-photon exci-
tation [Jonin et al. (2020)]. This spectrum is specific to a molecule and the fluorescence
spectrum of a tissue can be considered as the sum of the fluorescence spectra of each of its
components, weighted by their properties (quantum yield, extinction coefficient, concen-
tration, absorption...). The study of the fluorescence spectra of biological tissues allows

us to identify their properties [Patterson and Pogue (1994)], as we will present later.

2.2.4 Fluorescence of the protoporphyrin IX (PpIX)

The fluorophore of interest in this thesis is PpIX. PpIX is a member of the porphyrin
family which are precursors of the heme molecule. The heme biosynthetic cycle is presented
in Figure 2.10 and we observe that PpIX is the last element of the cycle before heme. We

also observe that the 5-ALA molecule is a natural precursor of PplX, present at the
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beginning of the cycle. In this cycle, the transformation from one element to the other
is done by a succession of enzymatic actions, sometimes in the mitochondria, sometimes
in the cytoplasm of the cell. For more readability, the enzymes are not presented on the
graph, except the ferrochelatase, which allows the transformation of PpIX into heme. Note
further that a deficiency in any of these steps causes a disease called porphyria, and various

works use porphyrin fluorescence to diagnose these diseases [Lang et al. (2015)].

Succinyl-CoA
db glycipe

5-aminolevulinic acid porphob[lhno e an /

Heme

Fe"\f Eareachelatase

P opo.rphyrin IX

Uroporphyrinogen IlI '

Pro pc;rphwinoen 1X Coproporphyrinogen Il
C Ir jen

Mitochondria Cytosol HO,C CO,H

Figure 2.10: Cycle of heme biosynthesis in a human cell from Figure 2.11: Chemical
5-ALA. Enzymes are written in red and products are black. structure of PpIX
Circled in green, the two molecules of interest in the thesis.

(adapted from [Olivo et al. (2011)])

Figure 2.11 shows the structure of PpIX. We observe the presence of a ring in the middle
of which atoms such as Fe, Zn or Mn can be linked. The association with these atoms
creates metallo-porphyrins and modifies the properties of PpIX such as its fluorescence
emission spectrum. [Corwin et al. (1968), Richter and Rienits (1980)].

PpIX has the particularity of accumulating in the cells of various tumors, notably
glioblastomas, when it is brought in excess by exogenous way. This makes it possible to
visualize them by various imaging techniques. The cause of this accumulation of PpIX
in HGG tumor cells is not yet well established [Collaud et al. (2004)] but the two main
hypotheses are the rupture of the BBB allowing 5-ALA to enter the tumor tissues and to
be synthesized into PpIX and an enzymatic deficiency preventing the transformation of
PpIX into heme [Dailey and Smith (1984)]. The deficient enzyme is ferrochelatase, noted
in Figure 2.10. Thus, from a practical standpoint, the patient ingests 5-ALA (not PpIX) a
few hours before surgery. The latter crosses the BBB and is then transformed into PpIX,

which accumulates in the tumor cells.

2.2.5 Fluorescence of other endogenous molecules

Many other endogenous molecules can fluoresce, especially in biological tissues. Figure
2.12 adapted from [Leh (2011)] shows the absorption (top) and emission (bottom) spec-
tra of these molecules. To excite PpIX, Figure 2.12 shows us that, like all porphyrins,
excitation around 405 nm in the blue part of the visible spectrum at the edge of the ul-

traviolet range is optimal. This is confirmed by various studies cited in this manuscript.

Arthur GAUTHERON 19



CHAPTER 2. BACKGROUND AND ISSUES

Furthermore, the detection of the spectrum emitted by PpIX is performed in the 600-800
nm spectral band approximately.

According to Figure 2.12, other endogenous fluorophores also excited in the blue at the
UV limit are NADH (reduced Nicotinamide Adenine Dinucleotide), flavins, lipopigments
and other porphyrins. Elastin is also excited at 380-400 nm but this protein is not very

present in the brain [Neuman and Logan (1950)], so we will not present it here.
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Figure 2.12: Absorption (top) and emission (bottom) spectra of different endogenous
fluorophores. Adapted from [Leh (2011)].

NADH and flavins are proteins involved in cellular energy production. The amount of
NADH is decreased in tumor cells because energy production is altered. Thus, the detec-
tion of its fluorescence intensity is an indication of the presence or absence of tumor cells,
with a decrease in intensity of up to 25% [Croce et al. (2003)]. According to Figure 2.12,
NADH can be excited around 260 nm but also around 340 nm and the emitted fluores-
cence is in the spectral band that we detect, after 450 nm. Similarly for flavins which are

globally excited in a wide range of wavelengths, with however a peak of absorption a little
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below 400 nm. These proteins emit in the 500-750 nm spectral band, thus overlapping
with the spectrum emitted by PpIX.

Lipopigments are a group of lipid derivatives, consisting of an autofluorescent pigment
and a lipid component. The amount of lipopigments increases with age [Porta (2002),Jolly
et al. (2002)], so its relative contribution in the total fluorescence signal is correlated with
the age of the patient. From Figure 2.12, the fluorescence properties of lipopigments are
close to those of PpIX (with strong absorption around 400 nm and emission centered
around 570 nm).

Among the porphyrins, besides PpIX, we also consider uroporphyrin IIT (UplIII) and
coproporphyrin IIT (CpIII). These fluorescent molecules are precursors of PpIX visible on
the heme biosynthesis cycle in Figure 2.10. Their concentration in brain tissue is therefore
likely increased during excision as the patient ingests 5-ALA. However, studies mainly
suggest an accumulation of PpIX, with a 50 times higher ratio of accumulation in HGG
compared to healthy tissue [Collaud et al. (2004),Johansson et al. (2010)]. In contrast to
PpIX, both porphyrins are hydrophilic [Dietel et al. (2007)]. Their absorption spectrum
is centered around the 380-400 nm spectral band and their emission spectrum looks like
the spectrum name Hp in Figure 2.12, i.e. a double hump over the 600-750 nm spectral
band, with a main peak around 620 nm and a secondary hump around 680 nm [Dietel
et al. (2007)].

The study of endogenous fluorescence, also called "autofluorescence', is a tool to dis-
criminate tumor tissues from healthy tissues, as shown by Croce, Toms or Butte in their
in vivo studies [Butte et al. (2011),Croce et al. (2003), Toms et al. (2005)] and as studied
by many teams ex vivo [Pascu et al. (2009), Yong et al. (2006),Zanello et al. (2017)].
In our work, we study tissue fluorescence after 5-ALA ingestion, thus in a configuration
where the relative concentration of PpIX, also called contribution of PpIX in fluorescence,
is dominant in gliomas and increased in healthy tissue.

Moreover, the fluorescence of 5-ALA derivatives is also used in photodynamic therapy
(PDT), and PpIX is also widely used here. This technique is based on the accumulation
of a photosensitizer (here a 5-ALA derivative) in cancer cells. The tissue is irradiated at a
wavelength suitable for the photosensitizer, which causes a reaction between oxygen, light
and tissue and kills the cell [Krammer and Plaetzer (2008)]. A pilot study was proposed in
2007 in neurosurgery [Beck et al. (2007)], but this technique is mostly used in dermatology.

2.2.6 Exogenous fluorophores used in neurosurgery: Indocyanine green
and fluorescein

In addition to 5-ALA-induced PpIX fluorescence, other fluorophores are available and
being studied to guide the neurosurgeon. The literature review done by Belykh and Senders
identifies the various ongoing studies using fluorescent markers in neurosurgery [Belykh

et al. (2016),Senders et al. (2017)]. According to these studies, three contrast agents are
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commonly used in neurosurgery: PpIX, Indo Cyanine Green (ICG), and fluorescein. ICG
is a light and hydrophilic molecule, with broadband absorption, resp. emission, spectra
including a maximum absorbance at 805 nm, resp. a maximum emission around 830 nm.
ICG binds to plasma and thus forms a marker of vascularization. As discussed in section
2.1.3, the presence of a glioma may imply a phenomenon of neo-angiogenesis visible by
ICG [Ferroli et al. (2011)]. However, this fluorescence is not tumor-specific and has a too
short lifetime, making it difficult to use ICG to discriminate gliomas [Belykh et al. (2016)].

Fluorescein is another marker excited between 460-490 nm and emitting light around
510-530 nm. According to Diaz’s study [Diaz et al. (2015)], fluorescein crosses the BBB
whose permeability is altered and is therefore a marker for high-grade gliomas. In addition,
Diaz et al. point out that fluorescin reaches tumor cells through the cerebral vasculature.
There is indeed no fluorescent response from the necrotic part of the tumor because of the
absence of cerebral vasculature. The first use of fluorescein in neurosurgery was in 1948
where Moore and his team gave a predictive value of 96% for localizing brain tumors [Moore
et al. (1948)]. However, the use of this fluorescence will not be compared to the one of
PpIX in the rest of this chapter.

2.2.7 Current techniques of intraoperative assistance for identification

of tumor margins and their limitations

In order to identify the tumor tissue, the neurosurgeon first uses his senses (his sight, his
touch) and his experience, the tumor tissue having characteristics (transparency, elasticity)
different from those of healthy tissue. In addition to the experience of the neurosurgeon,
two non-optical techniques (MRI or ultrasound) and one optical technique (fluorescence
microscopy) are commonly used.

