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ABSTRACT

Anastomotic leakage (AL) is a severe complication in digestive surgery, presenting high incidence
rates, particularly after esophageal (20-35%) and colorectal resections (4-19%), as well as high
morbidity and mortality rates.

An adequate local perfusion is a fundamental variable to control in order to promote anastomotic
healing. It also contributes to reduce the risk of AL. However, clinical criteria are often unreliable to
evaluate bowel perfusion, leading to misinterpretation. Consequently, an intraoperative tool allowing
to objectively detect the anastomotic blood flow intraoperatively is highly desirable. In this regard,
fluorescence angiography (FA) has been incrementally explored over the last few years, to assess
perfusion during digestive surgical procedures. FA is an optical imaging technique, which requires a
near-infrared (NIR) camera coupled with the intravenous injection of an exogenous fluorescent dye.
Applied to digestive resections, FA allows to visualize bowel perfusion by means of fluorescence
enhancement, based on the rationale that the injected fluorophore is distributed solely to areas with
preserved blood supply. Several clinical trials have shown promising results. However, a well-
designed randomized controlled trial is currently missing. Consequently, the evidence level of the
available studies remains low. Additionally, there is a need for a standardized and quantitative
evaluation of the fluorescent signal during FA. Quantitative FA has been previously introduced and
validated. However, FA remains limited by the need of injecting a fluorophore.

Hyperspectral imaging (HSI) is a promising optical imaging technique allowing for a contrast-free,
real-time, and quantitative tissue analysis, which couples a spectroscope with a photo camera.
Through tissue-light interactions (absorption, reflectance) at the analyzed surface, it is possible to
analyze the intrinsic biochemical properties. HSI acquires bidimensional spatial images across the
electromagnetic spectrum, subsequently providing a tridimensional dataset called hypercube (X, y as
spatial coordinates, and A as the spectral coordinate). In the past, this technology was used for medical

purposes, including tissue perfusion, but given the large dimension of the produced data, data



extraction and perfusion quantification was not possible. With recent technological advances, systems
capable of quantifying several physiological tissue parameters, including oxygen saturation (StO),
near-infrared perfusion index (NIR), hemoglobin index (THI), and tissue water index (TWI) as an
immediate output have been developed. One of the drawbacks of HSI is that it provides static color-
coded images, which contain perfusion parameters. Those images with enhanced information are
displayed side-by-side and not overlaid on the standard white light, RGB real images. It is a limiting
factor for intraoperative use, since spatially dynamic accurate images are essential to precisely
identify and co-localize the structures along with the augmented physiology information in the
surgical field.

Through a customization of the HSI system and a proprietary software solution, we developed an
hyperspectral-based enhanced reality (HYPER) environment, to allow for a contrast-free precise
intraoperative perfusion assessment. This thesis describes the steps of the development and

validation of the HYPER concept.
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Positionnement de la recherche

Les fuites anastomotiques constituent une complication grave de la chirurgie digestive, présentant
des taux d'incidence élevés, en particulier apres des résections cesophagiennes (20-35 % [1]) et
colorectales (4-19 % [2]), ainsi qu'une morbidité et une mortalité élevées [1].

Une perfusion locale adéquate est un facteur déterminant qui favorise la cicatrisation anastomotique
et contribue ainsi a réduire le risque de fuites anastomotiques. Cependant, les critéres cliniques sont
souvent peu fiables pour évaluer la perfusion intestinale [3]. Par conséquent, un outil peropératoire
permettant de détecter objectivement le débit sanguin majeur dans les anastomoses est nécessaire. A
cet égard, l'angiographie par fluorescence (AF) a progressivement fait I’objet d’études au cours des
derniéres années pour évaluer la perfusion lors des interventions chirurgicales digestives. L'AF est
une technique d'imagerie optique qui nécessite une caméra proche infrarouge (NIR) couplée a
l'injection intraveineuse d'un colorant fluorescent exogene. Appliquée aux résections digestives,
I'AF permet de visualiser la perfusion intestinale grace a une fluorescence améliorée, en partant du
principe que le fluorophore injecté se diffuse uniquement dans les zones ou l'apport sanguin est
conservé [4-6]. Plusieurs essais cliniques ont montré des résultats prometteurs lorsque 1'AF était
utilisée dans la chirurgie du tube digestif haut et bas [7-10]. Cependant, les études sont tres
hétérogenes en maticre de protocoles et la qualité des preuves est globalement faible [11-13]. Par
ailleurs, il est nécessaire d'effectuer une évaluation normalisée et quantitative du signal fluorescent
lors d’une AF [14]. Notre groupe a déja introduit et validé plusieurs expériences quantitatives de
I’AF [15-17]. Cependant, I’ AF reste subordonnée a la nécessité d'injecter un fluorophore, posant
ainsi une limite.

La spectro-imagerie (abrégée par HSI dans sa version anglaise) est une technique d'imagerie
optique prometteuse qui offre une analyse quantitative, en temps réel et sans contraste des tissus et
qui couple un spectroscope a une caméra optique. Les interactions tissu-lumiere (absorption,

réflectance) au niveau de la surface analysée dépendent des propriétés biochimiques intrinseques.



La spectro-imagerie acquiert des images spatiales bidimensionnelles sur I'ensemble du spectre
¢lectromagnétique, fournissant ainsi un ensemble de données tridimensionnelles appelé hypercube
(x, y comme coordonnées spatiales et A comme coordonnée spectrale). La spectro-imagerie a
récemment été utilisée a des fins médicales [18], notamment pour la perfusion tissulaire. Akbari et
al. [19] ont d'abord identifié la longueur d'onde optimale (765-830 nm) afin d'évaluer l'ischémie
intestinale, en utilisant un prototype de spectro-imagerie avec un large éventail de longueurs d'onde
(400 a 1700 nm), sur un modele porcin. Toutefois, le systéme n'a pas fourni d'analyse quantitative
de l'oxygénation.

Récemment, un systéme de spectro-imagerie compact a été mis au point, ainsi disponible sur le
marché et capable de fournir des informations quantitatives sur la saturation en oxygene (StO2),
l'indice de perfusion dans le proche infrarouge (NIR), I'indice d'hémoglobine (THI) et l'indice d'eau
dans les tissus (TWI) en sortie immédiate [20]. Le systéme a été initialement congu pour détecter
les changements microcirculatoires pendant le suivi de la cicatrisation de la plaie. L'un des
inconvénients de la spectro-imagerie est qu'elle fournit des images statiques codées par couleur, qui
contiennent des parametres de perfusion. Ces images avec des données augmentées sont affichées
cote a cote et ne sont pas superposées aux images réelles RVB en lumiére blanche standard. C'est
un facteur limitant pour une utilisation peropératoire, car des images précises et dynamiques dans
l'espace sont essentielles pour identifier avec précision et colocaliser les structures et les

informations physiologiques augmentées dans le champ opératoire.



Objectif de la recherche

Dans un premier temps, notre objectif a consisté a valider la spectro-imagerie en quantifiant
précisément la teneur en oxygene des tissus (StO2) dans un modele d'ischémie-reperfusion des
muscles squelettiques. Successivement, grace a une personnalisation du systéme de spectro-
imagerie, obtenue par l'ajout d'une webcam HD et d'un capteur de distance infrarouge et grace a la
mise en place d'un logiciel propriétaire, il a été possible de superposer les images pseudo-couleur
générées par la spectro-imagerie, comportant la cartographie de StO2 sur la vidéo en temps réel.
Ceci a débouché sur un effet de réalité¢ augmentée (HYperspectral-based Enhanced Reality,
HYPER), qui a permis une localisation peropératoire précise des caractéristiques spectrales mises
en évidence par le systéeme de spectro-imagerie. Afin de valider ce nouvel outil, nous avons utilisé
une anse ischémique de l'intestin gréle porcin comme mod¢le de travail. La capacité dHYPER a
quantifier avec précision la StO2 a été testée par rapport a des marqueurs d'ischémie fiables : 1) le
lactate capillaire local (LCL) ; 2) la production des especes réactives de 1'oxygene (ROS) et 3)
l'analyse histopathologique. La troisieme étape de la recherche visait a comparer la détection et la
quantification de 1'ischémie de l'intestin gréle dans le modéle porcin entre I’effet HYPER et
'angiographie par fluorescence quantitative bien établie en utilisant le logiciel FLER
(FLuorescence-based Enhanced Reality) créé par notre groupe [16, 21]. En quatriéme étape, nous
avons ¢évalué ['utilité de la spectro-imagerie dans deux contextes chirurgicaux cliniques différents :

lors d’une résection cesophagienne et lors d’une résection du célon [22, 23].



Etapes expérimentales

1) Hyperspectral imaging quantification of mouse limb microcirculation in ischemia-
reperfusion model with phosphodiesterase S inhibitor preconditioning

Le fondement rationnel de cette étude était de découvrir si le préconditionnement pharmacologique
est protecteur dans les lésions de reperfusion de 1'ischémie des membres postérieurs, en utilisant le
sildénafil comme inhibiteur de la phosphodiestérase de type 5. La spectro-imagerie a été utilisée

pour quantifier la StO2 tout au long de I'expérience. Matériels et méthodes : Une ischémie

unilatérale des membres postérieurs (120 minutes) suivie d'une reperfusion (30 minutes) a été créée.
Cing souris ont recu du sildénafil (1 mg/kg par voie parentérale 30 minutes avant l'ischémie) et 5
souris ont servi de témoins. La StO2 a T0, 5, 30, 60, 120 minutes apres l'ischémie (TS5, 30, 60, 120)
etla StO2 a 5, 15 et 30 minutes apres la reperfusion (T 125, 135, 150) ont ét€ mesurées par spectro-
imagerie. Résultats . Le groupe témoin a montré une StO2 significativement inférieure a T120
(24,8+17 %) par rapport a TO (53,3+£7,04 %) (p=0,0113) et T150 (76,8+3,77 % ; p=0,0008). T150 a
montré une StO2 statistiquement significative supérieure a TO (p=0,0134). Dans le groupe du
sildénafil T120, la StO2 (28,620 %) était inférieure a TO (63,3+£8,46 % ; p=0,0312) et T150
(73,3£19,1 % ; p=0,0075). Aucune différence statistique n’a été observée entre TO et T150. Les
valeurs de la StO2 ne différaient pas statistiquement entre le sildénafil et le groupe témoin.
Conclusion : La spectro-imagerie est un outil qui permet de quantifier les phases d'ischémie et de

reperfusion. Le préconditionnement au sildénafil n'a pas amélioré les valeurs de la StO2.

2) HYPerspectral Enhanced Reality (HYPER): a physiology-based surgical guidance tool
Cette ¢tude expérimentale évalue la précision de la spectro-imagerie, afin de quantifier la perfusion
intestinale et d'obtenir une superposition des données de spectro-imagerie aux images en temps réel.

Matériels et méthodes : Chez 6 porcs, 4 anses intestinales ischémiques ont été créées (A, B, C, D) et

soumises a imagerie a des moments précis (de 5 a 360 min). Un systéme de spectro-imagerie
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disponible sur le marché a fourni des cartographies pseudo-couleur de 1'état de la perfusion (StO2,
perfusion en proche infrarouge) et de l'indice tissulaire de I'eau (TWI). Un logiciel ad hoc a été mis
au point pour superposer les données de spectro-imagerie a la vidéo diffusée en direct et créer le
logiciel HYPerspectral Enhanced Reality (HYPER). Sept régions d'intérét (ROI) ont été identifiées
dans chaque anse intestinale selon les amplitudes de la StO2, c'est-a-dire vasculaire (VASC
proximal et distal), vasculaire marginal (MV proximal et distal), ischémique marginal (MI proximal
et distal) et ischémique (ISCH). Les lactates capillaires locaux (LCL), le radical des espéces
oxygénées (ROS) et I'histopathologie ont ét¢ mesurés au niveau des ROIs. Un algorithme de
prédiction du LCL basé sur I'apprentissage machine, basé sur le HSI-St02%, a ét¢é utilisé sur les 6
porcs et testé sur 5 animaux supplémentaires. Résultats . Les paramétres de spectro-imagerie (StO2
et proche infrarouge) étaient congruents avec les niveaux de LCL, la production de ROS et les
scores de l1ésions histopathologiques au niveau des ROIs mis en évidence par le systtme HYPER.
L'erreur moyenne globale de prédiction du LCL était de 1,18+1,35 mmol/L. Pour des valeurs de la
StO2 > 30 %, I'erreur moyenne était de 0,3+0,33. Conclusions : L'imagerie par le systtme HYPER
a permis de quantifier avec précision les changements de perfusion sur la durée dans ce modele

d'ischémie intestinale [24].

3) Quantitative fluorescence angiography vs. hyperspectral imaging to assess bowel ischemia:
a comparative study in enhanced reality

L’objectif de cette étude était de comparer la performance de la spectro-imagerie et du systéme
FLER afin d’évaluer la perfusion intestinale, dans un modele expérimental d'ischémie sans survie.
Meéthodes : Chez 6 porcs, un segment ischémique de l'intestin gréle a été créé et soumis a imagerie.
Les modalités d'imagerie ont été appliquées séquentiellement a la méme zone. La spectro-imagerie
a d'abord été réalisée pour acquérir les amplitudes de la StO2 en utilisant le systeme TIVITA™
(Diaspective Vision ; Allemagne). Par la suite, I'AF a été réalisée a 1'aide d'une caméra

laparoscopique dans le proche infrarouge (D-Light P, Karl Storz, Allemagne), apres injection
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intraveineuse de 0,2 mg/kg de vert d’indocyanine. Le signal de fluorescence jusqu’au pic de
concentration a été analysé a I'aide d'un logiciel propriétaire (FLER, IHU/IRCAD Strasbourg,
France) pour obtenir une cartographie virtuelle de perfusion. La cartographie virtuelle a été
superposée a des images en temps réel pour obtenir une FLER. Dix régions d'intérét adjacentes ont
¢été sélectionnées a partir d'ensembles de données de spectro-imagerie et ont été superposées aux
cartographies générées par le systétme FLER a l'aide d'une fonction logicielle plug-in personnalisée,
permettant ainsi une comparaison quantitative des deux modalités d'imagerie. Des lactates
capillaires locaux (LCL) ont été échantillonnés au niveau des ROIs. Un mode¢le prédictif LCL a été
extrapolé a partir de la pente de spectro-imagerie-StO2 et de la pente FLER. Résultats - La
concentration systémique moyenne de lactate était de 2,09+0,35 mmol/L, la concentration moyenne
de LCL était de 2.09+0.35 mmol/L, la valeur moyenne de la StO2 était de 48.62+18 % et la pente
moyenne du pic de concentration était de 598.6+658.1. Le coefficient de corrélation 12 entre
spectro-imagerie-StO2 et la pente FLER était de 0,42 et la corrélation de Spearman était de 0,66
(p=8,32-05). La corrélation de Spearman entre les valeurs LCL et la pente FLER, et entre les
valeurs LCL et spectro-imagerie-StO2 était de -0,56 (p=0,001). Le modéle de prédiction du lactate
de la spectro-imagerie a démontré une performance significativement plus ¢levée comparativement
a la prédiction du lactate basée sur le FLER (p=0,027). Conclusion : La spectro-imagerie sans

contraste a permis d'obtenir des résultats plus précis en termes de prédiction du LCL.

4) Discrimination between arterial and venous bowel ischemia via computer-assisted analysis
of the fluorescent signal

L’objectif de cette étude était d’identifier les schémas de 'ischémie intestinale artérielle ou veineuse
par analyse logicielle du signal de fluorescence.

Matériels et méthodes : Chez 18 porcs, deux clips ont ét¢ appliqués sur l'artére mésentérique

inférieure (groupe A : n = 6) ou la veine (groupe V : n = 6) ou sur les deux (groupe A-V : n = 06).
Trois régions d'intérét ont ét¢ identifiées sur le colon sigmoide : P = proximal au premier clip ; C =
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central, entre les deux clips ; et D = distal au second clip. Le vert d'indocyanine a été injecté par
voie intraveineuse. Le signal de fluorescence a été capté au moyen d'un laparoscope dans le proche
infrarouge. Le pic de concentration (secondes) et l'intensité maximale de fluorescence ont été
enregistrés a I'aide d'un logiciel. Une unité d'intensité de fluorescence normalisée (UIFN:0a 1) a
¢été attribuée, en utilisant une carte de référence. Les variations du NFIU sur la durée ont été
calculées toutes les 10 minutes pendant 50 minutes. Les lactates capillaires ont été mesurés sur le
colon sigmoide au niveau des 3 ROIs. Différents algorithmes de machine learning (ML) ont été
appliqués pour la reconnaissance des schémas d'ischémie.

Résultats : Le délai de pointe a la région d’intérét ischémique C était significativement plus long
dans le groupe A versus groupe V (20,1113 versus 8,4313,7 ; p = 0,04) et dans le groupe A-V
versus groupe V (20,71+11,6 versus 8,43+£3,7 ; p = 0,03). L'UIFN maximale a la région d’intérét C
était plus €levée dans le groupe V (1,01£0,21) comparativement a A (0,61£0,11 ; p =10,002) et A-V
(0,41 £ 0,2 ; p=10,0005). Les lactates capillaires a la région d’intérét C étaient plus faibles en V
(1,3£0,6) qu'en A (1,9£0,5 ; p=0,0071) et A-V (2,6%1,5 ; p=10,034). Le plus proche voisin K et les
algorithmes SVM linéaires ont fourni a la fois une précision de 75 % dans la discrimination entre A
et Vet de 85 % dans la discrimination entre A et A-V. La précision est tombée a 70 % lorsque la
ML a di identifier simultanément la région d’intérét et le type d'ischémie. Conclusions : L'analyse
dynamique assistée par ordinateur du signal de fluorescence permet de distinguer les différents

mod¢eles d'ischémie intestinale [25].

