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Résumé Francgais

Depuis sa présentation en 2000, la vidéo capsule endoscopique (VCE) a révolutionné
I’exploration non invasive de I'intestin gréle (IG). Elle permet d’acquérir plusieurs images d’IG
par seconde pendant une durée d’au moins huit heures et d’obtenir une exploration de la
totalité de la muqueuse de I'lG dans plus de 90% des cas. Les images émises par cette caméra
miniaturisée sont stockées dans un boitier enregistreur par l'intermédiaire de capteurs
positionnés sur 'abdomen du patient. Avec 10000 images d’IG en moyenne, l'interprétation
s'avere fastidieuse, chronophage et a risque de lésions manquées et d’incertitude
diagnostique. Les outils de l'intelligence artificielle (IA) sont susceptibles d’atténuer ces
limites. Un sondage aupres de 333 gastroentérologues, puis un consensus Delphi auprés de 21
experts, tous deux menés a |'échelle européenne, ont confirmé I'intérét et la confiance des
médecins dans ce développement, et identifié des questions de recherche prioritaires. La
création d’une premiére banque de 4174 vidéos et 5184 images d’intérét a été un temps
fondamental. Paralléelement, nous avons élaboré par trois processus Delphi, dans le cadre de
collaborations internationales avec des experts en VCE, des vérités terrains sur la
nomenclature, la description et I'imputabilité (selon le contexte clinique) des principales
lésions d’intérét de I'lG (Iésions vasculaires, lésions ulcéro-inflammatoires). Sur ces bases, nous
avons développé et évalué plusieurs algorithmes issus des réseaux neuronaux dédiés a la
lecture automatique des VCE. Nous avons enfin établi des preuves de concept sur les bonnes
performances diagnostiques de réseaux neuronaux supervisés pour la détection
d’angiodysplasies intestinales (Se = 100%, Sp = 96%) et pour I'évaluation de qualité de la
préparation intestinale (Se = 90,3 %, Sp 83,3%). Les résultats de ces travaux font I'objet d’une
valorisation industrielle a travers le dépo6t de brevets et la création d’une start-up.
L'implémentation a grande échelle de I'lA dans notre société représente d’ores et déja un
bouleversement dans notre quotidien. Un changement de paradigme s’impose de fait au
monde médical qui se retrouve lui aussi bousculé par I'arrivée de ces nouveaux outils et
algorithmes dont le fonctionnement complexe reste peu maitrisé par les soignants. Cette
révolution technologique nous expose a des problématiques nouvelles et nécessite d’étre
accompagnée par les différents acteurs de santé dont les soignants afin de participer a son
implémentation en pratique clinique et d’identifier les avantages et freins potentiels de ses
applications en santé. Ce travail se positionne a l'interface de ce monde médico-technique

complexe associant la médecine et I'analyse d’image.



Résumé Anglais

Since its inception in 2000, capsule endoscopy (CE) has revolutionized non-invasive small
bowel (SB) exploration. CE is able to acquire several SB images per second during at least eight
hours and can provide a full SB exploration in more than 90% of cases. The images emitted by
this miniaturized camera are captured in a recording box through sensors positioned on the
patient's abdomen. With an average of 10,000 SB images, CE interpretation can be tedious,
time-consuming, and may carry the risk of missed lesions and diagnostic uncertainty. Artificial
intelligence (Al) tools have the potential to alleviate these limitations. A survey of 333
gastroenterologists, followed by a Delphi consensus study involving 21 experts across Europe,
confirmed the interest and confidence of physicians in this development and identified key
research questions. The creation of a first database comprising 4,174 videos and 5,184 images
of interest was a fundamental step. In parallel, through three Delphi processes, in
collaboration with international CE experts, we developed a ground truth for the
nomenclature, description, and imputability (according to the clinical context) of the main SB
lesions of interest (vascular lesions, ulcerative-inflammatory lesions). Based on this
groundwork, we developed and evaluated several algorithms from dedicated neural networks
for automatic CE reading. Finally, we established proof of concept for the good diagnostic
performance of supervised neural networks for the detection and characterization of SB
angiodysplasia (Se = 100%, Sp = 96%) and for the evaluation of SB clealiness (Se = 90.3%, Sp =
83.3%). The results of this work are the subject of an industrial valorization through patent
filings and the creation of a start-up. The large-scale implementation of Al in our society is
already a disruption in our daily lives. A paradigm shift is necessary in the medical world with
the arrival of these new tools and algorithms whose complex operation remains poorly
understood by healthcare professionals. This technological revolution exposes us to new
challenges and requires the involvement of various healthcare stakeholders, including
healthcare professionals, to participate in its implementation in clinical practice and identify
potential advantages and obstacles to its applications in healthcare. This work sits at the
interface of this complex medical-technical world, combining medicine and image analysis.
The answers provided by the application of Al in CE through this work offer a real opportunity

to promote safer and more efficient care.