Preoperative MRI provides an image of the brain on which the tumor is visible. For
high-grade gliomas, the contrast on the preoperative T1 gadolinium sequences represents
the limits of the tumor to be resected in terms of macroscopically complete resection. This
contrast is explained by the passage of the contrast agent in the tumor cells due to the
rupture of the BBB [Wu et al. (2006)]. On the contrary, in low-grade gliomas, there
is no tumor contrast because the BBB is not disrupted. Nevertheless, the T2-weighted
FLAIR sequence reflects tumor infiltration in LGGs [Li et al. (2016),Sanai et al. (2011)a).
Correlation of this preoperative image with neuronavigation (intraoperatively) allows the
neurosurgeon to localize his or her tools in the surgical field in relation to the preoperative
image. The limitations of this technique are mainly the limits of sensitivity of MRI to
detect margins of low density of tumor cells and the phenomenon of brain shift, which can
induce a significant mismatch between the preoperative localization of the tumor and the
one observed intraoperatively. To overcome the brain shift problem, the use of intraop-
erative MRI has been proposed. While this technique has demonstrated its potential to
maximize excision [Kubben et al. (2011),Senft et al. (2011)], this significantly increases

the duration of the operation and often requires a change of room. This also increases
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costs, complicates patient setup, and requires the use of non-magnetic surgical tools when
operating in the MRI [Kubben et al. (2011),Senft et al. (2011)]. In addition, there are
still few interventional MRIs in France.

Intraoperative ultrasound is another technique which can be used to guide the neu-
rosurgeon, because it is non-ionizing, portable, real-time and much less expensive than
intraoperative MRI. This technique avoids the brain shift phenomenon and identifies the
center of the tumor. However, the ability to discriminate healthy tissue from tumor tis-
sue is limited [Mahboob et al. (2016), Mursch et al. (2017), Van Velthoven and Auer
(1990), Chan et al. (2021)]. Mahboob’s literature review further shows that as one moves
further away from the tumor core, the sensitivity and specificity of ultrasound decreases,
limiting its value for identifying tumor margins. Thus, if ultrasound allows the visualiza-
tion of relatively dense margins and thus guides the neurosurgeon, it does not seem to
allow the identification of sparse infiltrations and thus maximizes excision [Unsgaard et al.
(2002)].

The contribution of optical techniques emerged in the mid-twentieth century with the
use of fluorescein [Moore et al. (1948)]. Intraoperative assistance using optical techniques
has developed considerably over the last twenty years with the use of 5-ALA and the devel-
opment of specific filters included in operating microscopes. Today, the use of fluorescence
to guide surgery has already proved its worth, as shown in recent literature reviews [Be-
lykh et al. (2016),Senders et al. (2017)]. The interest of these techniques relies in their
non-invasive, non-ionizing, real-time and inexpensive aspects [Valdés et al. (2016)].
Thus, fluorescence microscopy has been commonly used to guide the neurosurgeon since
the early 2000s, using adapted modules added to the surgical microscope. Numerous
literature studies highlight the importance of these techniques in maximizing high-grade
glioma resection [Behbahaninia et al. (2013),Ewelt et al. (2015),Hefti (2013),Leroy et al.
(2015)].

Let us now present the clinical use of fluorescein and PpIX.

As presented in Section 2.2.6, fluorescein is a fluorophore that accumulates in brain cells
when the BBB is disrupted, making it an attractive marker to guide resection of high-
grade gliomas [Acerbi et al. (2014), Murray (1982)]. This has been implemented in the
surgical microscope via the Yellow560 module [Kuroiwa et al. (1998)], allowing direct
visualization of fluorescence at a very low cost [Acerbi et al. (2013), Hamamcioglu et al.
(2016),Koc et al. (2008),Schebesch et al. (2013),Zhang et al. (2017),Zhang et al. (2018)].
For example, Koc’s study shows that fluorescein increases from 55% total resection to 83%
using this marker for HGG. While these numbers seem higher than the study by Stummer
and his team for the value of 5-ALA [Stummer et al. (2006)], the methodologies differ and
Koc’s team concludes that their results are comparable to Stummer’s. The Acerbi team
performed a Phase III study to conclude on the benefit of fluorescein for HGGs but does

not propose its use for LGGs.
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The advantage of fluorescein versus 5-ALA is its cost. 5-ALA costs €600 per gram
whereas fluorescein costs €5 per gram [Bongetta et al. (2016)]. However, fluorescein
fluorescence-based techniques are limited in identifying HGG margins as well as LGGs,
for the same reasons as the limitations of gadolinium contrast uptake. Finally, Diaz’s team
recently proved that fluorescein is not a specific marker of tumorality but only of BBB
deficiency, limiting its use to the hearts of HGGs [Diaz et al. (2015)]. In HGG cases, the
patient ingests 5-ALA three hours before surgery at a dose of 20 mg/kg. The latter is
biosynthesized into PpIX which itself accumulates in the tumor cells and allows them to
be visualized in real time using a surgical microscope equipped with specific filters. The
principle of this technique was presented by Stummer in 1998 [Stummer et al. (1998)].
When necessary, the neurosurgeon illuminates the tissue with a source integrated into the
microscope exciting the tissue in the 400-410 nm spectral band. The tumor cells appear

in pink, as shown in Figure 2.13.

Figure 2.13: Cerebral cortex with a tumor, under excitation at 405 nm. (image taken from
Zeiss’ website)

According to the instructions of the Zeiss microscope (Opmi Pentero — Blue 400)
available to the neurosurgeon at the time of our work, the fluorescent signal is filtered
on the 620-710 nm spectral band, collecting mainly the fluorescence emitted by PpIX but
also that of the various endogenous fluorophores presented in section 2.2.4. This technique
is a full-field technique, allowing the neurosurgeon to see in real time an image, not only
a given point. However, this measurement is subjective and qualitative. It can also be
biased by the fluorescence of other components, and by the optical properties of the tissues
(absorption and scattering) which distort the signal collected by the microscope.

This technique has been successful in improving HGG ablation because it has doubled
the number of "maximal" resections, going from 25% to 65%, and increased the survival
rate by six months [Stummer et al. (2006)]. However, it cannot be used for low-grade
gliomas due to a sensitivity issue: the BBB is not disrupted and these tumors do not show

visible fluorescence under excitation at 405 nm. Furthermore, all studies agree to show
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the limitations of the technique to identify minimally infiltrated margins of high-grade
tumors [Bravo et al. (2017),Hadjipanayis et al. (2015),Stummer et al. (2006), Toms et al.
(2005)]. In order to overcome these sensitivity limitations, different projects are under

development, that we will present in the next section.

Different studies have reviewed the diversity of assistance techniques, their advantages
and disadvantages, all agreeing on the difficulty of identifying low infiltration margins
of HGG and LGG [Krivosheya et al. (2016),Liu et al. (2014), Valdés et al. (2016),
Vasefi et al. (2017)]. A recent study [Coburger et al. (2014)] has shown the value of
fluorescence microscopy with 5-ALA in front of intraoperative MRI to identify tumor
margins and concluded in [Coburger et al. (2015)] that the combination of the two may
be even more beneficial than using either technique alone. Authors from [Stummer et al.

(2014)] conclude that fluorescence microscopy is more sensitive than MRI.

2.3 PplIX fluorescence spectroscopy : one assistive tech-
nique under development for use in the operating the-

ater

The list of optical techniques under development is very long, and the interested reader
can approach the various recent literature reviews to further investigate these studies
[Valdés et al. (2016), Ewelt et al. (2015),Leroy et al. (2015),Liu et al. (2014), Hefti
(2013), Toms et al. (2006)]. Hereafter, we focus on fluorescence spectroscopy as a way to

overcome the limitations of fluorescence microscopy.

The use of PpIX fluorescence spectroscopy was proposed in the late 2000s, initially in
the form of "optical pointers". These "optical pointers" are spectroscopic probes deposited
by the neurosurgeon on the brain tissue. Different approaches exist, some of them will be
presented hereafter with their limitations. It should be pointed out that all approaches
are relevant because they are intermediary steps toward the final aim of PpIX fluorescence
measurements, which is the classification of measurements into relevant pathological sta-
tus. Historically, quantification of PpIX concentration has been proposed with combined
measurements of fluorescence spectroscopy and diffuse reflectance spectroscopy. This en-
ables to correct distortions of the spectral signal [Kim et al. (2010)a, Valdés et al. (2011)].
Other methods estimate the contributions, also called relative concentrations, of PpIX
fluorescence-related biomarkers in fluorescence spectroscopy measurements [Zanello et al.
(2017), Dietel et al. (1997), Ando et al. (2011), Montcel et al. (2013)b, Montcel et al.
(2013)a, Hope and Higham (2016), Alston et al. (2018), Alston et al. (2019), Black et al.
(2021)]. More recently, machine learning approaches have emerged to address the clinical
problem [Leclerc et al. (2020)], but the small amount of available data remains the main

limiting factor.
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2.3.1 Semi-quantitative approach

At the early 2000s, works of Stummer [Stummer et al. (1998), Stummer et al. (2000)]
and Utsuki [Utsuki et al. (2006)] highlight the interest of fluorescence spectroscopy in
tissues where gadolinium contrast has not taken place and where there is no visible fluo-

rescence.