5) Evaluation of hyperspectral imaging (HSI) for the measurement of ischemic conditioning
effects of the gastric conduit during esophagectomy
L’objectif de cette étude était d'évaluer la spectro-imagerie pour mesurer les effets du

conditionnement ischémique au cours d’une cesophagectomie. Matériels et méthodes : Des images

hyperspectrales peropératoires du tube gastrique par mini-thoracotomie ont été enregistrées chez n

= 22 patients, dont 14 ont subi une gastrolyse laparoscopique et un conditionnement ischémique de
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I'estomac avec cesophagectomie transthoracique en deux temps et un conduit gastrique avec
anastomose intrathoracique apres 3-7 jours. L'extrémité du tube gastrique (a posteriori anastomose
cesophagogastrique) a été¢ mesurée par spectro-imagerie. Le logiciel d'analyse fournit une image
RVB et 4 images fausses couleurs représentant les paramétres physiologiques de la zone tissulaire
enregistrée en peropératoire. Ces parametres comprennent 'oxygénation des tissus (StO2), 1'indice
de perfusion (indice de perfusion en proche infrarouge), I'hémoglobine des organes (OHI) et I'indice
d'eau dans les tissus (TWI). Résultats : La spectro-imagerie peropératoire du conduit gastrique a été
possible chez tous les patients et n'a pas prolongé 1’intervention opératoire classique en raison de
son applicabilité rapide. En particulier, I'oxygénation tissulaire du conduit gastrique était
significativement plus €élevée chez les patients ayant subi un conditionnement ischémique (moyenne
du préconditionnement de la StO2 = 78 % ; moyenne de non-préconditionnement de la StO2 = 66
% ; p=0,03). Conclusions : La spectro-imagerie convient a 1'évaluation sans contact, non-invasive
et peropératoire des parametres physiologiques des tissus dans les conduits gastriques. Par
conséquent, la spectro-imagerie est une méthode utile pour évaluer les effets du conditionnement
ischémique et peut contribuer a réduire les complications anastomotiques. Des études
supplémentaires sont nécessaires pour établir les valeurs normales et les seuils des paramétres

présentés pour le site anastomotique du conduit gastrique [23].

6) New intraoperative imaging technologies: Innovating the surgeon's eye toward surgical
precision

L'imagerie est 1'un des piliers de I'évolution continue de l'oncologie chirurgicale vers un paradigme
de précision. Dans le présent apercu, certaines technologies d'imagerie peropératoire établies ou
émergentes sont décrites a la lumiére de la vision et de 1'expérience de notre groupe en chirurgie

guidée par I'image, en particulier en oncologie chirurgicale digestive [26].
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INTRODUCTION GENERALE

(Partie en anglais)
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1. Image-guided surgery

Over the last years, given the rapid advances in computer science, the concept of “precision
medicine” [27] has been introduced. It is based on the increasing interaction between a human and a
machine, obtained thanks to the incremental availability of computers with high computational
power, which has enabled the processing of patient-related big data.

Similarly, in surgical science, the availability of highly accurate intraoperative imaging techniques
coupled with the remarkable advances of minimally invasive or robotic procedures has generated
the novel concept of precision surgery.

The introduction of minimally invasive surgery (MIS) approximately 30 years ago was considered a
groundbreaking revolution, resulting in a dramatic reduction of surgical trauma as compared to a
conventional open approach. Simultaneously, other disciplines such as interventional radiology and
interventional flexible endoscopy have made enormous progress. Nowadays, they represent a valid
alternative to the surgical therapeutic approach for an increasing number of clinical scenarios.
Interventional radiologists can benefit from cutting-edge imaging systems, in order to perform
advanced image-guided percutaneous procedures, which are progressively taking over some
previous surgical indications. An analogous evolutive process occurs in flexible endoscopy, with
advanced tools which allow gastroenterologists to perform effective endoluminal surgery for early
stage cancers.

Such changes hold the potential to produce patient-tailored management algorithms making it
possible to treat diseases with less invasive and targeted strategies.

Similarly, intraoperative imaging techniques, associated with advanced computer algorithms
capable of augmenting the surgical field beyond the surgeon’s naked eye capabilities have
generated the concept of image-guided surgery [28]. The images provide extra information which

enhances the surgeon’s vision, potentially leading to intraprocedural strategy changes.
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Today, medical imaging offers a large variety of different technologies (CT, MRI, positron
emission tomography or PET-scan, ultrasound and optical visualization techniques), which have
reached a remarkable degree of sophistication over the past 10 years and have made it possible to
obtain more detailed images of the human body [29].

With this view, the Research Institute against Digestive Cancer (IRCAD) launched a large
translational research project aiming at the development and implementation of hybrid, image-
guided, computer-assisted therapies. This effort culminated with the foundation of the Institute of
Image-Guided Surgery, IHU Strasbourg. The IHU comprises cutting-edge experimental and clinical
platforms fully equipped with multiple imaging systems (Figure 1). In collaboration with the
University of Strasbourg, the institute houses various research groups working on advanced
imaging medical robotics, and artificial intelligence, in tight collaboration with surgeons,

interventional radiologists, and endoscopists.

Fig. 1: Hybrid operative room with multidetector CT-scan and robotic C-arm Artis Zeego
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2. Gastrointestinal anastomosis

2.1. Definition

The term "anastomosis" is derived from the Greek language and literally signifies “by means of an
opening”. It refers to the artificially established continuity between two spaces or tubular structure,
such as blood vessels.

A surgical digestive anastomosis is the connection between two segments of the gastrointestinal
tract, which is performed either to restore continuity after removal of an intermediate segment
housing, for example, a tumor, or to short circuit the passage of food, in order to induce a reduction
in nutrient absorption and weight loss and an improvement in the metabolic profile (obesity
surgery: gastric bypass).

Many techniques have been developed to produce digestive anastomoses, €.g. manual suture,
mechanical stapler suture with metal staples, mechanical or magnetic compression anastomosis
[30], anastomosis with biological glues and many others [31]. Manual suturing and staple suturing

are the two most common techniques in the daily practice (Figure 2).

Fig. 2: Schematic representation of a hand-sewn colonic anastomosis (A) and of a small bowel
anastomosis using the GIA mechanical stapler (B).
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2.2 The healing mechanism of digestive anastomoses

The "normal" healing process of a digestive anastomosis has not been fully clarified and several
questions remain open in the pathophysiological understanding [32]. Simplifying the healing of an
anastomosis was compared to that of skin tissue and following the same repair phases, controlled by
a cascade of cytokines and growth factors, namely hemostasis (I), inflammation (II), proliferation
(III), and remodeling (IV). In an extremely schematic way, phase I is above all a hemostatic
response, with the formation of a fibrin and fibronectin matrix, the role of which is to ensure the
tightness of the joined ends of the intestine (anastomotic stumps). Next, phase II is characterized by
the infiltration of the anastomotic site by inflammatory cells at the submucosal level with
destruction of pre-existing collagen from proteinases (such as matrix metalloproteinases, MMP).
From the third day, the provisional matrix is gradually converted into granulation tissue, containing
neo-vessels, fibroblasts, and macrophages. Collagen synthesis reaches its peak around the 7th day.
In order for this process to be carried out correctly, which in reality is very complex and requires a

lot of energy resources, it is necessary that the anastomotic site be sufficiently well perfused.

2.3. Anastomotic complications

Alterations in the anastomotic healing process might lead to complications, such as stenosis
(reduction in the digestive tract lumen) and/or leakages.

Any defect of the anastomosis integrity which allows communication between the endoluminal and
the extraluminal compartment is called anastomotic leakage (AL). AL is an extremely severe
complication in digestive surgery, with high morbidity and mortality rates [1]. It still presents a high
incidence, particularly after esophageal (20-35% [33]) and colorectal resections (4-19% [2]).

A large number of risk factors involved with anastomotic leakages have been reported. They
include poor nutritional status, immunosuppression, preoperative chemotherapy, consumption of

tobacco, obesity, and a poor surgical technique [31, 34, 35].
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Although a mechanical anastomosis shows very little inflammatory response when compared to the
hand-sewn one [36], there is no evidence demonstrating the superiority of one technique over the
other [37].

Certainly, an adequate local perfusion is a key factor to promote anastomotic healing [38]. It also
contributes to reduce the risk of AL. Consequently, it is mandatory to assess the perfusion of the
anastomotic limbs intraoperatively. However, clinical criteria alone are often unreliable to
accurately evaluate bowel perfusion [3], and a device capable of intraoperatively assessing

perfusion accurately, with minimal repercussion on the surgery workflow is highly desirable.
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3. Techniques for the intraoperative evaluation of intestinal perfusion

The availability of a tool capable of objectively estimating the blood supply of the anastomotic
limbs intraoperatively is of paramount importance in digestive surgery. A large number of
techniques have been developed for this purpose [1]. However, most of them are only used for
research purposes since they are either time-consuming, operator-dependent, or provide pinpoint
results, impairing a real-time, objective intraoperative assessment.

In this respect, fluorescence angiography (FA) has been incrementally explored over the last few
years, to assess perfusion during digestive surgical procedures. FA is a user-friendly intraoperative
method to assess gastrointestinal perfusion and is relatively easy to integrate in the surgical
workflow [11]. The equipment has a relatively low cost, and the results are accurate and obtained in
real time. FA is an optical imaging technique, which requires a near-infrared (NIR) camera coupled
with the intravenous injection of an exogenous fluorescent dye, typically indocyanine green (ICG).
Applied to digestive resections, FA allows to visualize bowel perfusion by means of fluorescence
enhancement, based on the rationale that the injected fluorophore is distributed solely to areas with
preserved blood supply [4-6]. Several clinical trials have shown promising results with FA in both
upper and lower GI surgery [7-10]. However, the studies are highly heterogeneous in terms of
protocols and the evidence quality is globally low [11-13]. Additionally, in most cases, FA is
performed without quantifying the fluorescent signal [14]. As a result, perfusion is assessed
exclusively in a subjective manner. Two main factors affect the performances of FA and should be
taken into consideration. The first one is the progressive ICG diffusion over time through the
serosal capillary network into the margins of the ischemic zones, leading to an overestimation of the
vascularized area. The second one is the quadratic inverse relationship between the target-
endoscope distance and fluorescence intensity [15, 16]. When distance is not controlled and/or
fluorescence intensity is not normalized with a calibration system, the presence of a fluorescent

signal in the tissue is not representative of the actual perfusion. To overcome those interpretation
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biases, a software-based quantitative FA has been introduced, based on the analysis of fluorescent
signal dynamics [15-17]. Fluorescence-based Enhanced Reality (FLER) is a software solution
which computes the time-to-peak (TTP) fluorescent signal pixel-by-pixel during FA. TTP is
converted into a quantitative perfusion cartography, generated by analyzing the velocity of the
fluorescence signal until reaching its maximal intensity peak. The perfusion cartography is a color-
coded image, which can be used as a last image hold function and overlaid onto the real-time
laparoscopic video. The accuracy of the quantification software has been confirmed experimentally
by our research group in the past [15]. However, the routine use of FA in the daily clinical practice
is limited by the need to inject ICG, which is still off-label for this specific indication and can
occasionally be associated with severe adverse events [39, 40].

For this reason, another optical imaging technology, hyperspectral imaging (HSI) has been explored
by our group to assess perfusion in the gastrointestinal tract. HSI, which has been used since decades
in the industrial sector or for remote sensing [18] is a promising optical imaging technique coupling
a spectroscope with a photo-camera and allowing for a contrast-free, real-time, and quantitative tissue
analysis. Tissue-light interactions (absorption, reflectance) at the analyzed surface depend on intrinsic
biochemical properties. HSI acquires bidimensional spatial images across the electromagnetic
spectrum, consequently providing a tridimensional dataset called hypercube (x, y as spatial
coordinates, and A as the spectral coordinate). HSI has been recently used for medical purposes [18],
including tissue perfusion. Akbari et al. [19], in a proof-of-concept experimental study, first identified
the optimal wavelength (765-830nm) in order to detect bowel ischemia, using an HSI prototype with
a broad wavelength range (400 to 1700nm), in the porcine model.

Recently, HSI was successfully used in medical and surgical applications, including tumor
identification [18], intraoperative parathyroid recognition [41], and real-time quantitative perfusion
assessment during open digestive surgical procedures [23, 42].

Compared to fluorescence imaging, HSI gives a larger amount of information and quantifies several

tissue components, including water, oxygen, and hemoglobin content. Additionally, a remarkable
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advantage when compared to FA is that HSI does not require the use of any contrast agents. In other
words, HSI is an optical, contrast-free, and non-destructive in vivo “biopsy” of the surgical field,
allowing one to virtually discriminate anatomical structures and characterize tissue physiology.
However, the large HIS-generated datasets (hypercubes) require complex data processing
algorithms in order to extrapolate useful discriminative features from the spectral curves.

In the following chapter, a state-of-the-art on hyperspectral imaging in the medical field is briefly
presented, with a special attention to clinical applications in digestive surgery, in which the
IRCAD-IHU of Strasbourg specializes and in particular visceral perfusion, which is the main

subject of this thesis.
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4. Hyperspectral imaging

4.1. Introduction and basic principles

Hyperspectral imaging (HSI), also called imaging spectrometer, originated from the remote sensing
of the earth surface [43] and has been explored for various applications by NASA. Given the
capacity to acquire two-dimensional images across a wide range of the electromagnetic spectrum
(Figure 3), HSI can show the invisible, ranging beyond the borders of the visible light and
extending the information to the ultraviolet (UV) and near-infrared (NIR) frequencies. It has been
applied to numerous areas, including vegetation and water resource control [44, 45], archeology and
art conservation [46, 47], food industry and safety control [48, 49], forensic medicine [50, 51],
crime scene detection [52, 53], and biomedicine [18, 20, 54].

HSI is a hybrid modality combining conventional imaging and spectroscopy. Most traditional
optical imaging methods can only capture gray or color images. The regions of interest in these
kinds of images are exclusively analyzed by their spatial properties (size, shape, and texture). It has
been widely recognized that monochrome and RGB color imaging methods have limitations in
detecting early tissue abnormalities [55]. The quality of diagnostic information obtained is poor,
since in most cases the metabolic or biochemical alterations occurred during the progress of the
disease do not alter the chromatic characteristics of pathological tissues consistently. The probe-
based spectroscopic diagnostic technology can also obtain an entire spectrum of a single tissue site
within a wavelength region of interest. The drawback of this method is represented by the fact that
it provides point measurements of each area of interest without spatial information. The main
advantage of HSI is that combining imaging and spectroscopy, it can acquire reflectance,
absorption, or fluorescence spectrum pixel-by-pixel in the image, which can be used to detect the
chemical composition changes of objects which cannot be identified with traditional imaging or

spectroscopy methods alone [56].
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HSI allows to obtain a contact-free and non-destructive quantitative and qualitative analysis of the
living tissue. Light delivered to biological tissue undergoes multiple scattering derived from the
inhomogeneity of biological structures and absorption of natural chromophores (hemoglobin,
melanin, and water) as it propagates within the tissue. According to the electromagnetic theory,
different biochemical constituents have different spectral signatures [57]. These signatures are
usually generated by the interactions between tissue and light radiation, such as electron transition,
atomic and molecular vibration or rotation. The biological and pathological changes in tissues and
organs also have a close relationship with the spectra. Spectral characteristics in different
wavelength regions yield specific spectral features, making pathological changes distinguishable.
As a result, the reflected, fluorescent, and transmitted light from tissue captured with HSI carries
quantitative diagnostic information about tissue pathology. Additionally, HSI holds the potential to
discriminate different anatomical structures from one another, since every tissue generates specific
spectral patterns from its interaction with the light.

This technology opens new perspectives in the medical field, allowing researchers to identify and
quantify the relationships among tissue components at molecular level, observe living organisms
non-invasively, enhance histopathological analyses, thereby globally augmenting the biological

understanding of diseases.

Visible light

U'tfa"iﬂ'“l Near-infrared  infrared

* .|
) I >
Wavelength 800nm 2500nm

The wavelength range of
near-infrared is 800-2500nm

Fig. 3: Schematic representation of the electromagnetic spectrum. HSI systems can typically acquire images
across a wide range of the electromagnetic spectrum, beyond the visible light.
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4.2. The hypercube

By collecting spectral information at each pixel of a two-dimensional (2-D) detector array, HSI
generates a three-dimensional (3-D) dataset in which x and y are spatial coordinates and A is the
spectral coordinate, known as hypercube (Figure 4). Thanks to the spatial information, the source

of each spectrum on samples can be located, which gives a high diagnostic value to this technology.