1. Introduction

Les différents travaux présentés dans ce manuscrit sont le fruit d’une collaboration étroite
entre le laboratoire de recherche ETIS (Equipes Traitement de I'Information et Systémes), un
centre commun au CNRS, a 'université de Cergy Pontoise et a I’'Ecole nationale supérieure de
I'électronique et de ses applications (ENSEA) et I’équipe du Centre d’Endoscopie Digestive de
I’'hopital Saint Antoine (Sorbonne Université, APHP, Paris, France). Cette collaboration a
débuté en 2015 autour de l'analyse d’image en endoscopie digestive pour se focaliser
progressivement sur |'application des outils de I'intelligence artificielle (IA) a la vidéocapsule
endoscopique (VCE) de l'intestin gréle (IG) (VCE-G). L'implémentation a grande échelle de I'lA
dans notre société représente d’ores et déja un bouleversement dans notre quotidien. Un
changement de paradigme s’'impose de fait au monde médical qui se retrouve lui aussi
bousculé par I'arrivée de ces nouveaux outils et algorithmes dont le fonctionnement complexe
reste peu maitrisé par les médecins. Cette révolution technologique nous expose a des
nouvelles problématiques et nécessite d’étre accompagnée par les différents acteurs de santé
- dont les soignants - afin de participer a son implémentation en pratique clinique et
d’identifier les avantages et freins potentiels de ses applications en santé.

Pour ses défenseurs, I'lA est la promesse de choix diagnostiques et thérapeutiques précis
et rapides, avec des performances démultipliées dépassant possiblement les capacités
humaines d’analyse, ouvrant de nouvelles voies de recherche. Pour ses détracteurs, I'lA
représente un danger de dépersonnalisation de la médecine, de perte des fondamentaux
cliniques. Ce travail de these applicative vient se positionner a la frontiere de ce monde
médicotechnique. Nous tacherons de réaliser un état de I’art de I'utilisation de la VCE-IG en
médecine pour ensuite aborder les différents axes de recherche possible autour de

I'application de I'lA a la VCE-G.



2. Epidémiologie en gastroentérologie

Les affections du tube digestif représentent un enjeu médical majeur de Santé Publique.
Les cancers digestifs sont fréquents et regroupent les cancers du tractus digestif (étendu de
I’cesophage a I'anus) mais également du pancréas et du foie et des voies biliaires. Le cancer
colorectal (CCR) est le second cancer en fréquence chez la femme et le troisieme chez
I’'homme. Le CCR est une des principales causes de déces par cancer dans le monde avec une
incidence annuelle en France estimée a 43 000 nouveau cas correspondant a un déces toutes
les demi-heures (1). Les maladies inflammatoires chroniques de l'intestin sont également
fréquentes, avec en moyenne 8 nouveaux cas de maladie de Crohn (MC) qui se déclarent
chaque année pour 100 000 habitants. Enfin, les hémorragies digestives touchent environ

1/1000 habitants par an, avec une mortalité autour de 15%.

La prise en charge de ces maladies en France représente un marché trés important, malgré
de nouvelles contraintes qui apparaissent. D’aprés une étude récente du Conseil National
Professionnel d’Hépatogastroentérologie (CNP HGE), les dépenses de santé annuelles pour les
maladies digestives sont d’environ 6 milliards d’euros pour un effectif de 3400
hépatogastroentérologues en France. Cependant, d’aprées cette méme étude, ce marché est
sous tension, puisque plus de 20% des hépatogastroentérologues ont plus de 55 ans (et
cesseront donc leur activité a I'horizon des années 2030), sans renouvellement ajusté des
générations du fait du numerus clausus des études médicales durant ces derniéres décennies.
A la fréquence et a la gravité des maladies digestives, se rajoute donc un enjeu, pour la santé

publique francaise notamment, du temps (et du colt) médical pour leur prise en charge.