Utsuki’s study includes six patients. Three of them show weak visible fluorescence and
three do not. The system developed by Utsuki et al. excites the tissue with a 405 nm
laser and looks for fluorescence at 636 nm. The main difference of this study compared
to those of the next section is that measurements are not corrected from optical effects.
Their method offers 100% specificity to identify tumor tissue without visible fluorescence.
However, histopathological analysis of 16 samples without a 636 nm peak indicates the
presence of tumor cells in at least seven of them, resulting in a 59% sensitivity. The
sensitivity of this method can therefore be further increased. This team then seems to
have turned its attention to the study of PpIX in metastasized brain tumors [Utsuki et al.
(2007)a, Utsuki et al. (2007)b]. Moreover, their 2008 work improves the 2006 work by
suggesting to consider the ratio between the intensity at 636 nm and the one at 632
nm. They also improved their system by adding a hearable alert when this ratio exceeds
500 [Utsuki et al. (2008)].

Similarly, the work by Haj-Hosseini et al. [Haj-Hosseini et al. (2010),Richter et al. (2011)]
shows the interest of an optical pointer using a laser source at 405 nm and analysing the
fluorescence spectrum. Tissue discrimination is achieved by a ratio of the intensity at 635

nm after autofluorescence removal to the maximum autofluorescence value.

Existing studies demonstrated more complex links between the shape of fluorescence
spectra and the PpIX concentration. Using fluorescence spectroscopy and light scattering
in aqueous solutions, Melo’s team [Melg and Reisaeter (1986)] studied the structure of
PpIX as a function of pH. They assume that PpIX can be in monomeric, dimeric or micellar
form. Thus, its fluorescence properties, hydrodynamic radius and molecular mass are
different. This work concludes that in a basic medium, PpIX forms large micella and emits
a spectrum with a maximum around 620 nm whereas in acid medium, the fluorescence
emission is maximum around 634 nm. This work allows us to introduce the presence
of various forms of PpIX since the variations of fluorescence emission are correlated to
variations of hydrodynamic radius and molecular mass, thus to the configuration of PpIX.
This effect of pH on PpIX in solution is also studied by other teams, such as [Fuchs et al.
(1997), Tian et al. (2006)] or more recently [Lu et al. (2020)].

In 1990, a study varying the microenvironment of PpIX in beakers confirms the vari-
ability of the spectrum emitted by PplIX as a function of the presence of proteinoids or
human albumin [Lozovaya et al. (1990)]. Taken from the publication, Figure 2.14b, resp.
Figure 2.14a, shows the absorption, resp. the emission, spectra of PpIX as a function of

its environment.
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Figure 2.14: Absorption (a) and emission (b) spectra of PpIX according to the microen-
vironment. 1) pH 7; 2) pH 7 and addition of protenoids; 3) pH 7 and addition of human
albumin; 4) dissolution of PpIX in methanol. Taken from [Lozovaya et al. (1990)]

Curves (1) correspond to PpIX dissolved in hydrochloric acid and diluted in PBS to reach
a pH of 7, without any other additive. The curves (2) correspond to the same solution
in which were added proteinoids and the curves (3) correspond to the solution at pH 7
to which were added albumin contained in human serum. Finally, curve (4) of the figure
2.14b presents the emission spectrum of PpIX dissolved in methanol. It can be seen from
these two graphs that the emission and absorption spectra of PpIX differ according to
its micro environment. The curves (1) of the two graphs highlight an emission spectrum
with a main peak at 618 nm and an absorption spectrum with a main band around 398
nm. These spectra are obtained in a beaker at pH 7, without any other component. The
other emission spectra, Fig. 2.14b, show a peak at 633 nm and are obtained by modifying
the aqueous environment of PpIX (by adding albumin from human serum or proteinoids,
or by dissolving PpIX in methanol). In the figure 2.14a, one can observe a 14 nm shift
between the absorption maximum of the solution emitting a spectrum with a maximum at
620 nm and those emitting a spectrum with a maximum around 633 nm. These phantom
experiments support that the properties of PpIX depend on its environment and corrobo-
rate the experiments with pH variation of Melo’s team [Melp and Reisaeter (1986)]. This
study further shows that the quantum yield of these different PpIX forms varies, ranging
from 0.011 for the spectrum with a maximum at 618 nm to 0.155 for the spectrum with a
maximum at 633 nm. There is thus a ratio 15 between the two quantum yields.

The two previous studies are performed using dissolved PpIX. In the following, we
present the variation of the spectrum emitted by cultures of bacteria or human cells with
ingestion of 5-ALA.

The work of Dietel and his team [Dietel et al. (1997), Dietel et al. (2007)] focuses on
the spectra emitted by different porphyrins in a murine tumor model [Dietel et al. (1997)]
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and in 31 varieties of bacteria extracted from the human oral cavity and gastrointestinal
tract after exposure to the 5-ALA molecule [Dietel et al. (2007)]. These studies suggest
that fluorescence at 620 nm is due to hydrophilic porphyrins (uro- and co-proporphyrin)
while fluorescence at 634 nm is due to PpIX. This work also raises the question of the
hydrophobicity of PpIX, as opposed to the hydrophilicity of its precursors, which can
therefore be removed by abundant 'rinsing'. Moreover, the 2007 study shows that with
time, the same bacterium can emit first a spectrum centered at 635 nm and then a spectrum
centered at 618 nm. These studies also raise the complexity of the photoproducts created
by oxidation and irradiation of porphyrins. Carried out this time in a living environment,
they show the complexity of the study of the fluorescence emitted by porphyrins, and the
difficulty of associating a spectrum to the emitting porphyrin. This does not contradict
the hypothesis of a fluorescence at 620 nm induced by PpIX but underlines the complex
influence of the study environment. Similarly, the work of Barron and his team [Barron
et al. (2013)] shows that for the same amount of 5-ALA added in four human cell lines,
the amount and profile of the spectrum emitted by PpIX differs according to the sites and
the microenvironment. This team also highlights a main peak at 635 nm and a secondary
peak around 620 nm, again illustrating the complexity of the microenvironment.

In addition, PpIX fluorescence is used for visualization of carries. For example, Hope
and his team studied the influence of pH on porphyrins in bacteria, with the goal of
correlating their results and the study of dental plaques [Hope and Higham (2016)]. The
selected bacteria contained 83% PpIX and 17% CoProporphyrin IIT (CpIII). The results
of the study, shown in Figure 2.15, first show a shoulder at 620 nm when the pH is basic
(8.63). The presence of this shoulder may be due to CpllI since the latter emits around
620 nm. However, the authors argue that there is no reason why the change in pH should
imply a shift from PpIX to CpllIl. Thus, this work concludes that the spectrum emitted by
PpIX depends on the pH and that the latter, under certain conditions, presents an emission
spectrum with a main peak at 620 nm. This Figure 2.15 suggests two other interesting
phenomena: the first one is that a variation in the excitation wavelength varies the shape
of the spectrum. The second one is that the total fluorescence emitted varies with the
pH. Note that the variation of the emitted spectrum with the excitation source supports
the hypothesis of the presence of two forms and has been confirmed by the two-photon
excitated fluorescence study of PpIX made by [Jonin et al. (2020)].

This work [Hope and Higham (2016)] thus raises the question of the monomeric form
of PpIX as a function of the microenvironment: it would be in monomeric form emitting
with a peak at 634 nm (PpIX634) and in dimeric or highly aggregated form when emitting
at 620 nm (PpIX620). Results of [Hope and Higham (2016)] concerning the variation of
the emitted spectrum with pH is in agreement with the study of Melo who performed a
ph-metric titration of PpIX solutions [Melg and Reisaeter (1986)].

A recent study proposes to standardize PpIX phantoms for characterization of systems
subsequently used in the operating room [Marois et al. (2016)]. Marois’ study considers

only one PpIX form but a more recent study, described in [Alston et al. (2019)] and the
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Figure 2.15: Emission spectra of P. intermedia suspensions (bacteria containing mainly
PpIX) under excitation at 398 nm and 410 nm. In red, acidic pH. In green, neutral pH
and in blue, basic pH. From [Hope and Higham (2016)]

Chapter 3 of [Alston (2017)], extends results to phantoms where both forms contribute to
the total fluorescence. Thus, the fluorescence of PpIX depends on its microenvironment
and reflects a change in aggregation.

According to the study of [Jonin et al. (2020)], the configuration that emits a fluorescence
spectrum with a high quantum yield shows a peak around 634 nm. Reversely, the fluo-
rescence quantum yield associated to the PpIX form which peaks around 620 nm is then
lower. The study of [Jonin et al. (2020)] confirms the absorption and emission spectrum
of each PpIX suggested in [Alston (2017)].

In a clinical context, the authors of [Ando et al. (2011)] made a study on biopsies
from 5 patients, which suggests a wavelength shift of the peak intensity of the emitted
spectrum in a tumor and healthy regions. Another study on biopsies realized by the
authors of [Montcel et al. (2013)a] raised the presence of two forms of PpIX with different
fluorescence spectra, peaking at 634 nm and also at 620 nm, in HGG as well as in LGG.
In a 10 patient clinical study described in [Alston et al. (2019)], the contribution of a
second form of PpIX (named PpIX620) is added to the well-known and commonly used
reference spectra of PpIX (named PpIX634) to analyze fluorescence spectra of glioma.
Results highlight that the contribution of PpIX634 dominates in HGG and their high
density margins. In addition, they reveal that the contribution of PpIX620 is higher than
the one of PpIX634 in low density margins of HGG and in LGG. Blue shift of the central
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wavelength when the density of tumor cells decreases confirms the weight of PpIX620 in low
density margins. Those results could explain the lack of sensitivity of current techniques,
which looks at PpIX634 even when PpIX620 dominates.