Red (R) RGB Image

Hypercube

Green (G)

Blue (B)

Intensity

Reflectance

UV—>NIR % X B G R
Wavelength A Wavelength A

Fig. 4: Comparison between hypercube and RGB image. Hypercube is a 3D dataset of a two-dimensional
image on each wavelength. The lower left is the reflectance curve (spectral signature) of a pixel in the image.
The RGB color image only has three image bands on red (R), green (G), and blue (B) wavelengths
respectively. The lower right is the intensity curve of a pixel in the RGB image (from Lu and Fei: Medical
hyperspectral imaging: a review).

The spectral signature of each pixel in the images allows HSI to identify various pathological
conditions. HSI generally covers a contiguous portion of the light spectrum with more spectral
bands (up to a few hundreds) and higher spectral resolution than multispectral imaging (MSI).
Consequently, HSI has the potential to capture the minimal differences in the spectrum under
different non-physiological conditions while multispectral imaging may miss significant spectral
information. The main differences between optical imaging, spectroscopy, multispectral and

hyperspectral imaging are shown in Table 1.
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Reflectance

Feature
X
Monochrome RGB Spectroscopy Multispectral Hyperspectral

Spatial information  Yes Yes No Yes Yes

e i From several dozens
Band numbers 1 3 dozens to 3t010

to hundreds

hundreds
Spectral information No No Yes Limited Yes
.Multlcon.stltuent No Limited Yes Limited Yes
information
Sensitivity to minor No No No Limited Yes
components

Table 1: Main differences between monochrome, RGB, spectroscopy, multispectral imaging
and hyperspectral imaging (Li Q et al. Review of spectral imaging technology in biomedical engineering:
achievements and challenges).



4.3. Imaging systems

HSI acquisition systems represent a challenge to engineers, who have to handle sophisticated
optical and electronic systems to generate a hypercube. There are several types of HSI cameras, and
although a number of HSI cameras are commercially available, most devices used in the
experimental procedures reported in the literature are prototypes. However, depending on how data
are acquired, there are two main large categories of HSI devices, namely spatial scanning cameras
and spectral scanning cameras.

Spatial scanning cameras: Based on the push-broom technique, they are capable of simultaneously

acquiring a single spatial dimension (a narrow portion of an image) and the entire spectral
information for a given scene. To capture a hypercube in this way, it is necessary to perform a
spatial scanning, where either the camera or the captured object(s) move their position while the
camera is acquiring frames. The scanning can also be performed by using a mirror in front of the
optic and moving the mirror to image the whole object. Although the use of mirrors allows to
develop more compact devices (more appealing for the clinical use), it is necessary to consider the
geometric distortions that mirrors can generate. The core of these cameras is an optical element
which splits the incoming radiation into specific wavelengths values [58]. The advantage of this
type of camera is that it captures images with high spectral resolution, also offering an excellent
compromise between spatial and spectral resolution. Thanks to their acceptable spatial resolution,
these types of cameras have been described for various applications in the medical field.
Nevertheless, given the complex image acquisition methodology through a scanner, it is technically
demanding to attach those cameras to medical instrumentation, such as a laparoscope or a
microscope. Additionally, real-time imaging is currently not available with this type of devices.
Spectral scanning cameras: They use an optical element which filters the incoming radiation,

registering the entire spatial information of a single wavelength at each moment. Hypercube
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acquisition requires a change in the wavelength of the filter in order to perform spectral scanning.
There are several types of spectral scanning cameras:

e Filter wheel cameras: which require the manual shift of the optical filter,

e Liquid Crystal Tunable Filter (LCTF) or Acousto-Optic Tunable Filter (AOTF) are devices

where spectral transmission can be electronically controlled.
These cameras provide lower spectral resolution than the push-broom cameras and are not suitable
for applications where the captured object is moving, because spatial information may vary in the
different wavelengths. Nevertheless, these HSI systems can be easily attached to medical
instruments and can offer high spatial resolutions. Additionally, also for this camera system, a real-
time imaging is currently not available.

Snapshot cameras: This technology is intended to deal with the main limitation imposed by the

previously described HSI technologies, namely real-time acquisition. It is not possible to collect
hypercube in real time using the abovementioned technologies, since a scan (either spatial or
spectral) is necessary. These technologies are restricted to static situations, or scenarios where the
object that is moving has a slightly lower speed as compared to the scan speed. For these reasons,
where it is necessary to obtain spectral information of non-static scenes (e.g. living cell imaging) a
snapshot camera represents the best choice. Additionally, snapshot cameras can theoretically be
directly attached to clinical instrumentation, such as endoscopes or laparoscopes. However, both the
spectral and the spatial resolution of snapshot cameras are lower as compared to both
abovementioned technologies. Given their low spatial and spectral resolution, snapshot cameras are
rarely used in experimental or clinical surgical scenarios, in which a high spatial localization is

essential.
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4.4. Spectral range and resolution

e Spectral range refers to the wavelength regions covered by HSI systems. Most systems can
cover ultraviolet (UV), visible (VIS), near-infrared (NIR), and mid-infrared (mid-IR)
spectral ranges (Table 2). The most widely used spectral range in the literature falls in VIS
and NIR regions. While visible light penetrates only 1 to 2mm below the skin, hence

providing superficial information, light in the NIR region penetrates deeper into the tissue

than VIS or mid-IR radiation."NIR light is ideal for surgical guidance due to its deep
penetration into the tissue, which can help the surgeon visualize critical anatomical
structures of interest which are not visible with the naked eye. By expanding the eyesight
beyond the visual spectrum, additional information can be obtained to further characterize

structures of interest.

e Spectral resolution of an HSI system refers to the capability of separating two adjacent
spectral features emitted by a point in the image [59]. Spectral resolution measures the
narrowest spectral feature which can be resolved with an HSI system. High spectral
resolution allows accurate reconstruction of the spectral profile of a given object. Another
important parameter of an HSI system is spectral bandwidth, which is defined as the full
width at half maximum. HSI systems with a higher spectral resolution and a narrower

bandwidth potentially provide a more accurate spectral signature of the sample.

Abbreviation | Full name | Spectral range (nm)
uv Ultraviolet 200-400

VIS Visible 400-780
NIR/near-IR | Near-infrared | 780-2500
MIR/mid-IR | Mid-infrared | 2500-25,000

Table 2: Spectral range of the different wavelengths. The most
common HSI cameras range from UV to NIR wavelengths.
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4.5. Data analysis

Image analysis is of paramount importance in order to diagnostically extract useful information
from a large hyperspectral dataset at the tissue and cellular levels. It is therefore critical for disease
screening and diagnosis. The hypercube with high spatial and spectral resolution may potentially
contain more diagnostic information. However, high spatial and spectral dimensions generate large
datasets, which complicate the automatic analysis of hyperspectral data. In particular, the
complexity is given by the high data redundancy and the variability of hyperspectral signatures.
With a large number of spatial and spectral information available, advanced image classification
methods for hyperspectral datasets are required to extract, unmix, and classify relevant information.
Although hyperspectral image analysis methods have been intensively investigated in the remote
sensing field, their development and application in medical disciplines remain at a preliminary
stage. The relationships between spectral features and underlying biomedical mechanisms are not
well understood. The basic steps for hyperspectral image analysis generally involve preprocessing,
feature extraction and feature selection, and classification or unmixing. Hyperspectral data
extraction is rather complex since it uses advanced “big data” algorithms such as support vector
machine (SVM) or convolutional neural networks (CNN). The detailed description of those steps is

fairly technical and goes beyond the purposes of a thesis in medical science.

31



4.6. Medical applications

4.6.1. In vivo cancer detection

Ferris et al. [60] performed a clinical study in a population of women in order to screen cervical
malignancies using a HSI system covering the UV and VIS regions, and measured tissue
fluorescence and reflectance of the cervical epithelium. This system had a multichannel
spectrograph capable of hyperspectral resolution of ~5nm and spatial resolution of the ectocervix of
~1mm. They showed that the system could discriminate high-grade cervical lesions from less
severe lesions and normal cervical tissue. In addition, the device could detect cervical cancer
precursors with a greater accuracy than a simultaneously collected Pap smear.

Later, a multispectral digital colposcope (MDC) was built by Benavides et al. [61]. It was
concluded that a MDC could provide significant diagnostic information to discriminate between
cervical intraepithelial neoplasia lesions and normal cervical tissues, and that excitation
wavelengths across the spectral range of 330 to 360nm and 440 to 470nm appeared important in
cervical cancer diagnosis.

Hattery et al. [62] built a six-band multispectral NIR imaging prototype to identify thermal
signatures of blood volume in patients with Kaposi’s sarcoma, a skin cancer affecting prevalently
immunosuppressed individuals. Results showed that relative spatial tissue blood volume and blood
oxygen saturation values could be used as indicators of tumor angiogenesis and tumor metabolism.
Roblyer et al. [63] reported the use of a multispectral-enhanced microscope for the detection of oral
neoplasia in a pilot clinical trial. They observed decreased blue/green autofluorescence and
increased red autofluorescence in the lesions and increased visibility of vasculature overall.
Another research group analyzed malignant colorectal tumors, adenomatous polyps, and different
types of normal mucosa [64]. They built a flexible endoscopic HSI system and performed in vivo
analysis of the colonic mucosa in several patients. The system was capable of capturing HSI images

in the wavelength range from 405 to 665nm, acquiring 27 spectral bands using a tunable filter
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wheel. A total of 21 HSI cubes from 12 different patients were acquired. The HSI endoscopic
device was capable of identifying colorectal tumors in real time with an average accuracy of
92.94+5.4%. In addition, through HSI the authors were able to enhance the visualization of the
microvascular network on the mucosal surface.

Another group focused on the in vivo identification of gastric malignant ulcers using HSI [65] using
a customized multispectral video endoscopy system capable of capturing a multispectral video
composed of bands located in the visual spectral range. These research works suggest that HSI and
MSI can be used as guidance tools both for diagnosing and outlining gastric tumor margins
accurately.

In an experimental rat breast cancer model, Panasyuk et al. [64] successfully detected residual small
tumors (0.5 to 1.0mm) with HSI, that were intentionally left in the operative bed (Figure 5). The rat
breast tumors were exposed and imaged via HSI, then intentionally incompletely removed, and then
imaged again with HSI. They could identify and differentiate tumors, blood vessels, and muscle
according to their spectral characteristics. The authors reported a sensitivity of 89% and a
specificity of 94% for the detection of residual tumors, which is comparable to that of
histopathological examination.

With the aid of HSI, more extensive neoplasia resection and more effective biopsy locations may be
achieved. This technology is totally in line with the principles of precision surgery, since the
complete resection of a neoplasia and the conservation of normal tissue may improve surgical
results and lead to tailored, tissue-sparing procedures, hence preserving organ function and

improving quality of life.
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Fig. 5: (a) Photomicroscopic and corresponding hyperspectral image from breast tumor in situ (4
x 3cm) (upper left and upper middle panels). Resected tumor and surrounding tissue (5 x 7mm)
stained with hematoxylin and eosin and evaluated via histopathology after resection. Microscopic
histological images with further resolution are displayed (right panels). (b) Representative
examples of normal tissue (grade 0), benign tumor (grade 1), intraductal carcinomas (grade 2),
papillary and cribriform carcinoma (grade 3), and carcinoma with invasion (grade 4) are displayed

(from Panasyuk et al. Medical hyperspectral imaging to facilitate residual tumor identification during surgery).
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4.6.2. Limbs perfusion and peripheral arterial disease

Zuzak et al. [66, 67] measured the changes in the spatial distribution of regional tissue oxygenatio

during vascular occlusion and reperfusion in healthy individuals. In this manner, the authors were

n

able to non-invasively differentiate between normal and ischemic tissue. In a clinical study [68], the

same group used a visible reflectance HSI system to examine a model of vascular dysfunction
involving both ischemia and reactive hyperemia during tissue perfusion. The system could detect

oxyhemoglobin and deoxyhemoglobin signals from spectral images in the 525- to 645-nm region.

Peripheral arterial disease (PAD) involves the progressive atherosclerotic narrowing of the arterial

vessels mainly in the lower extremity, which may lead to rest pain, ulceration, and amputation.
Effective diagnostic and prognostic technologies are necessary for an earlier detection and
treatment. However, traditional methods, such as ankle-brachial index, Doppler, segmental limb
pressure, etc., do not provide a high specificity and sensitivity for the prediction of the healing of
tissue loss in PAD patients. HSI has the capability to measure oxyhemoglobin and
deoxyhemoglobin concentrations to create an oxygenation map in a non-invasive fashion. Chin et
al. [69] scanned patients with and without PAD with a HSI system and acquired the concentration
of oxyhemoglobin and deoxyhomoglobin (see Figure 6). The results showed that HSI might be
useful in detecting differences in oxygenation levels in the lower extremities of patients with and
without PAD. Their data also suggested that HSI may become a useful tool for the diagnosis and

follow-up of patients with PAD.
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Figure 6: Visual, integrated oxyhemoglobin-deoxyhemoglobin, and
deoxyhemoglobin hyperspectral images are shown of the plantar
metatarsal angiosome for (left) a foot with no peripheral arterial disease
(PAD) and (right) a foot with PAD. The foot with PAD has substantially
decreased oxyhemoglobin and deoxyhemoglobin values throughout the

angiosome (from Chin et al. Evaluation of hyperspectral technology to assess the
presence and severity of peripheral artery disease).
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4.6.3. Gastrointestinal surgery

Zuzak et al. built a laparoscopic HSI system based on a tunable filter [70]. They used this system in
order to explore the structures within the hepatoduodenal ligament in a contactless way. They found
that the wavelength of 930nm, at which lipids are normally absorbed could be used as an optical
biomarker to visualize the lipid-containing bile ducts. Although their system had a poor spatial
resolution, a long acquisition time, and was incapable of a video rate, the authors successfully
identified the biliary duct using this miniaturized HSI prototype.

Biliary duct injuries during cholecystectomy are relatively rare. However, they represent an
extremely feared complication with terrible consequences for patients. As a result, the availability
of a system allowing for a real-time and contrast-free identification of key structures
intraoperatively might have a great impact in the clinical practice.

In a further study, the same authors [71] modified the previous system by widening its spectral
range into the NIR wavelength. With this device, they were able to identify all the structures of the
hepatoduodenal ligament prior to dissection. Again, they confirmed that the common bile duct
reflected spectra at the lipid shoulder at 930nm and a strong water peak at 970nm. The venous
structures showed absorption peaks at 760nm (deoxyhemoglobin), 800nm (oxyhemoglobin), and
970nm (water) whereas arterial vessels had absorption peaks at 800 and 970nm, which would be
expected for oxyhemoglobin and water. Therefore, they demonstrated the capability of HSI in
discriminating biliary duct, arterial and venous vessels intraoperatively without dissecting the
surrounding connective tissue (Figure 7). Due to the difficult operability of the device, given
mainly by the low spatial resolution and the long acquisition time, this remarkable miniaturization

effort that the authors developed failed to translate into the clinical setting.
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Fig. 7. NIR laparoscopic hyperspectral image of the hepatoduodenal ligament. (A)
During a laparoscopic procedure in live anesthetized pigs, the artery, vein, and the
anteriorly placed common bile duct were identified through connective tissue by
measuring NIR spectra. (B) An artery indicated with spectra has a very pronounced
broad oxyhemoglobin peak around 800nm (arrow 1) and a small water peak at 970nm
(arrow 2). (C) A venous structure produces spectra with a deoxyhemoglobin shoulder at
760nm (arrow 1), a broad oxyhemoglobin peak around 800nm (arrow 2), and a small
water peak at 970nm (arrow 3). (D) The common bile duct is identified using spectra
containing a lipid shoulder at 930nm (arrow 1) and a prominent water peak at 970nm
(from: K.J. Zuzak et al. Intraoperative bile duct visualization using near-infrared hyperspectral video

imaging).

4.6.3.1. Intestinal ischemia

Intestinal (or mesenteric) ischemia occurs when the blood supply to the bowel is not sufficient to
meet the energetic requirements of the organ. This condition in the acute situation is related to a
high mortality rate. Additionally, the visual perception of the surgeon alone is often not enough to
accurately delineate the extent of the ischemic bowel. Patients must often undergo reiterated bowel
resections, which increase morbidity and mortality. Akbari et al. [72] created a prototype push-
broom HSI system composed of two cameras and capable of analyzing the spectrum from 400 to
1700nm. In a single pig model, they created an ischemic bowel segment and could identify the
extent of the ischemic area using HSI. Additionally, they observed a characteristic peak in the
wavelength of the ischemic segment at 765 to 830nm. In their remarkable work, the authors

demonstrated that it is possible to identify ischemic bowel loops using HSI. Nevertheless, the
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system that they used was outsized, and subsequently unsuitable for daily surgical use and did not

allow for a quantitative analysis of ischemia.
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Fig. 8. Experimental setting for the detection of bowel ischemia. The authors used a bulky HSI

system composed of 2 cameras in order to analyze the spectrum in a wide range (400-1700nm).
(From: Akbari et al. Detection and analysis of intestinal ischemia using visible and invisible hyperspectral imaging).
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5. Fluorescence-guided surgery: state-of-the-art

5.1. Basic principles

The term fluorescence-guided surgery refers to a real-time medical imaging technique designed to
guide the surgeon through the surgical procedure [73], using the optical phenomenon. In a
simplified way, fluorescence is characterized by a light emission from a molecule (i.e. the
fluorophore) after being excited by the absorption of a photon of energy. In other words, the
fluorophore (fluorescent contrast agent) absorbs light energy (excitation) and passes into an
electronically excited state. The fluorophore then passes to the initial state by the emission of a
photon. This light emission after excitation can be of the same wavelength as the excitation, smaller
or larger. The magnitude of the displacement of the emission signal in the spectrum is correlated
with the fluorescence detection capacity. Although the phenomenon concerns the entire
electromagnetic spectrum, for FIGS we refer to fluorescence in the visible spectrum (optical
spectrum) in near-infrared wavelengths. The basic FIGS scheme includes the use of (Figure 3):

1) A fluorescent contrast agent, administered to the patient

2) A laser light source

3) A camera with a filter
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Fluorescence of the fluorophore allows to identify anatomical structures invisible to the naked eye,
or even metabolic processes, such as organ perfusion.