L’endoscopie digestive occupe une place centrale dans la prise en charge des maladies de
I'appareil digestif (dépistage, diagnostic, surveillance et pronostic, traitement curatif et
palliatif). Ainsi, a I’échelle francaise, et d’aprés les données de |’Assurance Maladie, environ 3
millions  d’endoscopies digestives  sont réalisées  annuellement par les
hépatogastroentérologues. Les endoscopies dites conventionnelles permettent I'exploration
du tube digestif haut (a I'aide d’un gastroscope) jusqu’aux premiéres anses duodénales et du
tube digestif bas (a I'aide d’un coloscope) jusqu’a la derniére anse iléale (Figure 1). L'IG est
longtemps resté une frontiere anatomique du fait de sa longueur importante (4 a 6m) et de

son éloignement des orifices naturels (voies d’abord des endoscopies digestives) (Figure 2).



Au début des années 2000, des avancées technologiques majeures (et notamment la
miniaturisation des batteries et des composants électroniques) ont permis le développement
et I'avénement de la VCE. Ce dispositif représente une véritable révolution dans I’exploration
du tube digestif et est aujourd’hui devenu incontournable dans la prise en charge des patients
suspects ou atteints de maladies de I'lG. En France, on réalise actuellement environ 25 000
VCE-G par an. D’autres techniques existent pour |'exploration de I'lG comme I'entéroscopie
(effecutée sous anesthésie générale avec un entéroscope) mais cet examen est plutot réalisé
a visée thérapeutique. Certaines explorations radiologiques comme le scanner ou I'IRM
(Imagerie par résonance magnétique) permettent également de visualiser I'lG de facon

complémentaire.

Figure 1 : lllustration de la réalisation d’une coloscopie (Johns Hopkins, Cancer Center,
2017)
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Figure 2 : Schéma anatomique du tube digestif



3. Lavidéocapsule endoscopique

3.1.

Présentation du dispositif de vidéocapsule endoscopique

La VCE s’est imposée comme un des examens de premiere ligne pour I'exploration de

I'lG (2) (Figure 2).

| —

PillCam

Figure 3 : Modéle de vidéocapsule endoscopique de I'lG de 3éme génération (SB3 Pillcam®, Medtronic)

En France, la quasi exclusivité du marché de VCE est occupé par la firme Medtronic et
notamment sa troisieme génération de dispositif de VCE-G. Ce dispositif est intégré dans une
capsule de 26 X 11 mm et permet d’acquérir deux ou six images par seconde pendant une
durée d’au moins huit heures afin d’obtenir une exploration de la totalité de la muqueuse de

I'lG dans plus de 80% des cas (3) (Figure 3).
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Figure 4 : Vue schématique d'une vidéocapsule endoscopique de I'lG de 3éme génération (SB3 Pillcam®,
Medtronic). 1 : Fenétre (dome optique); 2,3. Lentille ; 4. Systéme d’éclairage: 4 diodes; 5: Puce (capteurd’images
CMOS); 6: Systeme énergétique (batteries) ; 7 : Transmetteur ; 8 : Antenne

Les images émises par cette caméra miniaturisée sont enregistrées dans un boitier par
I'intermédiaire de capteurs positionnés sur I'abdomen du patient. Le développement de la VCE
a été rendu possible par les avancées technologiques dans trois domaines : I'existence d’une
puce électronique capable de fournir une image comparable a celle obtenue par un appareil
photo, un systeme ASIC (Application Specific Integrated Circuit) qui autorise I'intégration d’un
transmetteur vidéo de tres petite taille, ainsi qu’un éclairage puissant miniaturisé de type LED
(light-emitting diode). Le champ de vision obtenu est de 156° permettant une bonne
visualisation de la muqueuse. La VCE-G a pour objectif de filmer I'intégralité de la muqueuse
de I'lG et présente la particularité de s’ingérer par voie orale et d’étre ensuite autonome dans
son déplacement par le biais du péristaltisme intestinal. Contrairement a la coloscopie, elle ne
nécessite ni anesthésie ni hospitalisation et est réaliséeen « externe » (dans un circuit similaire
a celui d’'une consultation ou d’'un examen radiologique). Aprés une période de je(ine
nocturne, et en I'absence de contre-indication (situations a risque de fausse route ou de
rétention) le patient ingere la capsule dans une structure de soin (cabinet médical, clinique,
hopital), boit éventuellement une préparation laxative, et retourne a son domicile, a ses
activités de loisirs ou professionnelles. Lors de sa progression dans l'intestin, la capsule
transmet (le plus souvent par radiofréquence) les imagessaisies a des capteurs reliés au boitier

d’enregistrement, portés en ceinture. La capsule
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est éliminée par les voies naturelles, aux toilettes. En fin de journée, le patient rend le boitier
d’enregistrement (par lui-méme, un proche ou un coursier) a partir duquel les images sont
téléchargées. Elles sont ensuite lues, de facon différée, sous forme de vidéo, par le praticien
(Figure 4) a l'aide d’un logiciel (viewer) dédié (figure 5). Un compte-rendu (avec
éventuellement un diagnostic et une conduite a tenir) est établi et communiqué au patient et

aux médecins correspondants.