Despite all, the sensitivity of Fluorescence Spectroscopy (FS) remains limited by the
presence of other non 5-ALA induced fluorophores such as NADH, FAD, flavins or lipopig-
ments. The variability of the spectral emission by these other fluorophores depends a lot
on the patient [Alston et al. (2019), Haidar et al. (2015),Black et al. (2021)], his/her
age [Dolman et al. (1981)] and pathology [Ando et al. (2011)], but it also varies between
two samples from the same patient [Dietel et al. (2007), Montcel et al. (2013)a, Montcel
et al. (2013)b, Zanello et al. (2017), Alston et al. (2019),Black et al. (2021)]. These fluo-
rophores and their high variability can lead to important crosstalk with PpIX [Black et al.
(2021)]. Omitting a fluorophore, poorly modeling it, or using an incorrect base spectrum
affects the detection of the specific fluorescence signal due to PpIX, yielding generally an
overestimation of PpIX’s amplitude, and thereby these crosstalk events are responsible for
an overestimation of the PpIX fluorescence biomarkers contributions. This leads to a drop
in specificity when biomarker contributions are used in a classification pipeline [Alston
et al. (2019),Black et al. (2021)] because healthy samples are classified as tumoral.

To eliminate crosstalk, the overall approach described in the literature is to model the
baseline with everything that is not due to 5-ALA-induced PpIX. Existing approaches
are effective when the emission spectral band of the baseline is far from the one of the
PpIX [Montcel et al. (2013)a,Haidar et al. (2015),Black et al. (2021)]. In these cases, the
analytical or empirical a priori on the baseline can be a weighted sum of NADH, FAD and
flavins spectra [Haidar et al. (2015),Black et al. (2021)] or an exponential decay function if
the wavelength range starts at 500 nm [Ando et al. (2011),Montcel et al. (2013)a, Montcel
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et al. (2013)b]. When the emission spectral band of the baseline is close to or within the
one of the PpIX, as it is the case with lipopigments, the existing methods remain limited
and very often expert dependent [Alston et al. (2019),Black et al. (2021)]. The baseline
is modeled by a Gaussian function [Alston et al. (2019)], or an expert-dependent weighted
sum, which contains a finite number of fluorophores whose fluorescence spectral shape is
assumed to be known [Haidar et al. (2015),Black et al. (2021)]. However, fluorophores
whose spectral emission band overlaps the one of PpIX spectral emission band are difficult
to consider by these methods. Such issues arise with water-soluble porphyrins [Dietel
et al. (1997)] with emission spectrum in the 615-625 nm region. Photoproducts could also
be produced in 5-ALA induced condition, with an emission spectrum in the 620-680 nm
region [Dietel et al. (1997),Dysart and Patterson (2006),Montcel et al. (2013)a]. Moreover,
some works propose a larger emission spectrum for lipofuscin [Black et al. (2021)] up to
the 620-700 nm region. These high levels of crosstalk largely impair specificity. The Part 11
of this manuscrit is dedicated to a novel solution we suggest to reduce specificity impairs
using an estimated baseline approach relying on multiple wavelength excitation. The
next section will focus on the main complementary approach which aims at quantifying

fluorophores as a mean to distinguish healthy from tumoral tissues.

2.3.2 Quantitative approach: Theory-based attenuation correction tech-

niques

A recent article from [Valdes et al. (2019)] describes clearly fundamental concepts in
quantitative fluorescence, including autofluorescence correction, tissue optical absorption
and scattering correction and the way they affect the fluorescence measurements. In
addition of providing an overview of the major implementations of quantitative fluorescence
in neurosurgery, this study suggests some fluorescence attenuation correction techniques
like the ones exposed in [Richards-Kortum and Sevick-Muraca (1996)] or [Durkin et al.
(1994)]. But a lot of other attenuation correction techniques exists depending on the
light propagation assumptions that are considered. Let us underline that the methods
presented here for attenuation correction techniques are also used in many other fields such
as diffuse optical tomography (DOT) or diffuse fluorescence optical tomography (FDOT)
for example. An overview of all these techniques is given by [Da Silva (2013)]. Nevertheless,
it seems relevant to describe them briefly before focusing on more practical elements such as
the various experimental techniques which exists to determine optical properties. Finally,

a special attention will be paid to the method suggested in [Kim et al. (2010)b].

2.3.2.1 Theory based attenuation correction techniques

The present section discusses only theoretical studies, but the interested reader can
get elements of empirical techniques in the following reviews of attenuation correction
techniques [Mycek and Pogue (2003), Bradley and Thorniley (2006), Tuchin (2015), Boas

et al. (2016)]. In cases where the wave nature of light has no significant effect such as
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diffraction or interferences, which is true for most random media illuminated with a large
and broad spectrum light source, the radiative transfer equation (RTE) can be used to
describe the scattering of light within the medium. The non approximated RTE is an
integro-differential equation whose difficulty of solution lies mainly in the evaluation of
the integral term. The radiative transfer approach has been extensively investigated since
the 50’s. Following the pioneering work of Chandrasekhar [Chandrasekhar (1960)a] for
the study of the atmosphere, the book [Ishimaru (1978)] suggests to extend the radiatve
transfer theory to the propagation of multiple wave types like optical, acoustic, and mi-
crowave but also to apply it in broader fields such as scattering in atmospheres, oceans,
and biological media. Despite this, there are multiple methods for solving the radiative

transfer equation, which can nevertheless be grouped into distinct categories:

- The methods of discretization of space (Finite Element Method (FEM), Finite Vol-
ume Method (FVM)) and/or angles (Discrete Order Method (DOM or Sy approxi-
mation), Py approximation, SPy approximation...) are widely used and efficient for
simple geometries. They offer the advantage of leading to semi-analytical expres-
sions of the specific intensity. However, they remain limited to simple geometries,
otherwise the computation times become exorbitant, and the accuracy itself depends
on the discretization. Since the contribution of Klose et al. [Klose and Hielscher
(2002), Klose et al. (2002)], this type of resolution has been applied in so-called
"thin" media where the diffusion approximation is not valid. This is for example the
case of biological tissues [Klose and Larsen (2006), Klose (2009), Klose (2010)].

- Analytical expressions for the Diffusion Approximation (also called the P1 approxi-
mation or the discrete dipole approximation) are easy to obtain and then implement.
However, they are reserved only for simple geometries and very particular scatter-
ing systems. Nevertheless, the Diffusion Approximation framework has been widely
used for biological tissues [Patterson et al. (1989),Boas et al. (1997),Chen et al.
(1998), Chance et al. (1998)].

- Stochastic methods (such as Random Walk or Monte Carlo simulations) are easy to
implement, but expensive in computation time when the geometry of the problem
becomes complex. The Monte Carlo method, which "simulates" the light propagation

like that of a set of classical particles, remains the leading method in this category.

All these ways to solve the RTE in addition of the modified Beer—Lambert law, ex-
plained in 2.2.1, and the Kubelka—Munk theory, explained in the next paragraph, have been
employed as a basis for describing light propagation in biological tissues [Wilson and Mycek
(2011)] and thus offer a number of correction techniques. The modified Beer-Lambert law
can be used when changes in light transmission (in any geometry) can be related to differen-
tial changes in tissue absorption; ie the scattering loss is assumed to be constant. As brain
tissues are highly diffuse, the modified Beer-Lambert law assumptions are not satisfied

for estimating absorption and scattering properties, thus we will not consider this method
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hereafter, but the interested reader can refer to one of the reviews cited at the begining
of the section. When scattering strongly dominates absorption, the Kubelka—Munk (KM)
theory and diffusion approximation are suitable for use. In both cases, light can thus be
considered to be effectively isotropically scattered [Cheong et al. (1990),Richards-Kortum
and Sevick-Muraca (1996), Hoffmann et al. (1998)].

In 1931, Paul Kubelka and Franz Munk published the famous eponymous Kubelka-
Munk model [Kubelka (1931)], which describes the propagation of forward and backward
Lambertian fluxes, i.e. with an isotropic radiance distribution, in a homogeneous scattering
medium and gives analytical formulas for the reflectance and transmittance of a layer of
this medium of any thickness, possibly deposited on a scattering background. The original
Kubelka—Munk theory is not applicable when the incident radiation is collimated or when
the scattering medium has an optical index different from the one of the surrounding
medium. But this two-flux approach includes the extension proposed by Saunderson in
1942 to take into account the Fresnel reflections and refractions of light at the interfaces
bordering the layers [Saunderson (1942)], as well as the extension proposed by Kubelka in
1954 for stacks of different diffusing layers. From the observation geometry, illumination
geometry and shift of refractive index between the layer and its surrounding medium, the
Saunderson equation corrects the reflectance/transmittance calculated by the Kubelka-
Munk model. In addition, [Maheu et al. (1984)] proposed a 4-flux model, as an extention
of the 2-flux model that can consider collimated fluxes in addition to diffuse fluxes. Finally,
an attenuation correction technique using the original Kubelka-Munk (two-flux) model has
been introduced by [Durkin et al. (1994)].