The fluorescent signal can be viewed directly in the surgical field, in the case of open surgery, or it
can be captured using a specific camera and displayed on a screen, during minimally invasive

procedures.

At present, fluorescence-guided surgery is the most used navigation system intraoperatively, since it
presents a certain number of advantages [74]:

1) visual information is provided in real time,

2) imaging devices have a reduced size,

3) the surgical workflow is respected,

4) costs are reduced.

5.2. Fluorophores
There is a wide variety of fluorophores, already available or in development, which can be
characterized by excitation and emission spectra and can be broadly classified into non-targeted and

targeted ones. In the current practice, non-targeted fluorophores are the most common ones. Only a
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limited number of clinical studies have been conducted using targeted agents. Below is a list of the
most important fluorophores.

In general, the choice of fluorophore should take into account the following factors:

1) dosage,

2) time between administration and visualization,

3) pharmacodynamics, and

4) route of administration (systemic vs. local).

5.2.1. Non-targeted agents

Indocyanine green (IndoCyanine Green = ICG): is the most commonly used non-targeted

fluorophore. ICG has been used since the 1950s and is approved for:

1) liver function measurement,

2) heart function measurement, and

3) eye angiography.

In France, the use of ICG for imaging is still considered outside the scope of the 27 AMM
("autorisations de mise sur le marché") regulatory functions in 2016. Consequently, it is to be
considered "OFF-LABEL". The emission wavelength of the ICG is 820nm [75]. It is a very safe
molecule, with a risk of side effects corresponding to about 1/60,000 injections, and reactions are
rarely severe [76]. The pharmacodynamic properties of ICG are well-known
(http://www.drugs.com/pro/indocyanine-green.html): ICG is extracted from the bloodstream by the
liver through an energy-dependent mechanism mainly, but not exclusively, by the OATP (organic
anion-transporting polypeptide) B1 and B3 carriers and is very rapidly excreted in the bile via the
Multidrug Resistance-associated Proteins MDR3, MRP3 and MRP2 carriers, without excretion in

the urine.
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Methylene blue (MB): MB has fluorescence properties much lower than ICG, expressing a lower

quantum efficiency (ratio between the number of photoelectrons released in the internal
photoelectric effect and the number of incident photons). The emission length of the MB is 680nm.

MB is partially excreted in the urine, and for this reason, it may be useful in visualizing ureters [77].

Fluorescein sodium (SF): FDA-approved for ophthalmological applications (angiography and

angioscopy of the retina and iris), it is used in research as a fluorescent contrast agent in multiple
applications [78]. SF is the essential fluorophore for obtaining images with confocal laser

endomicroscopy (CLE). Its emission length is 520nm.

5-Aminolevulinic Acid (5-ALA): This is a bioactive fluorophore, i. €. an in vivo enzymatic
reaction makes the substrate fluorescent. 5-ALA is mainly used for fluorescence-guided surgery in
neurosurgery, particularly in guided ablation of malignant gliomas. In addition, 5-ALA has been
successfully used in the detection of bladder cancer (90%) [79], and most recently in the detection
of colon and rectal cancers [80]. The mechanism of selective accumulation in tumors is not known.

Its emission length is 635nm.

5.2.2. Targeted agents

Target agents are constructed in such a way that they can be conjugated to specific sites (ligands)
allowing the clear visualization of a target tissue/structure, where such ligand is hyper-expressed.
The targeted agents currently developed aim to visualize cancer cells to make it possible:

1) to detect the tumor at a very early stage, and

2) to verify that the tumor has been completely resected.

Nanoparticles can offer a valuable opportunity in the development of targeted agents, thanks to the
modularity of their composition. However, there is a significant regulatory barrier to this type of
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approach, considering the extremely long times to obtain authorization for the clinical translation of

these agents [81].

Currently available devices for fluorescence-guided surgery

Fluorescence optical imaging takes advantage of the deep penetration of light photons into the
tissues in the near infrared spectrum. This provides a fast and relatively inexpensive imaging of
endogenous and/or exogenous contrast agents which emit fluorescence between 700 and 900nm.
The penetration limit with current technologies is limited to about 1em [82]. The typical
fluorescence imaging system has been described in detail in various publications [83, 84]. In
summary, it consists of a light source (broadband filtered source, light-emitting diode (LED), or
laser diode), which excites a fluorophore. The light emitted by this fluorophore is then captured
with a charge-coupled camera (CCD), with a filter to narrow the excitation light. The various design
parameters of the device (field of view, light source, wavelength, etc.) will all have an impact on
performance and, in particular, on the signal-to-noise ratio [73]. For instance, an adjustable field of
view is the fundamental prerequisite for effective surgical navigation and can be achieved by using
zoom or fixed magnification lenses. In general, the field of view should be at least 10cm and
preferably 20cm in diameter for most surgical procedures. It should be noted that the power of the
light source must be progressively higher as the size of the field of view widens. In addition,
magnification to achieve a minimum field of view reduces the final resolution, if the CCD camera
has a finite number of 31 pixels. The different technologies which can excite fluorophores in the
near-infrared include the following:

1) broadband filtered sources,

2) LEDs, and

3) laser diodes [73].

An increasing number of companies or academic research groups are now developing systems for

fluorescence-guided surgery. The different systems differ in several characteristics, including:
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1) the type of excitation source (laser, LED),

2) the signal detection system,

3) the wavelength of exercise,

4) the optimal working distance,

5) the possibility of superimposing white light images onto infrared fluorescence imaging, in order

to obtain a kind of augmented reality.

5.3. Common clinical applications of fluorescence-guided surgery

To date, the most common clinical applications in digestive surgery are as follows:

1) intraoperative cholangiography during cholecystectomy,

2) intraoperative navigation to identify the sentinel node,

3) real-time evaluation of organ perfusion.

The targeted detection of tumor tissue is still at a practically experimental stage, with very few
clinical cases performed with this technique worldwide to date. However, real-time identification of
cancer cells through fluorescent contrast agents targeting tumor expressed antigens is surely the

most revolutionary application of FIGS.

5.3.1. Intraoperative cholangiography using fluorescence imaging

Intraoperative cholangiography reduces the risk of biliary tract injuries during cholecystectomy.
Indeed, the rate of iatrogenic lesions of the biliary tract is about 0.15-0.6% [85].

As cholecystectomy is one of the most commonly performed surgical procedures, with about
700,000 procedures per year in the United States and about 50,000 in France, it is easy to calculate

that despite their low incidence, biliary duct injuries represent a major public health problem. The
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most frequent etiology of these injuries is a misinterpretation of the anatomy due to anatomical
variants or a significant inflammatory state [86], because in the presence of cholecystitis their rate
increases 20 times. Intraoperative X-ray cholangiography [87, 88] is a frequently used and highly
effective technique to localize bile ducts and/or assess the presence of lesions. However, this

technique presents several limitations:

1) it is a relatively long procedure, during which the cystic duct is catheterized to inject radiopaque
contrast into the bile duct,

2) it is necessary to mobilize additional human resources,

3) the patient and team are exposed to ionizing radiation,

4) the radiological image obtained is 2D and cannot be superimposed on the surgical field.

To date, fluorescence cholangiography through the injection of indocyanine green has been
evaluated in a significant number of clinical trials and has proven to be an effective and safe means
of visualizing biliary anatomy [89-91], with promising results as shown by a systematic review of
the recently published literature [92].

One of the most important disadvantages of fluorescence cholangiography after systemic injection
of indocyanine green is related to a strong liver uptake, and this gives a very intense background
signal due to intrahepatic ICG accumulation. This accumulation can sometimes interfere with the
optimal visualization of the cystic duct.

In order to reduce the background noise of strong fluorescence from the liver, it is possible to inject
the ICG 24 hours before the operation, as demonstrated by Verbeek [93]. Indeed, this interval
allows for the evacuation of ICG from the liver, while a sufficient quantity of ICG will still be
present in the biliary tree, which will then be the only illuminated structure. However, such an
interval poses economic and logistical problems, as it requires patient hospitalization in advance to

administer the contrast medium. An appropriate compromise would probably be to inject the
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contrast medium between 6 and 10 hours before the procedure in case of scheduled surgery.
However, this attitude could not apply to emergencies (cholecystitis), which are precisely the cases
where fluorescence guidance is the most appropriate. In these situations, we proposed to administer
ICG locally, directly into the gallbladder. This cholecystocholangiography technique has shown
significant promising results in the experimental model, with very clear images of the bile ducts

[94].

Fluorescence

30 min Post-Injection
of 5 mg ICG

24 h Post-Injection
of 10 mg ICG

Fig. 9: Color and fluorescence images after ICG injection at different
timepoints. The liver signal interference in the images taken 30 min after ICG

injection is much higher than in the ones taken after 24 hours (Verbeek FP et al.
Optimization of near-infrared fluorescence cholangiography for open and laparoscopic surgery).

5.3.2. Sentinel node detection

The sentinel node (SLN) is the first lymph node to receive lymphatic drainage from a tumor. A
sentinel node without metastases also suggests that there is no metastasis in the downstream nodes.
The identification and analysis of SLN is of crucial importance in surgical decision-making,

especially in minimally invasive procedures with organ preservation [95]. The detection of SLN
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using fluorescence imaging, after peritumoral injection of ICG, is a relatively recent technique,
already applied in a variety of tumors, especially breast and melanoma [73]. This is a well-
established procedure in the Asian world for early stage stomach cancer [96]. A margin of
improvement in navigation technique can be considered, given that ICG is too small a molecule,
tending to diffuse very rapidly to multiple lymph nodes. As a result, ICG can clearly delineate the
lymphatic "basin" [97], but this is less the case for the sentinel node. Indeed, Miyashiro et al. of the

Japan Clinical Oncology Group (JCOG) [98] found too many false negatives with ICG.

5.3.3. Organ perfusion evaluated with infrared fluorescence angiography

Systemic (intravenous) injection of a fluorophore allows to assess the presence of blood circulation
(perfusion) through the generalized distribution in the body.

Perfusion analysis, using fluorescence angiography, has been used in several surgical areas, ranging
from plastic/reconstructive surgery, with evaluation of the infusion of musculocutaneous flaps [99],
to transplant, especially renal and hepatic transplantation [100] to evaluate the adequate
vascularization of grafts. Several groups have published their experience with post-transplant
angiography [101].

Special consideration should be given to the evaluation of gastrointestinal tract perfusion, as
intestinal vascularization at the time of anastomosis creation is a fundamental parameter for healing,
as already discussed in Section 2.2.

Indeed, poor vascularization at anastomotic level leads to energy failure and this will deteriorate the
tissue's healing capabilities. The first step of an oncological surgical resection of an intestinal
segment is to cut off the vascularization of that segment. This vascular approach causes ischemia of
the intestinal segment, which depends on the distribution of the branches of the artery which have

been controlled. The extent of the ischemic segment is subsequently not entirely predictable. When
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removing a bowel segment, the surgeon estimates the extent of the resection taking into
consideration not only the pathological aspects (for example, in the case of a tumor, the resection
must take into account the location of the tumor and additional safety margins of up to several
centimeters), but also the perfusion of remaining stumps which will be anastomosed. As mentioned
above, clinical evaluation is very subjective because it is based on variable parameters such as the
color of the serosa after the vascular "cut" and on whether or not vascular pulsations and peristalsis

are present.

6. Markers of perfusion and tissue energy status

In order to validate the digestive perfusion evaluation system using hyperspectral and fluorescence
imaging, we studied biomarkers of perfusion and tissue metabolism (reactive oxygen species
production and capillary lactatemia) at the intestinal level, allowing a correlation between biological

and morphological data. Below are some general physiological reminders.

6.1. Reactive oxygen species (ROS)

ROS, also known as free radicals, are produced from all eukaryotic cells and they are needed in a
number of physiological processes, such as proliferation, migration, differentiation, and metabolism
[102]. Free radicals lodge an unpaired electron (s) in the outer orbit. Given this configuration, they
are extremely reactive and take part in a number of physiological chemical reactions with vital cell
components in the body. ROS are mainly responsible for oxidative stress (OS) and are accountable
for causing damage to proteins, lipids and DNA [103]. OS causes irreversible damage in cells and it
is related with the development of several pathologies such as cancer, Alzheimer’s and Parkinson’s
diseases, atherosclerosis, diabetes mellitus, etc. [104]. Additionally, OS contributes in various forms
of aging-related pathophysiology. ROS are continuously produced during respiration. However,

their production results increased in the course of prolonged ischemia or ischemia and consecutive
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reperfusion. Since their half-life is extremely short and the body possesses several defense
mechanisms against ROS (redox homeostasis), their detection on fresh tissue might be very
complicated. Currently, electron paramagnetic resonance (EPR) is the method of choice to quantify

ROS since it is able to detect short-lived radicals with a high specificity and sensitivity [105].
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6.1.1. Electron paramagnetic resonance (EPR)

EPR (Figure 10), first discovered in 1945, is a technique to analyze materials with unpaired
electrons. The basic concept is similar to that of nuclear magnetic resonance (NMR). The difference
is given by the fact that in EPR the electron spins are excited and not the atomic nuclei spins
themselves. EPR detects transitions of unpaired electrons into a magnetic field. The concentration

of free radicals can be obtained as the double integrals of the EPR spectrum of a spin adduct, which

then allows to investigate ROS qualitatively and quantitatively [106].

Bl Fie Panmetes Acquiton Processing Veew Optioms Wmdow Melp

O|2(SIQI@] o|x|ol>] QtifE BOIS) Kislalp ol :| Olw|e|o] ®mlm
| 000 oM 3 L=

e 7 o [ENER T

n Powsr 2w\ oW Diods SEEmsEE—

| — N

. B [ "\ /
: | |
y - ﬂ_ﬂ__,w/ __|
- / | / /
. / \ /
: | \ |
\ |

MBS M2 S A S M0 M3 364 S8 M0 MT0 MTI MM AT MTB 80 MEZ Med M6 3 340 2 s W e o0 e M [

Fig. 10. EPR. In A, the device is shown and in B, an example of the
measurement software used for the analysis during our experiments is
provided.
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6.2. Lactate

Lactate (2-hydroxypropanoate) is a salt of hydroxycarboxylic acid. Lactate forms a conversion
couple via oxidation-reduction with pyruvate catalyzed at cytosolic level by the enzyme lactate
dehydrogenase (LDH): Lactate + NAD+ —Pyruvate + NADH + H+.

The reduction of pyruvate to lactate results in oxidation of NADH to NAD and vice versa, the
oxidation of pyruvate from lactate results in the reduction of NAD to NADH.

Lactate is produced mainly from glucose catabolism. A second source of lactate is the metabolism
of L-alanine, catalyzed by alanine aminotransferase (ALAT) [107], present at cytoplasmic and
mitochondrial levels. Pyruvate is an intermediate common to these production routes. In addition,
lactate may be derived from the catabolism of other amino acids such as serine, threonine, and
cysteine [108]. In terms of bioenergetics, one glucose molecule per glycolysis will produce two
lactate molecules, two ATP molecules, and two protons. This metabolic pathway is of low energy
efficiency and is responsible for acidification of the cytosol via proton production.

Lactate production is increased under conditions of tissue hypoxia [109]. When the oxidative
energy metabolism is no longer functional due to lack of oxygen, pyruvate from glycolysis
accumulates and is transformed into lactate via LDH [110]. However, there is no true linear
relationship between hyperlactatemia and tissue hypoxia, as changes in oxygen delivery which may
occur at the microcirculation level, such as in septic shock, or hyperlactatemia may be accompanied
by an increase in tissue oxygen pressure, and this needs to be taken [111] into account.

In the clinical practice, the measurement of systemic lactatemia is used in multiple situations, such
as monitoring and stratification of patients at high risk of mortality from sepsis and/or digestive
ischemia (mesenteric ischemia). Indeed, persistent elevated lactatemia is a predictive mortality
index [112], while rapid lactate clearance is a sign of favorable prognosis [113]. However, for
digestive ischemia, the measurement of systemic lactates, while remaining a predictor of mortality,
does not correlate well with either the timing of ischemia [114], nor with the extent of intestinal
necrosis [115].
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In contrast, "local" lactatemia undergoes much more rapid and consistent variations with perfusion,
as demonstrated in models of acute limb ischemia [116].