PillCam®SB3

Figure 5 : Image d’IG captée par vidéocapsule endoscopique (SB3 Pillcam®,
Medtronic).
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Figure 6 : Image du viewer (SB3 Pillcam®, Medtronic)
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3.2.

3.3.

La vidéocapsule endoscopique en pratique clinique : quelles indications ?

Il est classiquement admis qu’environ 80% des hémorragies digestives ont une origine
haute (avant I'angle de Treitz) (4) et 20% une origine basse (en aval de I'angle de Treitz) (5,6).
Les hémorragies digestives basses sont a 80 % d’origine colo-anale. Les hémorragies digestives
liges a I'lG représentent donc environ 5% des hémorragies digestives. La VCE-G est
recommandée depuis 2006 par la HAS (Haute Autorité de Santé) comme examen de premiére
intention pour I'exploration des suspicions de saignement de l'intestin gréle (SSIG) apres
endoscopie oesogastroduodénale et iléo-coloscopie normales. La VCE-G est également
recommandée en cas de suspicion de MC de I'lG aprés des explorations endoscopiques et
radiologiques n’ayant pas mis en évidence d’anomalie, et pour certains pour le suivi de la
maladie (Figure 6). Une VCE peut étre discutée dans d’autres indications plus rares telles que
la maladie cceliaque résistante au régime sans gluten ou suspecte de complications (sprue
réfractaire, lymphome T) ou encore les polyposes digestives (syndrome de Peutz-Jeghers,
syndrome de Lynch) et autres tumeurs de I'lG (7-10). Le travail de Cortegoso Valdivia P. et al.
(11) regroupant 86930 procédures de VCE offre une vision représentative globale des
différentes indications de réalisation d’'une VCE: SSIG (51%), explorations de symptomes

digestifs (21%), suspicion de MC (21%), lésions néoplasiques (6%), maladie coeliaque (1%).

Indications de VCE Rentabilité diagnostique
Suspicion de saignement de l'intestin gréle 59%
Suspicion de maladie de Crohn 62%
Polypose digestive (Syndrome de Lynch/ Peutz- 63 %

Jeghers) / tumeur du gréle

Suivi de maladie coeliaque 52%

Figure 7 : Indications de réalisation d’'une VCE et rentabilité diagnostique associée (11).

Rentabilité diagnostique de la vidéocapsule endoscopique

Les SSIG représentent environ deux tiers des indications de VCE-G. Dans cette

indication, la rentabilité diagnostique est estimée entre 50 et 60 % dans la littérature (12,13).
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3.4.

Sa réalisation idéalement dans les 48 heures suivant le début du saignement est désormais
recommandée par I'ESGE (Société Européenne d’Endoscopie digestive) afin d’optimiser la
rentabilité diagnostique de I'examen (14). . En contexte de SSIG, la VCE a une rentabilité
diagnostique supérieure a celle de I'entéroscopie double ballon ou poussée et bien moins
invasive (15-18). Par ailleurs la VCE a une sensibilité et une spécificité plus importantes que
ces deux derniéres modalités. Ainsi dans le travail de Saurin JC. et al. (19) la spécificité et la
sensibilité dans le bilan étiologique des SSIG étaient respectivement de 92% et 80% pour la
VCE, et 48% et 69% pour I'entéroscopie poussée (p<0,01). La VCE-G est également indiquée
en cas de suspicion de MC. Elle est complémentaire de I'entéro-IRM notamment pour son
apport diagnostic des Iésions jéjunales proximales et superficielles parfois difficiles a mettre
en évidence en entéro-IRM en raison d’une part de la plus faible réplétion du jéjunum par
rapport a 'iléon (20), d’autre part de leur caractere souvent subtil. L’essai prospectif mené
par Gonzalez-Suarez B. et al. (21) sur une cohorte de 47 patients atteints et/ou suspects de
MC montrait aisni une meilleure rentabilité diagnostique de la VCE par rapport a 'entero-IRM
(76,6% vs 44,7%, p=0,001) dans le diagnostic des lésions de I'lG mais également dans la
détection de lésions jéjunales inflammatoires (31,9% vs 6,4% p=0,03). Pour autant, le faible

effectif de patients inclus dans cette étude ne permet pas de généraliser ces résultats.