The diffusion approximation is an approximated solution of the radiative transfer equa-
tion, valid in highly scattering media. This approximation has been extensively used to
model light scattering in extremely diffusing medium such as living tissues or paper [Far-
rell et al. (1992), Patterson and Pogue (1994), Jacques (1998), Rogers (1998), Kienle et al.
(1998)]. Contrary to the exact RTE, it offers closed-form solutions even when describing
the diffusion with two or three dimensions, and also time-dependent solution. The ma-
jor difficulty in using the diffusion approximation relies on the application of boundary
conditions, which are for example discussed in [Kim (2011)]. Moreover, it is important
to remember that the diffusion approximation may not be valid in the first steps of the
light scattering process (d << i), and should be used only when the scattering medium
is thick enough to ensure many scattering events between the source and the optical de-
tector [Star et al. (1988)]. More recently, an analytical model of photon migration has
been developed [Wu et al. (1993)]. Nevertheless, a correction technique based on a dif-
fusion approximation model depending only on the depth has been suggested in [Zhadin
and Alfano (1998)]. This correction technique assumes that illumination is provided by
an infinitely wide beam, falling at a given angle on the tissue surface. The correction of
fluorescence emission or excitation spectra is achieved by dividing the measured spectra by
a wavelength dependent correction factor, which is calculated from the diffuse reflectance

spectrum.
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When neither the strong absorption nor the strong scattering approximation can be
assumed, another possibility to determine the intrinsic fluorescence properties relies on
Monte Carlo (MC) modeling of light propagation. Monte Carlo simulation was applied for
the first time for biological tissues by [Wilson and Adam (1983)].

In addition to being highly adaptable to different tissue organizations (including layered
structures), probe geometry, MC is valid for arbitrary optical properties and wavelengths.
MC is used as a gold standard for checking the accuracy of other models, in particular
analytical models. The computationally intensive aspect of the MC method is however the
main disadvantage of this technique. To achieve statistical significance, paths of millions
or more photons must indeed be calculated and recorded. Thus, MC techniques are limited
in their ability to provide intrinsic spectra in near real time. As explained in [Boas et al.
(2016)], Palmer et al. recently developed a MC model to extract intrinsic fluorescence
and applied it to fluorescence spectroscopy (FS) measurements of the breast [Palmer and
Ramanujam (2006), Palmer and Ramanujam (2008), Zhu et al. (2008)]. Their model
assumed a single layer with homogenous optical properties. First, the reflectance of Monte
Carlo model is used to obtain scattering and absorption coefficients (g, ;) from measured
broadband diffuse reflectance measurements. Then, these extracted coefficients are used
as inputs to their fluorescence MC model. This model was applied to F'S measurements of
excised breast tissue from patients with carcinoma and fibrous or benign conditions. Their
assumption is that NADH, retinol, and collagen are the contributing fluorophores. By
using the extracted fluorophore results, they were able to classify malignant from benign
tissue with a sensitivity of 82.6% and a specificity of 75.7% in a validation set. More
complex MC model have also been developed, like the two-layer MC model in [Drezek
et al. (2001)] to describe fluorescence in the cervix, or the five-layer one in [Pavlova et al.

(2008)] to describe fluorescence in oral tissue.

Conclusion

All the theory-based attenation correction techniques described previously differ from
each other by their domain of validity or by the approximations on which they depend.
Other approximations, which may be employed, include considering the tissue to be of
infinite width and depth, and/or to have a refractive index of the tissue equal to the one
of the surrounding medium. Thus, all these techniques are compared with eachothers in
the table 2.1.

More generally, these quantification techniques rely on the common assumption that the
concentration of PpIX is proportional to the emitted PpIX fluorescence intensity. This is
supported by the link between the fluorescence emitted intensity and the tumor cellular
density [Johansson et al. (2010), Yoneda et al. (2018),Kroger et al. (2018)].

All techniques assume that the optical properties of the medium are known. Thus, the

next section focuses on the experimental setups that exists to determine optical properties.
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Table 2.1: Comparison of methods for solving the radiative transfer equation with other
light propagation models.

2.3.3 Experimental Setups to determine optical properties of tissues

As the final step of fluorescence quantification process needs the attenuation correc-
tion of fluorescence measurements, which requires the use of empirical or theory based
techniques, it is important to underline that the estimation of optical properties is only
one step in the fluorescence quantification process. The aim of this section is to describe
existing experimental setups that have been used in the neurosurgery’s operating room to
determine optical properties. The common point of all of them is that they are spatially re-
solved. They can be classified into two major categories, experimental setups that samples
the Point Spread Function (PSF) of a material and those which samples the Modulation
Transfert Function (MTF) of the material. Diffuse reflectance spectroscopy (DRS) sam-
ples the PSF of a material (here biological tissues) by illuminating it punctually, collecting
the backscattered light and measuring the optical signal with a spectrometer. While this
method was proved useful for a number of applications, DRS systems are often handheld
spectroscopic probes that are put into direct contact with the tissue [Koenig et al. (2015)],
which risks altering its optical properties depending on the pressure applied. This limi-
tation has been overcome by the development of contactless systems relying on imaging.
Yet, DRS only provides an average measurement over a small area, which provides much
less information than imaging methods for the study of heterogeneous materials such as
skin.

A contactless and wide-field method, called Spatial Frequency Domain Imaging (SFDI),
was developed in the early 2000s [Dognitz and Wagnieres (1998), Cuccia et al. (2005),
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Figure 2.17: (a) Point spread function (PSF), which can be measured using DRS, and
(b) modulation transfer function (MTF), which can be measured using SFDI. (Taken
from [Gevaux (2019)])

Cuccia et al. (2009)] to estimate the optical properties of a material by sampling of the
modulation transfer function. MTF describes the loss of contrast of a sinusoidal fringe
light pattern projected onto the material in function of the spatial frequency of the fringes.
While PSF measurement requires punctual illumination (Figure 2.17a), MTF is generally
measured by projecting sinusoidal fringes on the surface (Figure 2.17b). SFDI offers a
powerful way to acquire the tissue reflectance properties simultaneously for every pixel
of an image. However, standard SFDI processing requires typically 6 images to generate
tissue property maps [Cuccia et al. (2009)], slowing down acquisition rate possible for
acquiring the fluorescence correction factor [Sibai et al. (2017),Saager et al. (2011)].

In [Vervandier and Gioux (2013)] is presented a technique using single snapshot imag-
ing of optical properties (SSOP) to image the tissue optical properties in real time. SSOP
is based on SFDI, but in contrast with standard SFDI it offers the possibility to get video-
rate wide-field acquisition of tissue optical properties, including sample profile acquisition
and correction [Giessen et al. (2015)]. The literature dealing with SFDI methods and
its potential for medical applications has steadily increased in recent years [Gioux et al.
(2019), Aguénounon et al. (2020)]. As example in [Valdes et al. (2017)], quantitative
fluorescence Single Snapshot of Optical Properties (qF-SSOP) imaging relies on the adap-
tation of an SSOP imaging system to perform acquisition of the tissue fluorescence to
derive optical property corrected maps of fluorescence.

Nevertheless, as the setup built by [Alston (2017)] was an single-point optical probe,
it is relevant to describe precisely the original DRS system implemented by [Kim et al.
(2010)b] which is a single-point optical probe used both to measure fluorescence and to

determine the optical properties.

2.3.4 Example of a diffuse reflectance spectroscopy probe

The team from Dartmouth has initially developed a probe that collected both the
fluorescence spectrum emitted by the tissue and the diffuse reflectance spectrum in or-

der to correct the fluorescence spectrum from distortions using a light transport model
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based on the diffusion approximation of the radiative transfer equation (RTE) [Kim et al.
(2010)b, Kim et al. (2010)a, Valdés et al. (2011), Valdés et al. (2011)b]. The goal of their
work is to trace the PpIX concentration in order to have a quantitative and objective mea-
sure, as opposed to the measurement, which is subjective and biased by the propagation

of the fluorescence in the tissue before reaching the sensor.
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Figure 2.18: Optical probe measuring both fluorescence and scattering reflectance to cor-
rect the fluorescence measurement from effects of absorption and scattering induced by
the tissue. (Taken from [Kim et al. (2010)b])

In their work, reflectance measurements are made at different distances from the source,
in order to obtain the optical properties of the tissue (uq, u;), which allows correcting
distortions of the fluorescence spectrum collected successively. Figure 2.18 briefly shows
the instrumental probe developed to apply this algorithm to the problem of PpIX quan-
tification [Kim et al. (2010)a]. A blue excitation channel exists to obtain the fluorescence
spectrum and two white excitation sources to measure the diffused reflectance spectrum.
The tissue properties are obtained under the assumption that light transport can be de-
scribed in tissues by the diffusion equation solved with the boundary conditions of a semi-
infinite, homogeneous and optically turbid medium, with moreover several source-detector
distances to increase the range where the algorithm is valid [Kim et al. (2010)b]. The
application of this algorithm to the quantification of PpIX also assumes that the mean-
free-path of photons emitted by fluorescence is the same as the one of photons collected by
diffuse reflectance at the same wavelength and that there is therefore a proportional rela-
tionship between the measured fluorescence spectrum and the diffuse reflectance measured
on the same sample. The measured fluorescence spectrum is then corrected according to
the absorption and scattering properties of the tissue obtained from the reflectance mea-
surement and the light transport model. This corrected spectrum is then adjusted using a
linear combination of the different fluorophores present in the brain tissue, using for PpIX
a fixed and unique reference spectrum obtained in vitro. This adjustment allows them to
retrieve to the PpIX concentration and thus to obtain a more appropriate diagnosis of the
probed tissue.

This technique was first applied on 14 patients with brain tumors [Valdés et al. (2011)].