It was demonstrated that local capillary intestinal lactatemia is a reliable biomarker of enterocyte
energy status, and that it correlates in a reliable fashion with perfusion [117-120]. Today, it is
possible to measure capillary lactatemia using portable devices with test strips, such as glycemia
measuring devices in diabetic patients. Several devices for the measurement of capillary lactates are
available on the market. Initially, these devices were developed for the assessment of newborns in
the delivery room and to determine the maximum aerobic physical capacity in sports medicine.
These devices incorporate electrochemical sensors capable of measuring lactate levels in a few
seconds, in a minimal amount of blood (in the order of microliters). The operation of the sensors is
based on an enzymatic reaction producing a change in the electrical voltage measured with the
device. The test strip contains an enzyme (e. g. lactate oxidase) using lactate as a substrate and the
products of this reaction are responsible for the amperometric variation measured in the solution,

the intensity of which is proportional to the initial amount of lactate [121].
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EXPERIMENTAL WORKS
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BACKGROUND AND AIMS

The incidence of gastrointestinal anastomotic leakage (AL) remains high, ranging from 20 to 35%
[33] after esophageal and from 4 to 19% [2] after colorectal procedures. AL is a major concern in
digestive surgery, since it is linked to high morbidity and mortality rates [1].

As already described, proper anastomotic healing is a multifactorial process, including non-
modifiable patient-related factors, such as age, gender, and relevant comorbidities. An insufficient
blood supply to the anastomotic limbs is a recognized and partially modifiable factor playing a
central role in anastomotic breakdown [1, 122]. The intraoperative evaluation of gastrointestinal
perfusion using clinical judgment is unreliable, irrespective of the surgeon’s experience.

Basic techniques, such as mechanical anastomotic leak tests, have mild if no benefits at all in terms
of complication prevention [123]. Additionally, it has been proven that improvement of the
anastomotic blood flow through collaterals is unlikely to take place before postoperative day 5
[124]. As a result, anastomotic perfusion is exclusively dependent on the blood flow at the time of
surgery and this should be assessed intraoperatively.

Another issue that should be addressed is that the viability of the flap/graft is dependent not only on
the arterial inflow but also on the venous outflow in reconstructive and transplant surgery. As an
example, venous congestion is linked to flap failure, and the ability to identify a venous outflow
deficiency could lead to perform salvage procedures [125]. Similarly, in gastrointestinal surgery,
discriminating between ischemia caused by arterial blood inflow or venous congestion could be
useful in a number of clinical situations. For instance, venous congestion often affects gastric
conduits after pull-up for esophageal reconstruction and might be related to complications [126].
Additionally, during acute mesenteric ischemia, an intraoperative FA which can discriminate
between arterial and venous etiology might prove useful in choosing the appropriate surgical

strategy [127-129].

55



Although a number of techniques are available to assess tissue perfusion in real time, given their
scarce reproducibility and/or high costs and/or prolongation of the surgical workflow, they did not
find acceptance within the surgical community [1]. FA is currently the method of choice to
visualize perfusion intraoperatively given its low cost and the possibility to obtain a real-time
assessment. In a retrospective case-matched study with 201 patients, Kudszus et al. evaluated the
impact of indocyanine green FA. They concluded that FA may significantly reduce the rate of
severe complications as well as the rate of anastomotic leakage [7]. Despite the initial optimism in a
recent systematic review with a meta-analysis, it has been shown that FA does not reduce the rate of
AL [11]. The reason for this might be provided by the heterogeneity of the existing studies in terms
of ICG dose, injection time, and system used and by the lack of published randomized controlled
trials.

Additionally, in most existing studies, FA is merely judged subjectively in a qualitative way.
Recently, two authors reported quantitative FA, using software solutions which can measure the
speed of the fluorescence signal to reach its maximum intensity [130, 131] with promising results.
Both authors analyzed the contrast agent velocity pattern, without translating it into images, and this
could limit the intraoperative usability. Our group introduced and validated the quantitative FA
using the FLER enhanced reality software several years ago [15, 119, 120]. The FLER software,
explained in the previous section of this thesis, has recently been evaluated in a series of patients
(not published yet) within a prospective study showing promising results.

However, FA is limited by the need to inject ICG, which is still off-label in this specific indication,
which therefore represents a regulatory burden.

Hyperspectral imaging (HSI) is an optical imaging technique, coupling a spectroscope with a photo
camera, which allows for a contrast-free, real-time, qualitative and quantitative tissue analysis [19].
Lately, a new compact HSI system, TIVITA® (Diaspective Vision, Germany) capable of
performing spectral acquisition in a short time (approximately in 6 seconds) is commercially

available. The system provides the datasets as hypercubes and additionally generates as an
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immediate output pseudo-color images quantifying several physiological parameters such as StO»
and H20O [20].

The accuracy of this technology in detecting tissue ischemia in vivo has never been validated in a
controlled experimental setting.

Additionally, the downside of HSI lies in the lack of a video rate and in that the hyperspectral
information is provided as a static side-by-side image and not superimposed onto the surgical field.
This impairs the intraoperative usability and surgical navigation.

In the present experimental project, we tested the performance of FLER in distinguishing between
arterial, venous or mixed bowel ischemia models using a machine learning (ML) approach. Besides,
we assessed the reliability of HSI to determine in vivo tissue ischemia in a mouse hindlimb
ischemia/reperfusion model (currently submitted) in a stepwise fashion. In addition, by
extrapolating the experiences with FLER, we developed the concept of HYPER (HY Perspectral
Enhanced Reality). Through a customization of the HSI system and a proprietary software, the
static HSI perfusion images were superimposed onto a real-time video, in order to generate a HSI-
powered augmented reality environment, enabling for a precise surgical navigation. The accuracy
of HYPER to quantify bowel perfusion has been experimentally validated using robust surrogate
markers of bowel ischemia, such as LCL, ROS production, and histopathological evaluation [24].
Additionally, given the high correlation of StO, with LCL, implementing a ML approach, a LCL
prediction algorithm based on StO> values was obtained and tested. In a second step, HYPER was
compared to FLER in a controlled experimental setting using LCL as ground truth (currently
submitted).

In addition, HSI was tested in 22 patients undergoing esophageal resection for cancer in a pilot

study which aimed to assess its intraoperative usability within the surgical workflow [23].
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EQUIPMENT ENABLING FLER

Near-infrared (NIR) optimized laparoscope

The incoherent light source D-Light P (Karl Storz, Tuttlingen, Germany) was used (Figure 11) to
capture the fluorescent signal. The filter of the D-light P can be switched into the light transmission
path. The filter transmits light in a range of 690 to 780nm and completely blocks light >800nm. In

addition, switching the filter out of the light path allows for a standard white light observation.

Fig. 11. NIR system D-Light P (Karl Storz, Tuttlingen, Germany). A) camera head, B) light source capable of
emitting near-infrared light, C) testing of the camera system within a surgical simulator.
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ER-PERFUSION software

The Research and Development department of the IRCAD has developed a dedicated image
analyzer software (ER-PERFUSION, IRCAD, France), using the Python Scientific Package. The
ER-PERFUSION can correlate fluorescence intensity over-time changes to tissue perfusion and
allows to construct a virtual cartography based on fluorescence time-to-peak (TTP). TTP is
inversely correlated to perfusion level. Virtual cartography can be overlapped onto real-time
laparoscopic images in order to obtain the FLuorescence-based Enhanced Reality (FLER) effect.
The perfusion analysis based on time-to-peak is 1) independent from the distance-to-target, and 2)
dynamic: virtual perfusion cartography is created by averaging signals over a 20-40 second video at
the speed of 5-25 frames per second and by attributing a color code based on the time required to
reach the maximum intensity of each pixel. Each single pixel of perfusion cartography is a dynamic

image (2D + diffusion time) representing the average of several images (from 100 to 200) (Figure

12).
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Fig. 12. Dynamic perfusion cartography. The dynamic perfusion cartogram is created by averaging fluorescence
signals over a 20 to 40s video at a speed of 5 to 25 frames per second and by attributing a color code based on the
slope intensity/time of each pixel. Each single pixel of the cartogram results from the average of multiple
subsequent images.
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More precisely, TTP is obtained as a difference T7s- T2s, where T2s and T7s represent timepoints
corresponding to the first and last quartile of fluorescent intensity over time respectively (Figure
13). Other authors used time-to-peak defined as the difference between Tioo (maximum intensity of
fluorescent signal) and To (minimum intensity of fluorescent signal) [17]. However, we found that it
is often difficult to precisely determine the timepoints of the minimum (given the frequent presence
of signal noise) and maximum (given the presence of a long signal plateau phase) fluorescence

intensity. As a result, we arbitrarily chose T2s and T7s, which are more robust timepoints.
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Fig.13. Graphical representation of time-to-peak in a well-perfused (blue) and in an ischemic area
(green), in which very different maximum fluorescent intensity peaks (Fmax) are reached. TTP is
the time required (in seconds) for the intensity curve to go from the first to the last quartile of
fluorescent intensity over time. As represented, TTP is shorter for the perfused zone when compared
to the ischemic one.
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EQUIPMENT ENABLING HYPER

Hyperspectral imaging system

The CE-marked push-broom HSI camera (TIVITA™ Tissue; Diaspective-Vision GmbH, Am
Salzhaff, Germany) is a medical Class I product. The HSI system performs an imaging remission
spectroscopy in the visible (VIS) and near infrared (NIR) portions of the electromagnetic spectrum,
emitting light through 6 halogen lamps. The device generates a three-dimensional (3D) Hyper-Cube
with the spatial dimensions x and y and the spectral dimension A. As already described in the
introduction section of this thesis, according to the push-broom imaging principle, an objective lens
creates an image and a slit selects a row (y-axis) in the image plane (y-A-plane) [132]. Differently,
out of many HSI systems described in the literature, TIVITA™ is compact and light, enabling the
acquisition of a hypercube with high spectral (5nm) and spatial (640 x 480 pixel) resolution in
approximately 6 seconds. The system scans in the range from 500 to 1000nm, generating 100
spectral values.

Narmal State Venous Occlusion Arterial Occlusion Reperfusion

RGB Image

Oxygenation

Spectra

Wavelength / nim

Fig. 14. Hand occlusion test performed in healthy individuals to validate the oxygenation and TWI
algorithms. On the top row, the RGB images generated with the HSI system are visible. On the 2nd
and 3rd row, the StO2 and TWI pseudo-color images are displayed.
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Additionally, implementing different algorithms in the software, the camera can calculate several
biological tissue parameters as an immediate output and represent them into pseudo-color images.
Among those parameters, StO2, near infrared perfusion index (NIR), and tissue water index (TWI)
can be found (Figure 14). The detailed mathematical principles of those algorithms stand beyond
the purpose of a thesis in life sciences and are described elsewhere [132, 133]. In a nutshell, StO2,
which provides the tissue oxygenation of the superficial tissue layer, is calculated through an
algorithm based on the second derivate of spectral regions in which an oxygenated hemoglobin
peak is present (500-650nm and 700-815nm). NIR is intended to measure the perfusion in the NIR
region, hence reaching deeper tissue layers (until Smm) and the algorithm is based on the mean of 2
subregion within the NIR domain, separated by the isosbestic point at 797nm. The TWI algorithm is

extrapolated using water peak regions (880-900nm and 955-980nm).

System customization and HYPER software

Since the TIVITA™ system generates static-side-by-side pictures, in order to allow surgical
navigation and precisely detect fine perfusion changes on the gastrointestinal tract intraoperatively,
we introduced the HYPER solution. The first step consisted in a customization of the TIVITA™
system by integrating an HD video camera (HD Pro C920, Logitech, Switzerland) and a laser-based
distance sensor (Figure 15). In a second step, a Python-based computer vision solution was used to
align StO2 cartography images obtained with the HSI camera with the real-time video delivered via
the HD camera, in order to obtain HYPerspectral-based Enhanced Reality (HYPER) (Figure 16).
The alignment of the two cameras was achieved using a calibration chessboard at the beginning of

each experiment.
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Fig. 15. Hyperspectral camera (A). Customization with distance sensor (arrow) and HD webcam (arrowhead), next to
the camera lens.

Fig. 16. The HSI camera (arrowhead) placed on top of an exposed ischemic bowel loop. The left monitor (arrow)
displays static HSI images. The right monitor (*) shows the superimposed HSI images on the real-time running video,
creating the HYPerspectral-based Enhanced Reality (HYPER) effect.




To measure the accuracy of HYPER, we have used various analytics to confirm that the perfusion
quantification obtained through the light/tissue interaction generated at the level of the bowel is

consistent with the biological changes occurring at tissue level:

1) Capillary lactates. A strip-based, portable lactate analyzer (EDGE®, ApexBio, Taipei, Taiwan)
was used to assess lactate levels on blood sampled from serosal capillary vessels in correspondence
with well-defined ROIs. The device is capable of delivering lactatemia levels, within a measuring

range from 1.1 to 22.2mmol/L, in 45 seconds, using just a few microliters of blood (Figure 17).

Fig. 17. Portable strip-based lactate analyzer “The Edge”.

2) Reactive oxygen species (ROS) formation quantification by means of electron paramagnetic
resonance (EPR) (Figure 18). The ROS concentration was directly determined with a specific spin
probe: 1-hydroxy-3-methoxycarbonyl-2, 2, 5, 5-tetramethylpyrrolidine hydrochloride (CMH).
Briefly, tissues were cut into 10 pieces and washed twice with the Krebs Hepes buffer (NaCl
99mM, KCI 4.69mM, CaCl2 2.5mM, MgS0O4 1.2mM, NaHCO3 25mM, KH2PO4 1.03mM,

D(+)Glucose 5.6mM, Na-hepes 20mM, pH 7.4, deferoxamine 25uM and diethyldithiocarbamate
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(DETC) 5uM). They were then incubated at 37°C with the CMH (200uM) spin probe for 30
minutes under 20mmHg of oxygen partial pressure with a Gas-Controller (Noxygen Sciences
Transfer, Elzach, Germany). Supernatants were injected into a capillary, and registered by an e-scan
spectrometer (Bruker, Germany) at 15°C. The EPR settings were as follows: Centre Field: 3477.4g,
microwave power: 21.85mW, modulation amplitude: 2.40 G, sweep time: 5.24 sec (10 scans),
sweep width: 60 G, number of lag curve points: 1). The amplitude of the signal was measured and

expressed in pM/min/mg dry weight [134].
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Fig. 18. EPR device (A) with analyzing software (B).

3) Pathological examination. The specimens were fixed in 4% formalin for at least 24 hours.

Sections of 4um in thickness were cut from paraffin-embedded tissues and stained with hematoxylin

66



and eosin. During the validation study of HYPER, biopsies were taken from each ROI at all time-
points (from 1 hour to 6 hours of ischemia). Assessments were made using Chiu’s score for intestinal
ischemic damage [135]: grade 0 = normal mucosa; grade 1 = subepithelial space at villous tip; grade
2 = extension of subepithelial space with moderate lifting; grade 3 = massive lifting down the sides
of the villi, some denuded tips; grade 4 = denuded villi, dilated capillaries; grade 5 = disintegration

of lamina propria; grade 6 = transmural infarction.

4) Machine learning-based lactates prediction from HSI StO2. A predictive model was built in
order to predict capillary lactate values from corresponding HSI-StO2 images. The 6 pigs involved
in the HYPER protocol were used as a training set for an automatic curve-fitting, machine learning
algorithm. In 5 additional recovery pigs, used during other experiments, which were used as a
validation dataset, 2 ischemic bowel loops were created and imaged in a similar fashion. At random
timepoints and ROIs, HSI-StO2 values were obtained and capillary lactates were sampled

simultaneously.

ETHICS AND ANIMAL MODELS

The preclinical experiments were part of the ELIOS project (Endoscopic Luminescent Imaging for
Oncology Surgery), which received full approval from the local Ethical Committee on Animal
Experimentation (ICOMETH No. 38.2016.01.085), and from the French Ministry of Superior
Education and Research (MESR), wunder the following reference: APAFIS#8721-
2017013010316298-v2. All animals used in the experimental laboratory were managed according to
French laws for animal use and care, and according to the directives of the European Community
Council (2010/63/EU) and ARRIVE guidelines [136]. The animals were fasted for 24 hours with free

access to water before surgery. Animals were premedicated 10 minutes before surgery, by means of
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an intramuscular injection of ketamine (20mg/kg) and azaperone (2mg/kg) (Stresnil, Janssen-Cilag,
Belgium). Intravenous propofol (3mg/kg) combined with rocuronium (0.8mg/kg) were used for
induction. Anesthesia was maintained with 2% isoflurane. At the end of the procedures, pigs were
sacrificed with an intravenous injection of Pentobarbital Sodium (40mg/kg) (Exagon®, AXIENCE,
France), under 5% isoflurane anesthesia.

For the preclinical studies included in this thesis, 10 male Swiss mice (12-16 weeks old) and a total
of 30 pigs (Sus scrofa domesticus, ssp. Large White) were used. Five additional pigs were included
after being used for training purposes at the IRCAD surgical training center and served as a test
sample for the lactate prediction algorithm. The protocol for the use of living animals in surgical
training was approved by the MESR, under the following reference number: APAFIS#2981-
2015120212324587-v2. The additional use of those animals is encouraged by the ethical principle of
reduction.

Concerning the clinical study part of this thesis, 22 patients undergoing hybrid (laparoscopic
gastrolysis and open thoracic part) esophagectomy for cancer were included.

In vivo experimental steps, in murine and porcine models of ischemia and/or hypoperfusion, were the
following:

1) Hyperspectral imaging quantification of mouse limb microcirculation in ischemia-reperfusion

model with phosphodiesterase 5 inhibitor preconditioning: the hindlimb ischemia model was

created by applying a tourniquet to the limb for 2 hours, followed by 30 minutes of reperfusion,
N=10 (unpublished).