Les enjeux de la préparation de l'intestin gréle

Afin d’optimiser la visualisation de I'lG sur I'enregistrement, il est recommandé de réaliser
une préparation associant un régime liquide et sans résidus végétaux la veille de 'examen, un
jeGine nocturne. La prise (et ses modalités) d’une solution laxative est plus controversée.
L'ESGE recommande l'ingestion par le patient d’une préparation avant une VCE-G (22) tandis
gue la Société Américaine d’Endoscopie Digestive (ASGE) recommande un régime liquide clair
préalable comme attitude validée en mentionnant tout de méme I'intérét des purges (23). Il
existe différents régimes et modalités de purge en ce qui concerne le type, le volume et le
moment d’ingestion qui ne font pas I'objet de recommandations claires dans la littérature
médicale. Pour autant, une qualité de préparation optimale est essentielle pour réaliser un
diagnostic fiable en VCE. L’essai controlé randomisé Prepintest (24) a montré que I'ingestion

ou non d’une purge n’augmente pas la rentabilité diagnostique. Le travail de Yung DE et al.
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(25), auquel nous avons contribué, démontre qu’une mauvaise qualité de visualisation des
images est associée a un rendement diagnostique plus faible dans les tumeurs malignes de
I'lG. L'ESGE a établi des critéres de qualité de la réalisation des VCE-G en fixant un objectif
supérieur a 95 % de procédure avec visualisation adéquate de I'lG (26). Afin d’y parvenir,
I'utilisation d’agents anti-bulles est suggérée pour réduire la présence de bulles d’air génant la
visualisation. Un critére de qualité supplémentaire établi par 'ESGE concerne le taux de
complétude de I'analyse de I'lG (défini par I'analyse compléte de la premiére a la derniéere
image de I'lG) supérieur a 80 % pour lequel certains traitements prokinétiques visant a

améliorer la vidange gastrique peuvent étre proposés au cas par cas.

4. L'Intelligence artificielle
4.1. Généralités sur l'intelligence artificielle

Le dictionnaire Larousse définit I'lA comme « un ensemble de théories et de techniques
mises en ceuvre en vue de faire réaliser des machines capables de simuler I'intelligence ».
L'objectif de I'lA se résume donc a imiter les fonctions de résolution de problémes et de prise
de décision du cerveau humain. C'est lors de la conférence de Dartmouth en 1956 que le terme
IA est pour la premiere fois prononcé (27), avec des objectifs définis et ambitieux quiprédisent
une machine capable de reproduire des taches cognitives humaines. Dans les années 60, le
premier réseau de neurones artificiel, appelé perceptron, est proposé par le psychologue
Rosenblatt. Le perceptron s’inspire du fonctionnement des circuits neuronaux humains
comprenant une entrée et une sortie toutes deux reliées par une arborescence synaptique
pondérée et prédéterminée. La mise en réseau de ces neurones artificiels ouvre ala voie a
I'apprentissage automatique (Machine Learning, ML). Malgré des perspectives initiales
enthousiastes accompagnées d’investissements massifs, le développement de I'lA connait par
la suite un essoufflement en partie attribué aux capacités limitées de calcul de la micro-
informatique a cette époque. Apres I'age d’or initial, cette période est décrite comme une série
« d’hivers de I'lA ». A partir des années 2000, I'arrivée des processeurs graphiques GPU
(Graphics Processing Unit) offre une puissance de calcul et de traitement rapide des données

et permet a I'lA de reprendre son essor.



4.2,

Terminologie en vision par ordinateur

Avant de poursuivre il apparait indispensable avant tout de clarifier le vocabulaire
utilisé dans le domaine de I'analyse d’image par ordinateur. La perception d’'une image par un
ordinateur se réduit a un ensemble de pixels constituant un tableau de matricescorrespondant
a des données statistiques (Figure 7). L’ceil humain en analysant cette photo reconnait un chat
avec certitude mais serions-nous capables de décrire en détail les différentes étapes du

cheminement cérébral nous permettant d’identifier cet animal ?

Classification :

75% chat

) —————— 21% chien
3% oiseau
1% poisson

Figure 8 : lllustration de I'analyse d’une image par un ordinateur

En vision par ordinateur, le terme classification correspond au regroupement des
différents pixels dans des classes spécifiques. La localisation d’'un motif (pattern) au sein de
I'image est le fait d’apposer un cadre autour du chat dans I'image d’intérét. L'ordinateur est
également capable de détecter plusieurs objets dans I'image pour réaliser une segmentation

de I'image, c’est-a-dire la délimitation précise des objets au sein de I'image (Figure 8).

classification localisation détection d'objet

g

Figure 9 : lllustration de la terminologie en vision par ordinateur
De gauche a droite : classification, localisation, détections multiples et segmentation
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4.3.