During surgery, the probe is deposited on the studied tissue, a 0.5-second measurement
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is performed, and the PpIX concentration is returned within 2 seconds. A biopsy of the
tissue is then taken for histopathological analysis and the visible fluorescence is qualita-
tively evaluated by the neurosurgeon in parallel. Biopsies are classified as LGG, HGG,
meningioma, healthy tissue or metastasis. The results of this study propose a significant
increase in PpIX concentration in the different tumor tissues compared to healthy tissue,
with a threshold value of 100 ng/ml for which 40% of tumor biopsies do not fluoresce. The
relevance of the obtained concentration was compared to the parameters proposed in the
uncorrected fluorescence spectrum studies, and the concentration is the best classification
metric. Authors from [Valdés et al. (2011)] show a comparison between the raw fluores-
cence measurement, the measured and adjusted spectrum, and the histological section for
healthy tissue, LGG, and HGG. They observe a significant increase in PpIX concentration
between healthy tissue and HGG through LGG.

Developed according to a point sampling system, this technique has been proposed for
full-field imaging for glioblastoma, using a variable filter positioned in front of a CCD
(Charge Coupled Device) camera [Valdés et al. (2012)]. This study is the first to propose
quantitative full-field fluorescence and thus provides the neurosurgeon with global infor-
mation comparable to that given by the microscope, but with much greater sensitivity.
This full-field imaging is easier to use for the neurosurgeon than point techniques. The in
vivo results of the first full field use of this model confirm that the corrected fluorescence is
more sensitive than the raw one, with a factor of 10, and this method proposes a positive
predictive value higher than 90% for a PpIX threshold around 100 ng/ml. This thresh-
old is consistent with their previous measurements [Valdés et al. (2011)a], and with the
concentrations obtained by Johansson [Johansson et al. (2010)]. Furthermore, this study
proposes a hyperspectral image, which is suitable for the tracking of multiple fluorophores

at the same time.

2.4 Conclusions

In this chapter, we described the background needed to understand the rest of the
manuscript. We first described the brain tissues studied, both healthy tissue and gliomas.
We then presented the clinical issue related to this manuscript, namely the difficulty of
identifying tumor infiltrations, in real time, in the operating room and therefore the need
for assistance. Before presenting in detail the assistance techniques, we presented the basic
of the light-matter interaction useful for the understanding of chapters that will follow, in
particular the phenomenon of fluorescence. Then, we presented the techniques currently
used to guide the neurosurgeon in the resection of gliomas and their limitations, and the
different research works already tested in vivo to overcome these limitations.

PpIX fluorescence has identified as a promising biomarker to discriminate tumor cells
from healthy cells. Thus, we focused on one promising technique, named fluorescence
spectroscopy.

We described two approaches, the first one tries to quantify the PpIX via its intrinsic
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fluorescence. The assumptions of the optic models and their related simplifications used
to recover the intrinsic fluorescence are often oversimplified, especially concerning the as-
sumption of index-matching or lambertian radiance distributions. We will describe it more
rigorously and precisely in the Part III.

The second approach, considered as semi-quantitative, analyses the components of the
fluorescence emission spectrum to get information of the associated pathological status.
This second method highlighted the existence of two forms of PpIX whose emitting spectra
are respectively centered around 620 nm and 634 nm and with very different fluorescence
properties. The two forms will be called "PpIX620" and "PpIX634" in the rest of the
manuscript, even if their maximum emission can be slightly shifted according to the mea-
surements. In addition, it has previously been highlighted that considering these two
forms improves the discrimination of tumor cells, especially because decrease in fluores-
cence observed in the tumor margins is not a decrease of the PpIX concentration but a
change of form involving the presence of PpIX620. However, the method suggested by
the literature [Alston (2017)] suffers from crosstalk, which drops the specificity. Part II
will focus on a proposal to solve the crosstalk issue by using multi-spectral excitation of
fluorescence and its associated post-processing model.

Finally, it is important to underline that the frontier between quantitative and semi-
quantitative approaches is porous. Indeed, one notices that the work of the Dartmouth
team for the quantification approach considers only the PpIX634 form [Kim et al. (2010)a,
Valdés et al. (2011)a,Valdés et al. (2011),Valdés et al. (2012),Valdés et al. (2015)]. But it
proposed to adjust the spectra measured in the operating room using PpIX photoproducts
emitting with a maximum around 620 nm [Bravo et al. (2017)]. So they do not explicitly
consider the presence of two forms, they simply mention the need to consider a second

fluorescence spectrum of PpIX centered around 620 nm in addition of the PpIX634.
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In this section, we propose a method to estimate the relative concentration of PpIX
fluorescence-related biomarkers, also called contribution. As mentionned in the introduc-
tion of this manuscript, existing approaches for the estimation of the contributions of PpIX
are limited by the omission or the wrong spectral shape of some endogenous fluorophores
present in the measured signal, hereafter called crosstalk. It largely impairs specificity in

the classification of tissues according to their pathological status.

This crosstalk occurs when the spectrum of the omitted endogenous fluorophore(s) is spec-
trally close to the PpIX emission. This leads to an overestimation of the PpIX contribution
and thus to a wrong classification of healthy tissues into a tumoral category.

The problem is that the endogenous products able to emit a fluorescence signal are numer-
ous and strongly varying from one individual to one another. Usually, the spectral shape of
their fluorescence signal is approximately modeled with strong a priori assumptions. Here,
we propose a method where no a priori on these endogenous products and the respective
spectral shape is needed. For this, several fluorescence excitation wavelengths are neces-
sary to transfer the a priori in the fluorescence quantum yield of fluorophores of interest
and to estimate the part of the signal related to endogenous fluorophores, in the baseline.
The new method nevertheless makes the assumption that the spectral shape of the baseline
is unchanged between signals of different excitation wavelengths. This assumption makes
sense because we are only interested in fluorophores whose emission is spectrally close to
that of the PpIX. Additionally, we were able to derive an analytical solution for all the
variables of our nonlinear estimation problem. This makes our method computationally

efficient, free from parameter tuning and from cumbersome iterative estimation procedure.

Thus, Chapter 3 describes our new method and its analytical resolution, then Chapter 4

focuses on the comparison with state-of-the-art methods and the related discussion.
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Chapter 3

Multi-wavelength models & analytical

resolution of the Estimated Baseline model

In this chapter is described the model for estimating the relative concentration of
PpIX, hereafter called contribution of PpIX, to the fluorescence signal. This new model is
based on the analysis of fluorescence emission spectra obtained under multiple excitation
wavelengths. The explanation and the mathematical description of the physical model are
given first. Then, the analytical solution for all the variables of our nonlinear estimation

problem that we were able to derive is describe.

3.1 Physical Model

The fluorescence emission spectrum of fluorescing substances always depends on the
excitation wavelength. Thus, because we consider multiple excitation wavelengths, the

fluorescence spectrum m can be written as:
n
m(Ae) = Y aimi(A)Si +v(Ae)b, (3.1)
i=1

where ), is the fluorescence excitation wavelength, S; € RP*! is the unitary energy emis-
sion spectrum of the i** fluorophore, 7;(\) € R! the quantum yield of the same fluorophore
at excitation wavelength A\, € R, a; € R! its contribution. b € RP*!, the baseline, rep-
resents other endogenous fluorophore emission spectra whose amplitude with respect to

the excitation wavelength is modeled by 7()\.) € R!. Please note that in the presence of
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k distinct excitation wavelengths, the condition n + k — 1 < (k — 1)p is required for the
problem to be either overdetermined or perfectly determined. For the sake of concrete-
ness, we consider only the case of two excitations wavelengths, and n = 2 fluorophores of
interest, PpIX634 and PplX620. Thus we consider here that p < 2 , Eq. 3.1 becomes:

m = a1mS1+ Sz +b
(3.2)
m’ = a1n]S1 + an)S2 + ~b.

T

. . . T ~
Defining a contribution vector e = (a1, a2)” and a measurements vector m = (m,m’)",

equation 3.2 can be written in a matrix form as

S I o
m = (3.3)
SE ~I b
a
= M
b
where S = (771,5’1 7725’2) € RP*2, E = diag (p1, p2) € R?*2 with p; = Z—i, and I € RP*P ig
the identity matrix.

3.2 Estimation Model

3.2.1 Estimated Baseline Model (EB)

Our estimator of the fluorophore contributions is the least square solution of the equa-

tions 3.3 :
o
m—-M
b

In this optimization problem, «, b and v are the variables to estimate and all other

2

a = argmin

(3.4)

2

parameters are given. We stress that, as opposed to the state of the art, no assumption
is made on the spectral shape of the baseline emission: the baseline is estimated directly

from the data.

3.2.2 Analytic Resolution of Estimated Baseline Model

The interaction between v and b makes the Estimated Baseline Model non-linear.
However we will show in this section that it is still possible to find a closed-form expression

for a.
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The problem is treated in two steps:

wonf) e

the least-square solution (ay,by) for a given v is first derived and then the optimal ~ is

2 2

= minmin
Y a,b

min

Inin (3.5)

found:

2

= minmin
Y a,b

oM (“)
b
2
- Qy
m— M (bv) H ) (3.6)

For a fixed v, matrix M is constant and the problem is linear. The optimal (a, b) is given
by (@, by)T = MTm = (MTM)'MTm where M is the Moore Penrose pseudo
inverse of M. An expression for M T can be obtained using a formula for the inverse of
block matrices, equation 2.3 of [Lu and Shiou (2002)]. MT M is given by:

= min
ol

STS + (SE)'SE (I+~E)ST
MTM - (SE) (I +~E) (3.7)
S(I+~E) (1+)I
_ -1
and if Eg =~vI — E and S = (STS) , the Schur complement S,, of MT M is:
S, = 8§ ' +E'S'E-I+~E)S" S(I+E)
u = Y 1442 Y

_ E,S'E,

-_— T,YQ. (3-8)

The inversion of M” M is possible as soon as (1 4+ 42)I and its Schur complement (eq.