2) HYPerspectral Enhanced Reality (HYPER): a physiology-based surgical guidance tool: A 10cm

long ischemic segment was created in 4 small bowel loops (coded A, B, C, D) by dividing the
arcade branches, N=11 [24].

3) Quantitative fluorescence angiography vs. hyperspectral imaging to assess bowel ischemia: a

comparative study in enhanced reality: One 10cm long ischemic segment was created in every

animal, N= 8 (submitted).
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4) Discrimination between arterial and venous bowel ischemia via computer-assisted analysis of the

fluorescent signal: by clipping the inferior mesenteric artery, the inferior mesenteric vein or both, a

sigmoid arterial, venous or mixed ischemia model was created (n=18) [137].

5) Evaluation of hyperspectral imaging (HSI) for the measurement of ischemic conditioning effects

of the gastric conduit during esophagectomy: n=22 patients undergoing hybrid esophagectomy were
divided into 2 equal groups: group 1 received an operation in two steps with laparoscopic
gastrolysis as ischemic preconditioning (step 1), esophagectomy and reconstruction (step 2). Group

2 received a standard esophagectomy in a single step [23].
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STUDY 1: Hyperspectral imaging quantification of mouse limb microcirculation in ischemia-

reperfusion model with phosphodiesterase S inhibitor preconditioning

Peripheral arterial disease (PAD) has a high incidence and complication rate. Vessel recanalization
represents the only therapy, but it induces reperfusion injury. Preconditioning with Sildenafil, a
phosphodiesterase 5 inhibitor, has been advocated for protection against this injury. The aim of the
present study was to show a real-time, non-invasive quantitative assessment using hyperspectral
imaging of the Sildenafil effect. A one-sided hindlimb ischemia (120 minutes) followed by
reperfusion (30 minutes) was created using an elastic tourniquet. Five mice received Sildenafil
(1mg/kg i.p. 30 minutes before ischemia) and 5 mice received a 9% NaCl injection, serving as control.
The StO2 at TO, 5, 30, 60, 120 minutes after ischemia (TS5, 30, 60, 120) and 5, 15 and 30 minutes after

reperfusion (T 125, 135, 150) were measured by means of hyperspectral imaging (HSI) (Figure 19).

Preparation 30 min

Control . Injection 9% NaCl i.p. Ischemia 120 min Reperfusion 30 min

Sidenafil Preparation 30 min

, Injection 9% NaCl i.p. Ischemia 120 min Reperfusion 30 min

Fig. 19. Experimental set-up diagram.
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STUDY 2: HYPerspectral Enhanced Reality (HYPER): a physiology-based surgical guidance
tool

The aim of this experimental study was to evaluate the accuracy of HSI, to quantify bowel
perfusion, against robust ischemia surrogates and to obtain a superimposition of the hyperspectral
information onto real-time images, through the HYPER effect.

In 6 pigs, 4 ischemic bowel loops were created (A, B, C, D) by dividing the mesentery over 10cm
and imaged at set timepoints (from 5 to 360 min). A commercially available HSI system provided
pseudo-color maps of the perfusion status (StO2) and the tissue water index (TWI). The ad hoc
software was developed to superimpose HSI information onto the live video, creating the
HYPerspectral-based Enhanced Reality (HYPER). Seven regions of interest (ROIs) were identified
in each bowel loop according to StO2 ranges, namely: 2 vascular (VASC proximal and distal), 2
marginal vascular (MV proximal and distal), 2 marginal ischemic (MI proximal and distal) and 1
ischemic (ISCH) (Figure 20). Local capillary lactates (LCL) and histopathology were measured at
the ROIs. Radical of oxygen species (ROS) was restricted to only one time point (2h ischemia in all
6 animals). This was done for logistic reasons, since the ROS analysis needed to be performed
simultaneously for all ROIs, and considering the large number of samples (ROIs=291), it would not
be feasible.

A machine learning-based prediction algorithm of LCL, based on the HSI-StO2%, was practiced in

the 6 pigs and tested on 5 additional animals.
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Fig. 20.

A) RGB image captured with the camera integrated to the HSI system, 5 minutes after the onset of
ischemia.

B) HSI-generated pseudo-color image displaying the StO2 cartography. Once the HSI dataset has been
acquired, the ROIs are placed manually according to the defined levels of StO2. ROIs are set at every
timepoint (5, 15, 30, 45, 60 minutes for loop A, 120 minutes for loop B, 240 minutes for loop C and 360
minutes for loop D). ROIs are defined as follows: proximal and distal vascularized areas (V1 and V2,
StO2 range: 70-100%); proximal and distal marginal vascularized (MV1 and MV2; StO2 range: 50-
70%), proximal and distal marginal ischemic (MI1 and MI2; StO2 range: 30-50%); and 1 ischemic area
(ISCH; StO2 range: 0-30%).

C) The StO2 pseudo-color image was registered onto the real-time video stream, and the ROIs were
displayed as HYPerspectral-based Enhanced Reality (HYPER).
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STUDY 3: Quantitative fluorescence angiography vs. hyperspectral imaging to assess bowel

ischemia: a comparative study in enhanced reality

The aim of this study was to compare the performance of HYPER and FLER in the assessment of

bowel perfusion using an experimental model of ischemia.

An ischemic bowel segment was created in 8 pigs as in STUDY 2, and imaged using HSI and

fluorescence angiography. HSI was performed to acquire the StO», and FA was then performed after

intravenous injection of 0.2mg/kg of indocyanine green. The time-to-peak fluorescence signal was

analyzed using a proprietary software (ER-Perfusion, IHU/IRCAD Strasbourg, France) to obtain a

perfusion map. This was overlaid onto real-time images to obtain FLER. Nine adjacent regions of

interest (ROIs) were selected and were superimposed onto the real-time video to obtain HYPER.

FLER and HYPER were successfully superimposed allowing a comparison of both imaging

modalities. Local capillary lactates (LCL) were sampled at the ROIs. Two LCL predictive models

were extrapolated based on both imaging modalities (Figure 21).

Fig. 21. Ischemic small bowel
model displayed under white
light (A), with ICG reference
card visible in the center of the
bowel loop. FLER (B) with
superimposing of the
fluorescence-based quantitative
perfusion cartography. HYPER
(C) generated through the
superimposing of the StO2
pseudo-color image captured
with HSI. (D) shows the warping
of FLER and HYPER
simultaneously, over the real-
time video captured with the
laparoscopic ~ camera. The
selected ROIs are precisely
identifiable in the surgical scene.
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STUDY 4: Discrimination between arterial and venous bowel ischemia using computer-

assisted analysis of the fluorescent signal

The aim of the present study was to evaluate a software-based analysis of the fluorescence signal to
recognize the patterns of bowel ischemia and discriminate between arterial occlusion, venous
congestion and a combination of both.

In 18 pigs, two clips were applied on the inferior mesenteric artery (group A: n = 6) or vein (group
V: n=06) or on both (group A-V: n = 6). Three regions of interest (ROIs) were identified on the
sigmoid: P = proximal to the first clip; C = central, between the two clips; and D = distal to the
second clip. Indocyanine Green was injected intravenously. The fluorescence signal was captured
by means of a near-infrared laparoscope. The time-to-peak (seconds) and the maximum
fluorescence intensity were recorded using software. A normalized fluorescence intensity unit
(NFIU: 0-to-1) was attributed, using a reference card. The NFIU’s over-time variations were
computed every 10 min for 50 min. Capillary lactates were measured on the sigmoid at the 3 ROls.

Various machine learning algorithms were applied to recognize ischemia patterns (Figure 22).

Fig.22. Example of FLER analysis in an arterial ischemia model. I White light image of the minimally
invasive setting of arterial ischemia creation. Il Near-infrared image 40s after the injection of
0.2mg/kg of ICG: bright enhancement of bowel vessels. II1 Virtual perfusion cartography, generated
by computing the slope of the time-to-peak, pixel-by-pixel. IV FLER, showing the limits between the
perfused proximal area (P) and the ischemic ROI C. V Near-infrared image after 10 min. VI Near-
infrared image after 50 min.
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STUDY 5: Evaluation of hyperspectral imaging (HSI) for the measurement of ischemic

conditioning effects of the gastric conduit during esophagectomy

The aim of this pilot clinical trial was to evaluate the safety and ability of HSI to quantify the perfusion
of the gastric conduit intraoperatively during hybrid (abdominal part: laparoscopic; thoracic part:
mini-thoracotomy) or open esophagectomy (n = 1 with simultaneous liver resection).

Intraoperative hyperspectral images of the gastric tube through the mini-thoracotomy were recorded
from n = 22 patients. Fourteen patients underwent laparoscopic gastrolysis first. During gastrolysis
part of the stomach vasculature was interrupted (left gastroepiploic artery, short gastric artery and left
gastric artery) in order to stimulate an ischemic preconditioning. 3-7 later the surgical procedure was
completed through gastric tubulization, esophagectomy and anastomosis. In the rest of the patients
the operation was carried out conventionally in one step. The tip of the gastric tube (later
esophagogastric anastomosis) was imaged with HSI. Analysis software provided an RGB image and
3 false color images representing physiologic parameters of the recorded tissue area intraoperatively.

These parameters included tissue oxygenation (StO»), near-infrared perfusion index (NIR), and tissue

water index (TWI) (Figure 23).

e .F-‘-q'

Fig. 23. The RGB picture is shown on the left and the StO2 pseudo-color image on the right.
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RESULTS
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STUDY 1: Hyperspectral imaging quantification of mouse limb microcirculation in ischemia-

reperfusion model with phosphodiesterase S inhibitor preconditioning

The ischemia, not visible in the RGB pictures, could be easily visualized using the HSI in both the
control and sildenafil groups (Figure 24).

The control group showed a significantly lower StO> (T120, 24.8+17%, p=0.0113) during ischemia
and significantly higher during reperfusion (T150, 76.8+£3.77, p=0.0008) as compared with the
internal control at TO (53.3+£7.04%) (Figure 25). Similarly, the sildenafil group was significantly
lower StO> during ischemia (T120, 28.6£20%, p=0.0312) but not significantly higher during
reperfusion (T150, 73.3+£19.1%, p=0.0075) as compared with the TO value (63.3+8.46%) (Figure
26).

The comparison of the StO» values at TO, T120, and T150 between the sildenafil and the control
groups, did not show any statistical difference (Figure 27).

During the overall ischemic phase, the StO> mean value of the ischemic limb in the control and
sildenafil groups was measured at 30.2+13.4% and 30.5+18.9%, respectively. Both had
significantly lower values than the mean of the non-ischemic limb in both groups (control
64.018.34%; sildenafil: 66.2+5.08%; p<0.0001). During the whole reperfusion phase, the StO,
values of the ischemic limb were 73.8+£0.477% in the sildenafil group and 77.1+1.04% in the
control group, whereas values in the non-ischemic limb were 74.8+2.59% for the sildenafil and

75.613.45% for the control group (Figure 28).
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RGB HSI Control HSI Sildenafil

Pre-ischemia

i

120 min. Ischemia

30 min. Re-perfusion

Fig. 24. The RGB pictures captured with the HSI camera before ischemia, after
120 minutes ischemia and after 30 minutes reperfusion are shown in the RGB
column. The pseudo-color images generated by the HSI system quantify the
StO2 content at the different timepoints, in the control (central column) and
sildenafil (right column) groups respectively. Red areas display the highest
StO2 values, whereas green, yellow, and blue incrementally lower perfused
areas.
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Fig. 25. StO2% in the control group at different

timepoints, before ischemia (T0), during
ischemia (T120) and during reperfusion

(T150).(One-Way ANOVA p=0.05 = ns, p<0.05
=* p<0.01 =** p<0.0001 = *** p<0.00001 =

*HEF)Fig. 25. StO2% in the control group at
different timepoints, before ischemia (T0),
during ischemia (T120) and during reperfusion

Fig. 26. St02% in the sildenafil group at different
timepoints, before ischemia (T0), during ischemia
(T120), and during reperfusion (T150). (One-Way
ANOVA p>0.05 = ns, p<0.05 = *, p<0.01 = **,
p<0.0001 = *** p<0.00001 = ***%*)
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Fig. 28. StO2% in both groups: control and sildenafil. The graph shows all

values recorded during ischemia and reperfusion. Each point is the mean of
the 5 samples with SD.
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STUDY 2: HYPerspectral Enhanced Reality (HYPER): a physiology-based surgical guidance

tool

HYPER imaging could consistently and precisely identify the bowel perfusion at the various ROIs

over time.

The main results were as follows:

e Local capillary lactates (mmol/L)
Mean cumulative (all-time points) local capillary lactate values were significantly different between
the different ROIs. Mean lactate levels at the ROI ISCH (8.5+4) were significantly higher than those
sampled at MI (4.12+2.16, p<0.0001), MV (2.33£1, p<0.0001), and VASC (1.78+0.79, p<0.0001)
zones. Similarly, lactate levels were significantly different between MI vs. both MV and V (p<0.0001

in both cases). MV and V had similar lactate levels, throughout the entire experiment.

o St02%
The mean cumulative (all timepoints) StO2% values showed statistically significant differences

between all ROIs (p <0.0001).

e NIR perfusion index
Cumulative (all timepoints) NIR was significantly different at the various ROIs (p<0.0001), except

between V and MV.
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o Tissue water index (TWI)
ROI ISCH showed a significantly lower cumulative mean value (40.96+10.59) as compared to ROIs
V (53.29+£10.59, p<0.0001), MV (54.81£8.36, p<0.0001), and MI (49.49+9.65, p<0.0001).

Statistically significant differences between ROIs occurred starting at 45” of ischemia.

e Histopathology
The mean Chiu’s score at ROI ISCH was 2.730+1.87 and was significantly higher than ROI V (0+0;
p<0.0001), ROI MV (0.7600+0.94; p<0.0001) and MI (1.37+1.43; p=0.0021). In addition, the MI

had a significantly higher score than MV (p=0.0002).

e Reactive oxygen species (uM/min/mg dry weight) generation after 2h ischemia
The mean value of ROS at the ROI ISCH was 0.23+0.17 and was significantly higher when compared
to ROI VASC (0.07+0.02; p=0.0017), to ROI MV (0.08+0.03; p=0.0018), and to ROI MI

(0.093+0.04; p=0.0053).

The evolution and the intra-ROI differences over time are reported in Figure 29 and Table 3.
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Fig. 29. The graph shows the evolution of HSI parameters and of capillary lactates over time at the various
ROIs. For an improved graphic, the ROIs which were symmetrically proximal and distal to the ischemic area
were pooled on the basis of the same StO2 levels.

The near-infrared perfusion index quantifies perfusion within the NIR wavelength, and consequently from
deeper tissue layers. NIR could precisely discriminate the ischemic as well as marginal and vascularized areas
throughout the entire 6h ischemia. Similarly, the StO2 imaging provided distinct curves and an accurate
quantification of the oxygenated hemoglobin within the visible light wavelength at the different ROIs. The
tissue water index computes the tissue water content. Upon ischemia, TWI was similarly decreased in all
ROIs. From minute 45’ (dotted line), TWI started to rise again, but significantly more in the perfused than in
the ischemic areas. Over time, local capillary lactate curves confirmed the accuracy of the HSI images to
discriminate between the ROIs based on the StO2 cartography, at any timepoint.
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Table 3. Over-time multiple comparisons between ROIs

ROIs 5 15’ 30 45° 60’ 120° 240° 360’
comparison
Local capillary lactates

V vs MV ns ns ns ns ns ns ns ns

V vs MI 0,0128 | 0,0386 ns ns ns ns ns | 0,0027

Vsl <0,0001 | <0,0001 | <0,0001 | <0,0001 | <0,0001 | <0,0001 | <0,0001 | <0,0001

MYV vs MI ns | 0,0323 ns ns ns ns ns | 0,0368

MV vs I 0,0008 | <0,0001 | <0,0001 | <0,0001 | <0,0001 | <0,0001 | <0,0001 | <0,0001

Ml vs 1 ns [ 0,0009 | 0,0005 | <0,0001 [ <0,0001 | <0,0001 | <0,0001 | 0,0302

St02%

Vvs MV | <0,0001 | <0,0001 | <0,0001 [ <0,0001 | <0,0001 | <0,0001 | <0,0001 | <0,0001

Vvs MI | <0,0001 | <0,0001 | <0,0001 | <0,0001 | <0,0001 | <0,0001 [ <0,0001 | <0,0001

Vsl <0,0001 | <0,0001 | <0,0001 | <0,0001 | <0,0001 | <0,0001 | <0,0001 [ <0,0001

MV vs MI' | <0,0001 | <0,0001 | <0,0001 | <0,0001 | <0,0001 | <0,0001 | <0,0001 | <0,0001

MVyvsI | <0,0001 | <0,0001 | <0,0001 | <0,0001 [ <0,0001 | <0,0001 | <0,0001 | <0,0001

MIvs1 <0,0001 | <0,0001 | <0,0001 | <0,0001 | <0,0001 | <0,0001 | <0,0001 | <0,0001

NIR
Vvs MV ns ns ns ns ns ns ns ns
V vs MI 0,0001 ns ns ns ns | 0,0236 ns| 0,0127
Vsl <0,0001 | <0,0001 0,0009 [ <0,0001 | <0,0001 | <0,0001 0,0002 [ <0,0001
MYV vs MI 0,0203 ns ns ns ns ns ns | 0,0467
MV vs 1 <(0,0001 | <0,0001 | <0,0001 | <0,0001 | <0,0001 | <0,0001 [ <0,0001 | <0,0001
MlIvs 1 0,0371 0,0019 0,0033 | 0,0002 | 0,0001 0,0334 ns | 0,0041

TWI
Vvs MV ns ns ns ns ns ns | 0,0028 ns
V vs MI ns ns ns ns ns ns ns ns
Vsl ns ns ns ns [ 0,0095 | 0,0149 ns | <0,0001
MV vs MI ns ns ns| 0,0189 ns ns ns ns
MV vs I ns ns ns | 0,0001 0,0013 | <0,0001 | <0,0001 | <0,0001
Mlvsl ns ns ns ns ns | 0.0094 | 0.0027 | 0.0004

Table 3. ANOVA with Tukey’s multiple comparison test. ROIs: regions of interest; V: vascularized
(70-100% StO2); MV: marginal vascularized (50-70% StO2); MI: marginal ischemic (30-50% StO2);
I: ischemic (0-30% StO2). NIR: near-infrared; TWI: tissue water index. A p- value <0.05 was
considered statistically significant.