L’apprentissage machine (Machine Learning)

Le machine learning est un sous domaine de I'lA. Il consiste a développer des
algorithmes capables de reconnaitre des motifs (patterns) récurrents dans un jeu de données
(images, statistiques...). Les algorithmes sont capables d’apprendre mais également de
s’améliorer de facon autonome dans le but de réaliser des prédictions. Le développement d’un
algorithme répond a une suite systématique d’étapes avec initialement une phase
d”entrainement de I'algorithme sur une base de données permettant de déterminer les
parameétres du modeéle minimisant le risque d’erreurs, puis des phases d’amélioration et enfin

de validation du modele sur des bases de données distinctes, indépendantes.

4.3.1. L’apprentissage supervisé

L’apprentissage supervisé est une méthode de ML nécessitant 'utilisation de données
annotées et délimitées manuellement (sous forme de régions d’intéréts ou regions of interest,
ROI). L'annotation va permettre de classer I'image dans une catégorie spécifique (anomalies
vasculaire/inflammatoire) tandis que la délimitation s’applique a contourer la zone d’intérét.
L'apprentissage de I'algorithme est donc guidé par ces données et détient les prédictions de
sortie du modele permettant d’affiner les performances en diminuant I'écart entre les
résultats attendus et obtenus. Cet apprentissage est exigeant notamment de par la difficulté

et le caractére chronophage pour générer ces données de qualité.

4.3.2. L’apprentissage non supervisé

L'apprentissage non supervisé est une méthode de ML n’utilisant pas de données
préalablement délimitées. Contrairement a I'apprentissage supervisé, les algorithmes
apprennent dans ce cas a effectuer des regroupements de données en fonction de leurs
similarités ou de leurs différences. Cette méthode permet de réduire I'effort chronophage et

onéreux de délimitation des données.
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Figure 10 : lllustration d’un apprentissage supervisé et non supervisé

4.3.3. L’apprentissage profond (Deep Learning)

L'apprentissage profond (ou Deep Learning, DL) est une technique majeure de ML
reposant sur le modele des réseaux de neurones (RN) artificiels (Figure 11). Ces RN sont
capables de mimer le fonctionnement du systeme nerveux humain. Ills sont composés de
plusieurs couches de neurones interconnectées ayant des fonctions différentes. Les
caractéristiques d’une donnée analysée par un RN sont transmises sous la forme
d’informations que le neurone va recevoir et quantifier selon ses fonctions d’activation. Cette
information recue par le neurone, appelée « intrant », est quantifiée et traduite selon trois
niveaux : en dessous du seuil (le neurone reste inactif), aux alentours du seuil (phase de
transition), au-dessus du seuil (activation du neurone). Cette valeur seuil va servir de référence
pour déclencher ou non la transmission d’une information et influencer le résultat final.
Chaque couche de neurones est associée a un « poids » qui peut ou non étre préalablement
déterminé lors de la phase d’apprentissage en fonction des prédictions attendues de
I'algorithme. La structure de RN Ila plus pertinente dans I'analyse d’images et notamment dans
le domaine médical est le RN convolutif (Convolutional Neural Network, CNN) (28). Les CNN
s’organisent par couches de convolutions successives. Chaque couche de convolution analyse
une partie de I'image d’entrée puis multiplie les valeurs des pixels a I'aide d’une matrice
prédéfinie (pour capturer des courbes, des lignes, des structures) pour émettre le résultat sur
la couche suivante de neurones. Les couches de convolutions empilées successivement

permettent d’extraire des informations de plus en plus simples (Figure 12).
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Figure 11 : lllustration d’un réseau de neurones artificiel. (Création personnelle)

Filtre

Image d’entrée

Figure 12 : llustration du fonctionnement d’une convolution. (Création Dr Charles Houdeville)
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Le principal avantage des CNN est leur capacité a extraire automatiquement les
caractéristiques profondes de chaque image (texture, contours, niveau de gris...) en les
compressant de fagon a réduire leur taille initiale (processus de Pooling). Par la suite, une
fonction d’activation (exemple fréquent : ReLU pour Rectified Linea Units) va transformer la
donnée en changeant sa représentation. Dans ce cas particulier, ReLU permet de rendre le
modéle non linéaire et donc plus complexe en modifiant spatialement la représentation de la

donnée.