3.8) are invertible:

The inversibility is conditioned by v ¢ {p1, p2}.

These two conditions are in agreement with the physics of the problem: S is full rank
when the fluorophores of interest are not correlated, invertibility of E4 means that the
baseline and the fluorophores of interest are not correlated. The two excitation wavelengths
should be chosen to insure that + at these wavelengths is different from the ratios of the
fluorophores of interest. From a signal processing point of view, this condition creates
specific hot points for v values at which o cannot be estimated. Noises in the measurements
m and m’ enlarges these hot points into instability regions. It is assumed hereinafter
that these conditions are satisfied. Defining Egq = (I +vE)E, Land § = (ST.S')_l,
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(MTM)~! has the following expression:

1 (1++?) E,;'SE;! —-E_ 'SE,ST
(MTM)" = ( v (I+;EQQ§EZsT) (3.9)
—SE4SE, j—
and finally, the pseudo inverse M is given by:
Y B+2 -1 g7 E; ' (S7S) ' (E;'E +12E;'E — 7E,,) - 5"
1942 g g Ltk YEgg

Mt =

1 SE++2I+VE S, -1 -

Ty -8 PEROE . ST T4 8 By (STS) (Eggr: — E,'E) ST
V- Byt ~B;'s+

_ (3.10)

I—-~SE,;S™) YI+ S - EggST)

1+7< 1+2(

where S+ = §ST = (STS)_l ST

3.2.3 Analytical estimation of the parameters

Using expression 3.10 for M, the least-square solution for o and b for a given « are

given by:
ay = Eg_lS+ - (ym —m/) (3.11)
by = T T o
= 7 _:72 [m +ym’ — (ay,1 (1 +79p1) S1 4 ay2 (1 +yp2) S2)]
= - +172 [m +~ym' — SEy,Eya,] (3.12)

3.2.4 Residual calculation and v estimation

w2

2

, equation 3.6 can now be written:

2 2

(3.13)
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Using equations 3.11 and 3.12, one obtains:

1+ = (1+9°)Say+m+ym' — ST +vE)oy — (1+9°)m
= vSEjay —y(ym —m')
= YSEGE;'ST(ym —m/) — y(ym —m)
= (88T —I)(ym —m’), (3.14)

and

1+ = (1++)SEa+ym+~*m’ — 7SI +yE)a — (1 ++)m/
= SEa—~vSa+ (ym —m’)
= —SE;a+ (ym—m’)
= —SE,E;'StT(ym —m/) + (ym —m/)
— (I-88t)(ym—m’) (3.15)
(1 +)r" = 1+,

from which the following expression of ¢ can be deduced:

sy IS8T = Dm—m)|* o —a)I* _ 5 lal’ - 2va"d + ]I
T+ 1+ 4o

where ¢ = (I — SST)m and ¢’ = (I — SST)m/.
As ¢ is a rational function with no real pole and goes to +0c when « approaches +o0, the

optimal ~y is a zero of:

dp _ ,(v9"a—-q"q)(1+7°) —1(*a"a—vq"d' +q"q)
dry (1+~2)2
2
= m(,},(qTq_q/Tq/)+72qTq/_qTq/)' (3.16)

As the discriminant of the numerator
A = (¢"q-q"¢) +4q"¢)? >0 (3.17)
is positive, there are two distinct roots:

T, T A
v = 1 4 QZTZ,“‘F with e € {—1,1} (3.18)

such as g—f(’ye) =0.
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The second derivative of ¢ must be positive for the optimal v and:

d>® d 2q7q’ n _
d’)/2 = % (1 n 72)2 (7 - ’Vopt)(7 - ’Yopt)
2q7q' + - 212 + - 2
A2y (2= 2o = W) (4977 = (=20 = ) (14 9%)] (3.19)

and consequently

@ _ e2VA
2 (76) -

(14 (7-1)?)

and we conclude that 4" is the optimal .

3.3 Conclusion

In this Chapter, we have described the model for estimating the contributions of PpIX
to the fluorescence signal. This model is based on the analysis of fluorescence emission
spectra obtained under multiple excitation wavelengths. We were able to derive an ana-
lytical solution for all the variables of our non linear estimation problem when there are
two different excitation wavelengths. All the calculations carried out in this chapter made
it possible to obtain the expressions of v and then a, b solving the estimation problem.

In the next Chapter, we will compare this model with models from the state of the art.
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Chapter 4

Performance evaluation of the Estimated

Baseline model

The new Estimated Baseline model described in the previous chapter is now compared
to state-of-the-art models. We consider the practical case of the estimation of contributions
of PpIX in a fluorescence signal adapted from real clinical data. We consider the two
different forms of PpIX described in [Montcel et al. (2013)b]. Besides the well-known
PpIX fluorescence emission appearing with a maximum at 634 nm under excitation at
405 nm, another fluorescence band can be observed with a maximum at 620 nm under
specific conditions [Montcel et al. (2013)b]. These two bands, hereinafter labeled PpIX620
and PplIX634, can be interpreted as bands corresponding to two different forms of PpIX
[Montcel et al. (2013)b, Alston et al. (2018), Alston et al. (2019)], both ones having some
interest. Parameters with subscript 1 denote quantities related to PpIX620 and parameters

with subscript 2 denote quantities related to PpIX634.
We define a digital phantom calibrated on real High Grade Gliomas (HGG) and Low

Grade Gliomas (LGG) data to get a realistic simulation environment. We now distinguish
LGG with two pathological status, LGG and Healthy, from HGG with four pathological
status : Solid Part, Dense Margins, Sparse Density Margins, and Healthy.

The baseline is defined as the non-5-ALA induced fluorescence, meaning the fluores-
cence that would be emitted in the same tissue without prior administration of 5-ALA
to the patient. The performance of the EB model is estimated for various conditions of
baseline fluorophores whose emission spectrum overlaps the one of PpIX. Performance

metrics that we consider are the error of estimated PpIX contributions and the accuracy,
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sensitivity and specificity of classification in the pathological status. Finally, the clinical
diagnostic performance is assessed using glioma images synthesized by an experimentally

calibrated digital phantom.

4.1 Multiple-excitation models for comparison purpose

Using the same notations as in Chapter 3, Section 3.2, we now describe multiple

excitation models extrapolated from those of the literature.

4.1.1 Baseline Free Model (BF)

In this model, the baseline contribution is discarded. In the existing literature [Montcel
et al. (2013)b,Ando et al. (2011)] after having subtracted an exponential decay function, a
least-square regression is used to estimate the fluorescence contributions of PpIX into the
fluorescence signal from the model m = Sa. Extrapolated to two excitation wavelengths,

it can be written in matrix form as follows:

no= 0 (1)

and parameters are estimated using a linear least square regression.

4.1.2 Gaussian Baseline Model (GB)

In this model from [Alston et al. (2019)], the contribution of the baseline into the
fluorescence signal is a Gaussian function and a least-square method is used to estimate
PpIX contributions a1, as from the model defined in equation 4.2. Extrapolated to two

excitation wavelengths, it can be written as follows :

m = o181 +aS2+A-G(u,o0) (4.2)
m' = a1 81+ apS2 + A" G(u,0) (4.3)

where a1, as, A, A, u, o are estimated by a bounded least squares curve fitting method
with oy € [0,10°], g € [0,10°], A € [0,106], A" € [0,10°], u € [580,605], o € [5,100].
Bounds have been defined from [Alston et al. (2019)].

4.2 Digital phantom of fluorescence

In order to make a fair comparison of the new Estimated Baseline model (EB) with
existing ones, we use a digital phantom of fluorescence that is not spatially resolved. This
phantom includes PpIX as well as additive fluorophores which compose the baseline. The
digital phantom is parameterized from in vivo data [Alston et al. (2019)] and experimental
data obtained on liquid PpIX phantom made as in [Alston et al. (2018),Melp and Reisaeter
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(1986)].

We consider two excitation wavelengths A\, = 405 nm and A, = 385 nm which are the
respective maxima of absorption spectrum of the two forms of PpIX considered here; the
quantum yield ratio for PpIX620 is 0} /m = 1.62; for PpIX634, it is n}/n2 = 0.76, referring
to [Jonin et al. (2020)]. The baseline is modeled as a Lorentzian function with various
parameters: the quantum yield y()\.) € R!, central emission wavelength Mpara € R,

standard deviation operq € R!, and amplitude A € R!.

A two-part noise calibrated on experimental data is included in the fluorescence sim-
ulation phantom: a Poisson noise P mimics photon noise and an additive Gaussian white
noise N/ mimics electronic noise. This leads to the following function representing the

generated spectrum:
m = P [05177151 + aon2S2 + b()\e)] +N, (4.4)

where
2 1

. 5
o
para A=)
1+ < a,,a’;‘ff">
2

All results given in this work have been computed over 10° o random draws equally split in

b(Ae) =v(Ae) - A

100x100 bins to map the region « € [0,2] x [0,2]. Each region of the « plane is associated
with a pathological status (cf. Fig. 4.2). We focus on the boundary between healthy
and tumoral tissues, which corresponds to an area of this plane. All random draws were
performed with Gaussian distributions linked with pathological status, whose parameters

are extracted from previous in vivo works [Alston et al. (2019)].