Figure 30 displays the results of histopathology and the quantification of the radical of oxygen

species at the ROIs.
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Fig. 30. Main differences in terms of histology at the different ROIs and
ROS generation for loop B (2 hours ischemia)

e LCL prediction from HSI StO2
The model could predict capillary lactate values with a mean error of 1.18£1.35mmol/L. The median
error was 0.7mmol/L. 95% of the errors occur for lactate values <3.44mmol/L (Figure 31). The
inaccuracies in predicting lactate levels occurred predominantly at levels of StO2 ranging from 0 to
30%, corresponding to the ISCH ROI. For StO2 values >30%, the mean error was 0.3+0.33 mmol/L
(median error 0.164, 95th percentile 0.87).
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Fig. 31. On the left, graphical representation of the curve fitting algorithm for the relationship between StO2 and
the local capillary lactate, normalized via the systemic lactate value. The graph displays the learning datasets of
the 6 initial pigs and the 5 prediction animals. The graph on the right displays the error rate; the majority of the
errors are found when the StO2 is lower than 30%. In the value range above 30%, the error is very low, potentially
making HSI a reliable intraoperative tool to assess the perfusion of borderline perfused bowel segments, which are
the most relevant ones clinically.
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STUDY 3: Quantitative fluorescence angiography vs. hyperspectral imaging to assess bowel

ischemia: a comparative study in enhanced reality

The enhanced reality environment allowed to precisely identify the ROIs on the bowel loops (n=72)
and to sample serosal capillary blood to measure LCL. FLER TTP and HSI-StO2 were calculated in
correspondence with the ROIs. Mean systemic lactate concentration was 2.63+2.85mmol/L. Mean
LCL concentration was 4.67+4.34mmol/L, mean normalized LCL value was 2.0344+2.44mmol/L,

mean StO; value was 45.92+18.59% and mean TTP 10.33+9.36 sec.

e  Comparison between FLER TTP and HSI-StO2
The Pearson analysis between FLER TTP and HSI-StO2 in correspondence with the same ROIs

gave a result of R=-0.66 (p<0.0001) (Figure 32).

o  Comparison between LCL and TTP / LCL and StO2

The Spearman correlation between LCL values and FLER TTP gave an R=0.40 (p=0.001), and an

=-0.62 (p<0.0001) between LCL values and HSI-StO2.
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Fig. 32. (A) Visual representation of Pearson’s correlation between HSI-StO2 and FLER TTP
(R=-0.66; p<0.001). The exponential regression correlation between lactates and both FLER
TTP (B) and HSI-StO2 (C) is shown. Seven datasets of highly ischemic regions (shadowed
points) were excluded from the regression analysis, since we observed that, using both
imaging modalities, the LCL prediction models are highly inaccurate when LCL>6mmol/L,
as highlighted in the graph.
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e LCL prediction based on FLER TTP

The mean error of the lactate prediction model was 0.95+0.74mmol/L. The median error was

0.68mmol/L. 95% of the errors occur for lactate values <2.33mmol/L.

e LCL prediction based on HSI-StO2

The lactate prediction model showed a mean error of 0.65+0.59mmol/L, with a median error of

0.43mmol/L. 95% of the errors occur for lactate values <2mmol/L.

e  Comparison between FLER-based and HSI-based lactate prediction models

The Wilcoxon test showed a significant difference between the two prediction models
(p<0.0001), with HSI yielding a better lactate prediction performance (Figure 33).

It was observed that both prediction models were less accurate for LCL values >6mmol/L. As a

result, a threshold was set at an inferior value, and led to excluding a total of 7 ROIs which were

definitely outliers (Figure 32 B-C).
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Fig. 33. Overall precision in predicting lactates is significantly higher when using the HSI-
StO> (black line) when compared to FLER TTP (red line).
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STUDY 4: Discrimination between arterial and venous bowel ischemia by computer-assisted

analysis of the fluorescent signal

o Slope of time-to-peak
In group A, time-to-peak recorded at the ROI P (8.32 + 4.16) was significantly shorter when
compared to C (20.1+13; p=0.04). Similarly, in group A-V, time-to-peak was shorter at the ROI P
(6.03£2.17) when compared to C (20.71£11.6; p=0.01) and when compared to D (18.56+10.75;
p=0.01). In group V, time-to-peak was similar in the three ROIs (p=7.35+2.43; C=8.43+3.7 and
D=8.6+2.9). Among the three groups, time-to-peak was similar at both ROIs P and D. Conversely,
time-to-peak at C areas was significantly longer in group A versus V (20.1£13 vs. 8.43+3.7;

p=0.04) and in group A-V versus V (20.71£11.6 vs. 8.43+3.7; p=0.03) (Figure 34).

Slope of the time-to-peak
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Fig. 34. Slope of time-to-peak (seconds) of the 3 different ischemia models at the 3 different ROIs.
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e Normalized intensity fluorescence unit (ratio between the reference card intensity
and the fluorescence signal on the bowel wall; 0-1)

At the central ischemic ROI, the maximal NIFU during the first minute after the injection of ICG,
was statistically significantly higher in the V group (1.01+0.21) when compared to both the A
(0.61£0.11; p=0.002) and to the A-V group (0.41 + 0.2; p=0.0005). Similar results in terms of
maximal NIFU were observed at the proximal ROI (V=0.82+0.07 vs. A=0.6+0.2; p=0.029; vs. A-V
=0.48+0.09; p <0.0001). At the distal ROI, maximal NIFU was also higher in the V group
(0.74£0.2) when compared to A (0.52+0.14; p=0.03) and to A-V (0.32+0.11; p=0.0015). The results

of the over-time evolution of the signal due to the washing out of the fluorophore are reported in

Figure 35.
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Fig. 35. Over-time evolution of fluorescence intensity (NIFU). In ROI C, after 10 min, in the A-V group the
NIFU remained stable (0.43+0.18), while it decreased in both the A (0.42+0.32) and V (0.74+0.25) groups,
with a significant difference between V and AV (p=0.03). Interestingly, in the A group, the signal started
rising after the first 20 min of ischemia, and, after 50 min it was significantly higher than the signal observed
at the same timepoint in the A-V group (0.48+0.07 vs. 0.29+0.09; p=0.003). The evolution of the signal was
also different at the proximal and distal ROIs. After 10 min, in the P area, the signal was significantly higher
in the V (0.55+0.16) when compared to the A-V group (0.33%0.1; p=0.02). The intensity of the signal rose
proximally in the A group (0.48+0.15) and the difference was statistically significant when compared to the
A-V group (0.25+0.04; p=0.005), after 50 min. The same thing occurred distally, after 50 min (A=0.37+0.06
vs. A-V=0.23+0.08; p=0.01).
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e Local bowel capillary lactates (mmol/L)

The results of the local bowel capillary lactates are reported in Figure 36. There was a positive
correlation between lactate levels collected at 50" after the ischemia and the slope of time-to-peak in
case of both arterial ischemia (Pearson p 0.78), and venous ischemia (Pearson p 0.88), while no

correlation was found in case of mixed ischemia (Pearson p 0.54).
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Fig. 36. Bowel local capillary lactates. After 5 min of ischemia, mean capillary lactates at the central
area in the arterial and mixed ischemia group were statistically significantly higher when compared to
those of the venous ischemia group, (A; 1.9+0.5 and A-V; 2.6£1.5 vs. V; 1.3+0.6: p=0.0071 and
p=0.034 respectively). Similarly, after 50 min of ischemia, the values remained significantly higher
in the ROI C in both the arterial (2+1) and mixed (3.842.8) ischemia when compared to the venous
ischemia (1.58+0.6); p=0.03 for both. The over-time increase of lactates was not significant, except
for ROI C in the venous ischemia (1.3£0.6 vs. 1.58+0.6; p=0.049)

e Machine learning (ML) analysis

The most accurate algorithms to discriminate the type of ischemia, taking into account the slope of
time-to-peak, the maximum fluorescence signal at 1 min and the over-time evolution at 10-50 min,
were the K Neighbor and the Linear SVM. When the ML was asked to recognize only the type of
ischemia, independently of the ROI, the K nearest neighbor and the Linear SVM algorithms both
provided an accuracy of 75% in discriminating between A versus V and 85% in discriminating A

versus A-V. The accuracy dropped to 70% when the ML had to simultaneously identify the ROI

and the type of ischemia.
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STUDY 5: Evaluation of hyperspectral imaging (HSI) for the measurement of ischemic

conditioning effects of the gastric conduit during esophagectomy

The use of HSI imaging intraoperatively proved safe and did not affect the surgical workflow. The
regular operative procedure was not prolonged substantially, since the time required to obtain the
pseudo-color images was approximately 10 sec. A statistically significant lower mean oxygenation
was seen in the gastric conduit at the ROI representing the future anastomotic site in patients

without preconditioning (one-step esophagectomy) (StO,= 66%) compared to patients with

ischemic preconditioning (StO,=78%; p=0.03). Tissue water index (control TWI=59;
preconditioning TWI=63) and NIR (control NIR=0.62; preconditioning NIR=0.68) did not show
any statistically significant difference (Figure 37). The postoperative course was uneventful in all
patients, except for one non-preconditioned patient. This patient developed an anastomotic leak of
the intrathoracic area without mediastinitis or sepsis on postoperative day 7, which could be
successfully treated conservatively using endoscopic vacuum therapy (Endo-SPONGE®, B Braun,

Melsungen, Germany).
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Fig. 37. Physiological parameters obtained with the HSI at the future anastomotic site. A) Mean StOz; B) Mean NIR
perfusion index; C) Mean TWI. With AL in A and B, perfusion values for the only case of anastomotic leak are

graphically shown.

The StO: in the preconditioning group was higher than in the control group (p= 0.03); for the rest of the parameters,
there were no significant differences.
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DISCUSSION
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Despite the number of technical improvements in surgery and the increasing use of technology as
part of surgical science, the AL rate is still high during gastrointestinal procedures [1, 3, 138] and
intraoperative perfusion remains the main factor to be controlled in order to prevent AL [124].
Over the last few years, FA has been increasingly used to assess blood flow intraoperatively and
despite its wide acceptance among the surgical community, mainly granted by the low costs, the
light procedural workflow and the favorable initial results [7], it has not proven to positively
influence the AL rate [11, 13]. The main reason is given by the lack of high-quality studies
(heterogeneous protocols in terms of contrast dosage, NIR system used, FA timepoint, lack of
published RCT), and above all by the lack of a uniformly accepted FA quantitative assessment.
Although quantitative FA has been introduced and validated experimentally using the FLER tool
[15, 119, 120], a few other authors have recently used quantitative FA during clinical procedures
[130, 131]. The protocols used were based on similar algorithms to FLER, but did not translate the
computation of time-to-peak into an enhanced reality perfusion cartography, consequently limiting
the intraoperative usability. Additionally, those protocols have not undergone a validation process
with controlled animal studies aiming to assess their relationship with biological parameters. A
clinical protocol using FLER to assess the perfusion during laparoscopic colectomies has been
recently completed, showing interesting results that will soon be available for publication.
Nevertheless, the intravenous injection of a contrast agent (ICG) remains a burden from the
regulatory point of view and de facto limits the distribution of FA solely to surgical research.
Hyperspectral imaging, as described in the previous sections, does not use any contrast agent,
providing a virtual real-time snapshot of the tissue’s physiological state as a result of the tissue-light
interaction. Akbari et al. [19] pioneered HSI to detect ischemia on the porcine bowel within a single
pig proof-of-the-concept. Indeed, they could successfully identify the ischemic region wavelength
(765-830nm). However, they used a rather bulky system made up of two HSI cameras, with a low

spectral and spatial resolution, which operated within a large spectral range (400 to 1700nm).
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Additionally, with their system a perfusion quantification was not possible. Their remarkable effort
remains the first published proof-of-the-concept, with obvious limits in terms of reproducibility,
sample size, and lack of biological markers to reinforce the optical imaging observation.
Successively, thanks to the technological improvements, a compact push-broom HSI system
(described in the Methods section of this thesis) with a high spectral and spatial resolution, initially
designed as a bed-side tool for patients suffering from chronic wounds [139, 140] has been
introduced. The system was useful in the follow-up of patients with chronic wounds as it allows to
assess and quantify the micro-circulation in real-time. The applicability of this camera to surgical
procedures within the operating room has been tested in 2 clinical protocols not included in this
thesis. In one study [41], the spectral features of the parathyroid glands from data collected in vivo
during 9 endocrine neck procedures were successfully determined. This protocol was performed
within the framework of a comprehensive HSI-based intraoperative tissue recognition project,
coordinated by the writer, which goes beyond the subject of this thesis. This protocol is a joint
effort between the University of Leipzig (Innovation Center of Computer-Assisted Surgery
(ICCAS) and the Digestive Surgery Department and the IHU of Strasbourg. Thanks to the
implementation of advanced machine learning techniques and HSI technology, the aim is an
automated intraoperative recognition of target structures. In the second study [42], the system was
used during various gastrointestinal procedures to observe the perfusion of gastrointestinal
anastomoses in vivo.

With the work included in this thesis, our group started by exploring further and then validated
hyperspectral imaging as a useful contrast-free tool to quantify perfusion within living animal
models in real time. Additionally, in order to overcome the downside of this imaging modality,
mainly due to the lack of a video rate, an innovative intraoperative navigation tool known as
HYPER has been developed. HYPER was able to virtually detect real-time fine perfusion changes

of the porcine gastrointestinal tract with a high degree of accuracy.
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Additionally, the implementation of machine learning algorithms in the previously validated FLER
concept allowed us to distinguish different ischemia patterns (arterial, venous, and mixed) with a
good degree of precision.

Likewise, machine learning techniques enabled us to find the relationship between the reliable
bowel ischemia biological parameter LCL and both FLER and HYPER. According to our
experience, circumscribed to animal studies with a limited sample size, HYPER showed a
significantly higher overall accuracy when compared to FLER.

This was taken a step further. The usability of HSI without the HYPER tool, has been tested to a
further extent intraoperatively in a small patients’ series, and could provide useful information

about gastric conduits that underwent ischemic preconditioning prior to esophageal resection.

STEP 1: EXPLORING THE CAPABILITY OF HYPERSPECTRAL IMAGING TO
QUANTIFY TISSUE PERFUSION IN A LIVING MODEL OF ISCHEMIA (study currently

submitted)

STUDY 1 was performed using the hindlimb ischemia (HLI) murine model. This model is currently
widely used in preclinical studies on peripheral arterial disease (PAD). The efficacy of the tested
experimental therapies is usually assessed combining intravital (laser Doppler perfusion imaging
(LDPI) or MRI angiography) and post-mortem techniques (histology, microcomputed tomography
(micro-CT)) [141]. These methods are expensive, time-consuming, and provide meaningful
information only if used in combination, since none of them alone are capable of providing non-
invasiveness, quantification and good spatial resolution simultaneously. Considering this, as HSI is
non-invasive and delivers a real-time precise quantitative perfusion analysis, it could be useful. The
HLI murine model used in STUDY 1 was an ischemia/reperfusion model: 2 hours of ischemia were

followed by 30 minutes of reperfusion. During reperfusion, the vessel recanalization triggers a
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massive reactive oxygen species (ROS) production, causing the ischemia reperfusion injury (IRI).
Several strategies have been investigated in order to limit IRT damage, one of them is the
pharmacological preconditioning using a phosphodiesterase (PDE) inhibitor. The PDE5-inibitor
sildenafil, has shown particularly promising protective effects against IRI on several organs [142-
144], although it has recently failed to show improvement in terms of mitochondrial respiration of
the skeletal muscle [145]. However, it tended to reduce ROS production, which might be linked to a
change in the degree of reperfusion. Accordingly, despite recent advances in the knowledge of PAD
pathophysiology [146, 147], the development of more effective therapeutic approaches still

represents a strategic target of basic and clinical research.

The results of STUDY 1 demonstrated that HSI was effective in discriminating the non-ischemic
and the ischemic limbs. In addition, pharmacological preconditioning using the PDE-5-inhibitor
sildenafil did not increment the StO» levels over the control group and did not show a significant

StO2 increase in the reperfusion when compared to the baseline level.