5. Applications de l'intelligence artificielle en médecine

Cette derniere décennie a connu des progres majeurs grace a I'avenement du ML qui a
ouvert la voie a un vaste champ de développements liés a ses applications notamment dans le
domaine médical (29). Les applications de I'lA en santé offrent la promesse d’une médecine
personnalisée, préventive, prédictive et également participative. L'lA s’invite désormais sur
des appareils grand public (téléphone, dispositif connecté, etc) et offre a titre d’exemple la
possibilité pour le patient de détecter seul le caractére éventuellement malin d’une lésion
dermatologique avec une fiabilité supérieure a celle de I'expert (30). Les métiers s’articulant
autour de I'analyse d’images sont particulierement sollicités par I’émergence de ces outils avec
notamment la radiologie mais également |'endoscopie digestive en premiere ligne.
L'application majeure de I'l[A en endoscopie digestive se concentre sur le développement
d’outils d’aide a la détection et a la caractérisation en temps réel des polypes colorectaux lors
d’une coloscopie (IA assistive, en complément de la vision humaine) (31). L'implémentation
de I'lA en VCE est confrontée a un défi presque opposé de par le caractere différé de la lecture
d’un enregistrement de VCE, d’'un scanner ou d’une IRM (IA assertive, écartant de la lecture

humaine de dizaines de milliers d’'images jugées non pertinentes).

6. Premieres tentatives d’intelligence artificielle appliquées a la lecture des VCE

Sila VCE s’est imposée depuis plus de vingt ans comme un des examens de référence dans
I’exploration de I'lG, la lecture des enregistrements demeure longue et fastidieuse pour le
médecin (30 a 40 minutes). Cette lecture, chronophage et colteuse en temps médical, est
associée a un risque d’erreurs et de lésions manquées démontré dans la littérature médicale

dés la deuxieme lecture successive de VCE (32). De plus, le délai de lecture de



7.1.

I’enregistrement differe souvent le rendu des résultats au patient ce qui est potentiellement
préjudiciable pour la prise en charge médicale de ce dernier mais également pour I'anxiété

éventuelle que ces délais peuvent générer.

En 2019, au démarrage de ce travail, certaines solutions facilitant la lecture des VCE étaient
d’emblée disponibles et proposées par les fournisseurs de VCE. Le systéme Pillcam
(Medtronic) proposait déja un premier outil informatique nommé SBI (small bowel blood
indicator) pour I'aide a la détection des lésions a potentiel hémorragique. Pour autant, les
performances diagnostiques de cet indicateur demeurent insuffisantes avec une sensibilité de
55% et une spécificité de 58 % (33) ce qui limite son utilisation en pratique clinique. Par la
suite, des algorithmes de ML ont été développés de fagon a supprimer les images similaires
ou redondantes pour accélérer la lecture des VCE. Les principes de fonctionnement de ces
algorithmes relévent du secret industriel. Le systtme QuickView® en est un exemple avec des
performances issues d’'un essai prospective multicentrique menés sur 106 vidéos montrant
une sensibilité de 85,1 % et une spécificté de 84,7% similaire a celle d’'une lecture
conventionnelle. Cet outil permet de réduire le temps de lecture a 11,6 minutes, en moyenne

(34).

L'avenement des outils d’'lA et leurs applications en médecine a d’ores et déja bouleversé
nos pratiques et offre des perspectives de développement importantes notamment dans le
domaine de l'analyse d’image. L'implémentation de I'lA en VCE suscite de nombreux
guestionnements et comme a chaque grande révolution ou changement de paradigme, les
opinions divergent sur l'intérét d’adopter ou non ces nouvelles technologies dans notre

pratique clinique.

7. Applications de l'intelligence artificielle en vidéocapsule endoscopique

L’intelligence artificielle en vidéocapsule : quelles perceptions et attentes ?

Les perceptions et attentes autour de I'implémentation de I'lA en VCE soulévent de
nombreux questionnements avec des opinions divergentes qui animent les débats. Afin
d’approcher et d’évaluer au mieux ces problématiques, nous avons mené un observatoire

international incluant 20 pays et 333 lecteurs de VCE (35). Les résultats de ce travail
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renforcent la volonté partagée des lecteurs de VCE d’'implémenter I'lA en pratique clinique
afin d’améliorer le diagnostic et la caractérisation et surtout de raccourcir le temps de lecture
des VCE. En revanche, une majorité d’experts s’opposent au principe de déléguer pleinement
a I'lA la lecture des VCE. Un sentiment majoritaire favorable soutient I'implémentation de cet