4.3 Sets of Baseline parameters

Seven baseline datasets have been simulated. These datasets correspond to different
scenarii for the application of our method in clinical practice. An example of fluorescence
spectrum for some of the baseline sets are plotted in Fig. 4.1. The simulation parameters
are given in Table 4.1 where U(a, b) is a uniform distribution between a and b, and I'(k, )

is a gamma distribution with shape factor k£ and scale factor .

The first three sets of parameters are defined to study the robustness regarding the am-
plitude or width parameters of the fluorescence spectrum attached to the baseline. The
Outside and Inside sets allow studying the influence of the position of the baseline central
wavelength regarding the spectral emission band of PpIX. The Inner and Across sets are
defined to study the impact of the baseline fluorescence quantum yield. This parameter is
particularly critical regarding the instability areas of EB (see 3.2.2). The Inner set models
baseline quantum yields ranging out of the PpIX instability spots, whereas the Across set

models intersection of baseline and PpIX quantum yields ranges.
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Figure 4.1: Measurement signal (in blue) and PpIX signal (in orange) for each baseline
dataset in row and for each excitation wavelength in column. The green area corresponds
to the signal addition due to the baseline.

4.4 Classification method

In order to reach the final aim of pathological status prediction, we evaluated the
ability to classify tissues from the estimated contributions of PpIX to the fluorescence
spectrum. The same simulated measurements m have been independently processed by
each estimation model, and estimated PpIX contributions a* have been classified with a

naive Bayesian classifier [Cheeseman et al. (1988)].
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Figure 4.2: Probability Maps with categories identified.

The a priori knowledge of categories given in [Alston et al. (2019)] has been used to define
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Name of
the dataset

Parameters

Description

General

A =T(4.102,82.6840) u.a.

Apara = U(590, 650) nm
Opara = U(0,25) nm
v =U(0.1,1.125)

General case with all the existing problems
due to an endogenous fluorophore of low
amplitude compared to PpIX

Amplitude

A =T(4.102,826.684) u.a.

Study of the influence of endogenous
fluorophore’s™ amplitude. For example, the
amplitude of the lipopigments fluorescence
signal increases with aging [Porta

(2002), Jolly et al. (2002)].

Width

=U(0,50) nm

Opara

Study of the influence of the spectral width
of the endogenous fluorophore™”. For
example the spectral width of the lipofuscin
classically extends on 80 nm [Croce et al.
(2017)] but in certain studies it is extended
well beyond [Black et al. (2021)].

Outside

Apara = U(550,590) nm
~ = (0.1,3.00)

Inside

Apara = U(620,640) nm
~ = U(0.1,3.00)

Study of the influence of the central
wavelength of the endogenous fluorophore™”
located in the emission range of the PplIX.
For example, water-soluble porphyrins have
an emission maximum near the PpIX
emission range [Dietel et al. (1997), Dysart
and Patterson (2006), Montcel et al.
(2013)a, Bravo et al. (2017)].

Inner

v =U(1,1.2)

Across

~ =(0.6,0.8)

Study of the influence of the quantum yield
of the endogenous fluorophore™". For
example, endogenous fluorophores such as
water-soluble porphyrins may have quantum
yields close to those of PpIX620 and
PpIX634.

Table 4.1: Parameters used for the simulation of the seven baseline datasets. Only dif-

ferences from "General' are specified for the following six datasets.

. In this Table,

endogenous fluorophore corresponds to non 5-ALA-induced fluorophore.

a priori probability laws associated to each category. Ground truth PpIX contributions

«a used in the phantom have also been classified to serve as reference for classification

performance. For each bin, we compute the accuracy acc by using the formula 4.5 below

where c is a category, ¢* an estimated category, C the set of classes, s a sample, S, the

set of samples in class ¢, ¢ the estimated category for the sample s, NV the total number
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of samples in a bin, and N, the number of samples of the bin that belong to the class c.

acc = Y (WévV) = p(c" =¢)-plc) (4.5)

ceC ceC

p(c) follows a gaussian probability law whose parameters are defined in [Alston et al.
(2019)]. The accuracy is computed in LGG or HGG cases.

By refering to Fig. 4.2, we computed the probability map of categories of the HGG case,
resp. LGG, in the (aq, a2) plane to help interpret the accuracy maps. For each bin of any
map hereafter, the color is related to the accuracy value, the greener the higher accuracy.
This allows to associate a most probable category to each region of the (ai,as) plane.
The region in the bottom-left corner of each map corresponds to the healthy tissue region
(refer to Fig. 4.2). One can notice that the probability 0.5 represents the border between

two different categories of the («g, ag) plane region.

4.5 FErrors Measurement

As a reminder, fluorescence signal by non-5-ALA-induced fluorophores varies a lot,
which leads to important crosstalks with PpIX. Each set of baseline parameters represents
one example among all possible spectra. We now look at the estimation error on the

parameters of interest provided by each model and for all these sets.

4.5.1 Estimation Error on «

In Fig. 4.3, one can see the map of a estimation error by each model for all the
baseline parameters sets. Each column corresponds to an estimation model and each row
to a set of baseline parameters. At first sight, one can notice that the Estimated Baseline
model (EB) has a small error for each baseline set except Across. Considering Amplitude,
Width and Inside datasets, one can see that EB has the lowest error compared to other
models. It highlights the robustness to the baseline’s variability of EB compared to state-
of-the-art (Baseline Free (BF;), Gaussian Baseline (GB;)) models even extrapolated at
two excitation wavelengths (BFy, GBj). Looking at the Outside dataset, one notice that
EB yields a greater error than the other models, but this dataset refers to a clinical case
which is already solved. Comparing Inner with Across datasets, we notice that the error
yielded by state-of-the-art models remains constant while the one yielded by EB increases
a lot. This is due to the EB instability when ~ is close to p; or ps.

In Fig. 4.4 are presented the mean value and the standard deviation of the absolute
estimation error between the ground truth « used to generate spectra with the numerical
phantom and o* estimated using a given method on a specific baseline set of parameters
(see Table 4.1). In agreement with Fig. 4.4, one can notice that concerning General,
Amplitude and Witdh datasets, existing models are all quite insensitive to Width but

very sensitive to Amplitude and that EBy remains insensitive to Width while solving the
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Figure 4.3: Map of (aj, az) absolute estimation Error for each estimation method in row :
Baseline Free (BF), Gaussian Baseline (GB), and Estimated Baseline (EB). Each column
represent the same baseline dataset defined in Table 4.1. Each map has been computed
by 100000 drawings equally split in 100x100 bins. The more red is the color, the greater
the absolute error of estimation and the greener the color, the lower the absolute error of
estimation.

Amplitude issue.

Considering the Outside dataset, existing models work well because the emission band
of the baseline is far from the PpIX emission spectrum: crosstalk is low, the contributions
of PpIX are not impacted by the presence of the baseline. Comparing the Inside dataset
with the Outside dataset, we notice that the error made by the state-of-the-art models is
multiplied in average by at least a factor 5. In the same time, EB model varies very little:

the error is in average increased by a factor 1.24. EB is not very sensitive to Inside/Outside

Arthur GAUTHERON 57



CHAPTER 4. PERFORMANCE EVALUATION OF THE ESTIMATED BASELINE MODEL

Absolute Estimation Error

General Amplitude Width Outside Inside Inner Across

Figure 4.4: Mean and standard error of Absolute estimation Error of o. Each color bar
corresponds to an estimation method, and each group corresponds to a set of baseline
parameters (refer Table 4.1). BF;, GB1, BFg, GB; refer to state-of-the-art methods and
EB is our proposed method.

datasets since it has no a priori on the spectrum of the baseline, while existing methods
are very sensitive to the baseline emission band.

For Inner dataset, EB has the lowest error and, at the same time, other models are
not better than the General case. The Inner dataset is choosen to be favorable for EB
since the baseline quantum yield 7 is decorrelated from those of PpIX. Because existing
models do not consider it, they are insensitive to changes of +. In opposition, Across
dataset is choosen to be unfavorable for EB. One can notice the significant increase of
EB’s error when the quantum yield of the baseline approaches those of PpIX. This is a
direct consequence of specific hot areas explained in previous chapter, Section 3.2.2. It
seems important to point out that the case modeled by the Across dataset is not very
plausible physically because it considers a fluorophore with a quantum yield v close to
PpIX without the spectral shape corresponding to the one of PpIX. Moreover, if this case
happens, one solution to tackle this issue can be to change ., so the hotpoints will be
outside the area of interest.

EB is not always the model that has the lowest error, especially when the a priori
are in favor of existing models (see for example the Outside dataset). In any case, it
maintains a low error even when the amplitude increases. The Across case is not very
plausible physically. A merge of Across and Inside datasets would be more physically
plausible where fluorophores are very close to PpIX. We assume that all the models would
become bad because the case is very difficult for all models, even EB would not solve this
difficulty.

4.5.2 Impact of o* on classification

In Fig. 4.6, one can see with both LGG and HGG that with the Amplitude dataset,
EB is the only model able to correctly classify Healthy samples when the baseline ampli-
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tude increases. Comparing single- and two- excitation wavelength models for Amplitude
dataset, one can notice that two excitation wavelength models (GBy, BF2) improve a little
the correct classification of Healthy class samples located in the center of the region. It
is confirmed by an increase of BF9, resp. GBsa, accuracy compared to BFy, resp. GB1, in
Fig. 4.5. Thus, we assume that the success of EB is rather due to the estimated baseline
than the multiple excitation wavelengths. Still looking at Fig. 4.6 in the case of HGG, the
border between Low Density Margins, High Density Margins and Core is thicker for GB1,
GB> and BF;, BFs models than for EB which is a direct consequence of the estimation
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