Several authors have previously reported the use of HSI to evaluate the outcomes of hindlimb
ischemia models. Poole et al. [141] used a combination of HSI and optical coherence tomography
(OCT) to assess disease severity and quantify collateral microcirculation formation in a chronical
PAD model, obtained through the ligation and transection of the hindlimb femoral artery in mice.
They found that HSI correlated significantly to well-established imaging modalities, such as LDPI
and pulse oximetry. Additionally, Grambow et al. used HSI to successfully monitor the outcome of
microsurgical anastomoses performed on the rat hind limb. They utilized the same system we used
for our study and were able to successfully quantify hind limb ischemia after clamping the femoral

artery [148].

Our results show a significant StO» drop after 2 hours of ischemia in comparison to the pre-
ischemia baseline and reperfusion phase. Interestingly, in the control group, the StO; reperfusion

was significantly higher than the baseline levels after 30 minutes. This result is in line with previous
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studies on healthy human subjects, in which the StO, was measured using near-infrared
spectroscopy (NIRS) [149]. NIRS clearly differentiated the ischemic phases from the non-ischemic
ones, and StO; increases above the baseline during the reperfusion phase were reported. The
downside of NIRS is linked to the necessity to attach several sensors to the skin’s surface and to the
lack of spatial coordinates. Considering this, HSI offers clear advantages over NIRS, being
contactless and providing a good spatial resolution. This is especially convenient in the
experimental setting, since StO> can be exactly quantified repeatedly during the procedure,
providing a dynamic information. In addition, the measurement can be performed exactly at the

chosen site of the future biopsy.

StO> values did not show any significant difference in the sildenafil group in comparison with the
control at the baseline, after 120 min of ischemia and 30 min of reperfusion. Accordingly, in a
previous study performed using only one injection of sildenafil, the protective effect of sildenafil
preconditioning against IRI was explored and we could not find any improvement in mitochondrial
oxidative and calcium retention capacities within the skeletal muscle [145]. However, a tendency
towards ROS reduction was observed. In STUDY 1, we found no StO- difference with the baseline
after 30 minutes of reperfusion in the preconditioning group, whereas a StO- statistically
significantly higher than the baseline was found in the control group. As a result, one might
postulate that the sildenafil-related reduced hyperemic impulse observed after ending ischemia
might lead to a minor ROS production and/or a better handling of ROS by the cells during the early
reperfusion phase. Besides, the beneficial effect of sildenafil on tissue perfusion might need a more

chronic administration [145].

Although preconditioning with sildenafil did not improve StO», it reduced the hyperemic impulse,
potentially leading to a minor ROS production during the reperfusion phase. With the completion

of STEP 1, we could conclude that hyperspectral imaging is a promising technology to evaluate the
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treatment efficacy in murine PAD models, since it is fast, contactless, non-destructive, and provides

an objective and spatially resolved StO»> quantification.

Based on the result of this preliminary study, we felt confident to proceed to the next step: the
evaluation of HSI to accurately measure bowel perfusion changes in a complex bowel ischemia

setup, in the large animal model.

STEP 2: DEVELOPMENT AND VALIDATION OF HYPER IN THE PORCINE SMALL

BOWEL ISCHEMIA MODEL [24]

In STUDY 2, a commercially available HSI system proved to be accurate to quantify bowel
perfusion, and proved to be consistent with robust and validated biological markers, such as
capillary lactates, ROS, and histopathological evaluation [15, 16, 150-152].

Additionally, with the previous customization of the HSI camera and the implementation of a
Python-based software, it was possible to directly overlay the HSI augmented information on the
real-time surgical images, obtaining the HY Perspectral-based Enhanced Reality effect (HYPER).
The reason for developing HYPER was to overcome the limitation of current HSI systems, which
provide spectral information without the corresponding real-time spatial data on the target tissue. In
other words, the HSI system currently delivers the spatial information as a static-side-by-side
image, which impairs the intraoperative co-localization of the spectral data on the corresponding
area of the surgical field. This concept was developed in continuity and by sharing similar setting
and validation markers with previous works, aiming to quantify bowel perfusion via FLER [119,
120].

The advantages of HYPER over FLER lie in the fact that HSI provides actual quantitative measures

of tissue perfusion parameters and does not require an exogenous contrast agent. Additionally, HSI
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can simultaneously analyze perfusion in superficial and deep layers: superficially by quantifying the
oxyhemoglobin peak in the visible light and deeply in the NIR spectrum, as explained in detail in
the Methods section of this thesis. HSI parameters (StO» and NIR perfusion index) were congruent
with capillary lactate levels at the ROIs discriminated by HYPER. The use of local bowel capillary
lactates as a robust marker of vascular supply, provided valuable insights. A high number of paired
capillary lactates and StO2 datasets (291) at different timepoints were collected, and it allowed to
compute a strong relationship between those two parameters, as shown in Figure 31. The local
bowel capillary lactates were normalized via systemic lactates to reduce the variability between
animals. The training dataset (6 pigs) served to build a predictive model with a machine learning
approach and was tested in 5 additional animals, in the same experimental conditions. Interestingly,
the prediction algorithm is highly accurate for StO; values >30%, which are the most difficult to
recognize with clinical appreciation only. This has potential clinical relevance, since HSI can
precisely identify marginally perfused areas, thereby cross-validating the protocol.

HYPER could also precisely discriminate differently perfused bowel segments and found
boundaries with significantly different rates of ROS production and distinct histopathology damage
scores (Figure 30), further confirming the accuracy of this technology.

An additional parameter collected with HSI was the tissue water index (TWI). Interestingly, TWI
was lower at ROI ISCH when compared to vascular areas, starting at 45’ ischemia, but also when
compared to the marginal ischemic (MI) segment, starting at 120°. A possible explanation could be
the capillary leak induced by the pro-inflammatory cascade, triggering an accentuated edema
formation at the ROIs, adjacent to the ischemic segment.

As a matter of fact, HYPER is not currently adapted to minimally invasive surgery, since the
current HSI systems are too bulky. Coordinating a consortium resulting from a joint effort of the
Research and Development teams of both Diaspective Vision GmbH and Karl Storz GmbH, our
research team could develop a miniaturized HSI camera prototype, enabling video rate, and real-

time superimposing of the hyperspectral information directly on white light images (Figure 38).
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Unfortunately, due to unfavorable timing, the currently undergoing preclinical validation studies of
the laparoscopic HSI prototype could not be included in this thesis.

Following the introduction and validation of HYPER the next sensible step was the comparison

with FLER.

Fig. 38. From left to right, the evolution of the miniaturized HSI prototype is shown. The final device (right) is capable

of recording with a video rate and it can directly perform HSI analysis during the video. We remain optimistic for a
prompt clinical translation, after completion of the preclinical validation.

STEP 3: COMPARISON OF FLER AND HYPER IN THE PORCINE SMALL BOWEL

ISCHEMIA MODEL (study currently submitted)

In the acute experimental setting of a 30-minute porcine small bowel ischemia, described in
STUDY 3, the quantitative evaluation of perfusion using hyperspectral imaging was more accurate
when compared to quantitative fluorescence-based evaluation. However, the study draws a
comparison between a laparoscopic camera and an open HSI camera. Additionally, the results show
that both FLER and HYPER provide virtually real-time information, and TTP and StO; are
significantly correlated. Besides, both parameters have a significant relationship with the local
capillary lactates sampled at the ROIs [15, 16, 24, 25].

A fitting function between LCL and both FLER TTP and HSI-StO; was found and yielded two LCL

prediction models based on each one of the two optical imaging parameters. It was observed that
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both prediction models were less accurate for LCL values >6mmol/L. As a result, a threshold below
this value was set, and led to excluding a total of 7 ROIs, which were definitely outliers (Figure
32). In this manner, the precision of prediction algorithms was substantially improved. This finding
is in line with the results of STUDY 2, in which we validated HYPER and observed a significantly
better accuracy of the LCL prediction model for StO; values >30% [24]. In the present study, all
outlying ROIs (LCL>6mmol/L) showed that StO, was <30%. Likewise, it is clinically irrelevant to
precisely predict the LCL in ROIs which are frankly ischemic based on a quantitative optical
imaging analysis and which are often identifiable as non-perfused to the naked eye. The regions for
which it is relevant to be accurate are the marginally perfused areas, which are generally difficult to
define by the sole exploration under white light and for those very areas where both prediction
models showed an acceptable accuracy. The prediction model based on FLER-TTP was
significantly less accurate when compared to the HYPER-StO, based model. An explanation might
be given by the fact that small bowel loops underwent a short ischemia period (30 min) in our set-
up. During this time, macroscopic signs of tissue suffering are rarely found. However, there are
intracellular changes which provoke a reduced mitochondrial activity. As a result, reduced O2
production and increased LCL already take place [16]. The HSI-detected StO; seems to better
mirror those intracellular metabolic changes as compared to FLER, which finally measures a
macroscopic phenomenon such as the serosal surface blood flow.

As compared to fluorescence imaging, HSI provides a larger amount of information and quantifies
several tissue components, including water, oxygen, and overall hemoglobin content. Additionally,
a remarkable advantage when compared to FA is that HSI does not require the use of any contrast
agents. In other words, HSI enables an optical, contrast-free, and non-destructive in vivo “biopsy”
of the surgical field, allowing one to virtually discriminate anatomical structures and characterize
tissue physiology.

To the best of our knowledge, STUDY 2 is the first comparison between HSI and quantitative FA

to assess bowel perfusion. The strong point of our study lies in its robust design and methodology.
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Limitations lie in the fact that the results are obtained in controlled experimental conditions and the
clinical application of HYPER has not been demonstrated yet.

In order to explore the influence of ICG on the spectral signal, during the execution of this protocol,
we also performed HSI images after intravenous ICG administration, which was required for FLER.
We noticed that ICG influences StO> quantification provided by the HSI system, leading to an StO»
overestimation. The reason is given by the fact that ICG has its maximum emission spectrum at
820nm and the HSI system quantifies StO; using an algorithm based on the second derivate of the 2
main oxygenated hemoglobin peaks in the electromagnetic spectrum (500-650nm and 700-815nm).
As aresult, ICG generates an interference on a part of the electromagnetic spectrum corresponding
to the oxygenated hemoglobin. Using a machine learning powered prediction model, trained on a
large number of datasets obtained from this protocol and other similar protocols that we conducted
on different organs, we could generate a prediction algorithm capable of correcting the ICG
interference on StO» quantification (Figure 39). This algorithm is currently undergoing a patenting

process.
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Fig. 39. Performance of the ICG correction algorithm. In blue, spectral curve of a bowel loop
before ICG injection. In red, spectral curve after ICG injection; around 800nm, the ICG peak is
visible (arrow). This peak will lead to overestimation of StO> quantification. In yellow, the
curve predicted using the ML algorithm in order to “correct” the ICG influence and calculate
the real StO: content.
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STEP 4: PLUGS-IN FOR FLER: IMPLEMENTING MACHINE LEARNING TO

DISCRIMINATE DIFFERENT PATTERNS OF BOWEL PERFUSION [137]

As already explained in the Methods section of this thesis, during the FLER description, the main
principle of quantitative FA is given by the observation that ICG rapidly highlights the vessels upon
systemic injection and diffuses quickly not only to the vascularized areas of the tissues but also to the

ischemic zones more slowly.

FLER has been largely validated within controlled animal experiments using robust surrogates for
bowel ischemia [15, 119, 120]. As a result, several authors progressively began to use similar
quantitative FA solutions based on the ICG diffusion velocity in the differently perfused areas in
clinical trials [130, 131, 153]. The main difference with FLER is that none of the solution proposed
allowed for a real-time enhanced reality environment. Currently, the FLER software is undergoing
implementation of new features, including motion tracking and different machine learning
algorithms, in order to interpret the data more accurately. In this context, in STUDY 4, we created 3
different ischemia groups (arterial, venous, and mixed) by clamping the inferior mesenteric vessels
differently and by analyzing the fluorescent signal on the sigmoid colon using FLER. We
hypothesized that the 3 different ischemic models would present different patterns in terms of signal
increase and washout, when analyzed with the FLER software. In a nutshell, in case of venous-only
ischemia, the fluorescent signal is initially brighter with a significantly shorter TTP when compared
to arterial and mixed ischemia. In case of arterial ischemia, after the initial drop during the first 20
min of ischemia, the signal starts to rise again, alimented by a backflow refill of ICG not occurring
with the other ischemia types, and that was significantly higher than the signal observed at the same

time point in the A-V group.
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Despite the low sample size, differences in the patterns allowed for a successful application of an
ML approach. The most accurate algorithms, selected with the “leave-one-out cross-validation”
method, could discriminate between arterial and venous ischemia with a 75% accuracy and up to an
85% accuracy to discriminate between arterial versus mixed ischemia. To validate the results and
correlate with imaging, the level of capillary lactates (largely validated [118-120, 151]) on the

bowel were measured with the strip-based lactate analyzer.

The capacity to accurately distinguish different types of ischemia might be useful during esophageal
resection, since it was observed that poor arterial blood supply and venous congestion of the gastric
conduit might lead to complications, in particular to AL [154, 155]. The ability to intraoperatively
detect a vascular compromise of the gastric conduit and to discriminate between an arterial
insufficiency and a venous congestion might lead to perform salvage procedures to improve blood
flow and venous drainage. These include the technique of supercharged micro-vascular
anastomosis, between short gastric vessels with cervical transverse artery and external jugular vein

[156] and transient bloodletting to improve gastric microcirculation [157].

STEP 5: APPLICATION OF HSI IN THE CLINICAL CONTEXT: REAL-TIME
PERFUSION ASSESSMENT AT THE FUTURE ANASTOMOTIC SITE ON THE

GASTRIC CONDUIT [23]

The primary aim of STUDY 5 was to assess the feasibility and reliability of HSI to intraoperatively
quantify perfusion at the future anastomotic site, during a major surgical procedure such as an Ivor-
Lewis esophagectomy. Secondarily, a subset of our patients’ series (14 out of 22) underwent an
ischemic precondition through a laparoscopic gastrolysis a few days prior to esophagectomy.

Although the sample size was clearly underpowered and the time delay between ischemic

105



preconditioning and the main operation was variable and rather short (3-7 days), HSI could find an
increase in StO; at the future anastomotic site of the preconditioning group, when compared to the
control group.

To the best of our knowledge, this is the first clinical study in which HSI is used to intraoperatively
assess perfusion during esophagectomy. In the past, other authors used different methods to measure
the gastric tube blood flow intraoperatively, those include optical fiber spectroscopy (OFS) [158, 159]
or laser Doppler flowmetry (LDF) [160, 161]. Although OFS can measure tissue oxygenation,
similarly to HSI, it has a very low spatial resolution, since it is based on point measurement obtained
with the optical fiber probe. Differently from HIS, LDF assesses blood flow intraoperatively, yet still
with a low spatial resolution and often with a cumbersome workflow. Consequently, both OFS and
LDF failed to become routine tools to assess anastomotic viability intraoperatively.

Recently, a few authors [162, 163] started to use FA to assess gastric conduit perfusion during
esophagectomy. In both studies, the sample size was small, and the assessment was subjective,
without quantitative analysis, and therefore larger studies with quantitative evaluation are required to
understand the role of FA during esophageal surgery.

With regards to ischemic preconditioning, in the past several authors explored this technique with the
aim to improve the rates of AL, which remain high during esophagectomy, ranging from 20 to 35%
[33]. The previous studies supporting the concept of ischemic conditioning [164-166] were of a non-
randomized character. However, the LOGIC trial [160], namely the only prospective randomized
controlled trial did not show any increase in the anastomotic perfusion measured via LDF. The reason
might be given by the fact that the study was underpowered and probably, since LDF exclusively
measures perfusion and since ischemic preconditioning triggers neoangiogenesis at the level of the
capillary network [167], this was not the appropriate tool to detect those fine microcirculatory
changes. HSI has already proven to be rather effective in assessing microperfusion in the field of
wound diagnosis [20, 140]. As a result, it might be a more appropriate tool to detect the viability

improvement ensured by ischemic preconditioning. This is in line with the result of our small study.
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Additionally, we completed another experimental study (not included in this thesis), in which a
percutaneous embolic ischemic preconditioning was performed in the porcine model 3 weeks prior
to surgery. After a three-week survival, a gastric tubulization was performed and perfusion was
assessed at the serosal side using both FLER and HYPER and on the mucosal side using confocal
microscopy. As biological parameters, we chose local capillary lactate and neoangiogenesis markers.
In the preliminary results, we noticed a significant perfusion increase in the preconditioning group
over the control group. This was also confirmed by biological data. The completion of data analysis

and manuscript preparation is currently underway.
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CONCLUSIONS

HSI provides an accurate evaluation of bowel perfusion, which is congruent with biological
markers, including capillary lactates, radicals of oxygen production, and histopathology. The
HYPER tool improves the usability of HSI technology in the operating room as a bridge before the
development of a fast hyperspectral video rate imaging.

In the acute experimental setting, the quantitative evaluation of perfusion using hyperspectral
imaging was more accurate when compared to a quantitative fluorescence-based evaluation.
Clinical translation of HSI was successful and provided good results within major surgical
procedures.

The next step is clinical translation and the evaluation of the impact of HYPER on the incidence of
anastomotic leakage.

A prospective controlled clinical trial has been planned and will begin in 2020.
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