outil comme une aide a la lecture et a I'interprétation des VCE.
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Abstract: Artificial intelligence (AI) has shown promising results in digestive endoscopy, especially
in capsule endoscopy (CE). However, some physicians still have some difficulties and fear the advent of
this technology. We aimed to evaluate the perceptions and current sentiments toward the use of Al in
CE. An online survey questionnaire was sent to an audience of gastroenterologists. In addition,
several European national leaders of the International CApsule endoscopy REsearch (I CARE) Group
were asked to disseminate an online survey among their national communities of CE readers (CER).
The survey included 32 questions regarding general information, perceptions of Al, and its use in
daily life, medicine, endoscopy, and CE. Among 380 European gastroenterologists who answered
this survey, 333 (88%) were CERs. The mean average time length of experience in CE reading was
9.9 years (0.5-22). A majority of CERs agreed that Al would positively impact CE, shorten CE reading
time, and help standardize reporting in CE and characterize lesions seen in CE. Nevertheless, in the
foreseeable future, a majority of CERs disagreed with the complete replacement all CE reading by Al
Most CERs believed in the high potential of Al for becoming a valuable tool for automated diagnosis and
for shortening the reading time. Currently, the perception is that Al will not replace CE reading.

Keywords: small bowel capsule endoscopy; artificial intelligence; perceptions and sentiments;
machine learning

1. Introduction

Artificial intelligence (Al) is a disruptive technology, especially in medical image analysis

[1,2]. Al is already assisting physicians in various clinical tasks and has shown
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promising results especially in digestive endoscopy [3-5]. To support and promote this
technological innovation, the European Society of Gastrointestinal Endoscopy (ESGE) “sug-
gests the possible incorporation of computer-aided diagnosis (CADx) to colonoscopy” [6].
Capsule endoscopy (CE) generates a very high amount of data involving gastroenterol- ogists
in a tedious task of reviewing full-length small-bowel (SB) CE videos. The use of Al in CE has
already been studied in the relevant medical literature [4,7-9], and most authors seem
optimistic and/or even ready to accept a tremendous transition. However, although Al in CE
is already a commercial solution, some physicians still have difficulties accepting or some
concerns related to this technology. Therefore, we aimed to evaluate the perceptions and
current sentiment toward Al in CE.

2. Materials and Methods

An online and anonymized English survey questionnaire was designed by three gas-
troenterologists (AK, RL and XD). This questionnaire was distributed through GoogleForm®
(Mountain View, CA, USA) to European national leaders of the International CApsule
endoscopy REsearch (I-CARE) group. In addition, they were asked to disseminate this online
survey among their national CERs communities. Thus, participants tended to repre- sent a
diversity of training backgrounds. The survey contained 32 questions (Appendix A) divided
into 6 rubrics regarding general information (physicians’ level of training and experience,
practice characteristics), interest in new technologies in general, but also in endoscopy and
CE, perceptions regarding the benefits of Al in endoscopy and CE, and perceptions regarding
the barriers to implementing Al in CE. The term Al was defined as its general sense of “smart
machines capable of performing tasks that typically require human intelligence”. Inclusion
criteria for valid questionnaire returns was being a physician CER.

2.1. Agreement to Statements

For most questions, when addressing semi-quantitative questions, respondents were
asked to rate their position on a numerical Likert response scale from 1 (strongly disagree)
to 6 (strongly agree).

2.2. Statistical Analysis

Statistical analysis and graphical plotting were performed using Rstudio software
(Version 1.2.5033, Boston, MA, USA). Qualitative variables were expressed as proportions,
percentages, and raw numbers. Statistical comparisons between subgroups of responders
(fellows vs. accredited gastroenterologists/below or above 40 years old, and below or above
50 years old) were performed using Chi-2 tests. Statistical significance was set atp < 0.05.

3. Results
3.1. Physicians” Characteristics

A total of 380 gastroenterologists answered the questionnaire from December 2020 to
March 2021 after three reminders. Most of the respondents were accredited gastroen-
terologist (n = 302; 80%), GI residents/fellows (n = 70; 18%), and non-medical jobs (nurse,
technicians, or other healthcare providers) (n = 8; 2%). Overall, 20 different countries were
represented. The three most active countries in terms of responders were France (n = 62;
16%), Spain (n = 56; 15%), and Italy (n = 45; 12%). We decided to exclude non-physician
capsule readers responders (n = 7) from the final analysis to avoid response bias. Among

responders, 333 (88%) were identified as physician CERs including 85% of accredited
gastroenterologists and 15% of GI resident/fellow (Figure 1). Most CERs were between 40

and 50 years of age (n = 109; 33%), respectively followed by the 50-60 age group (n = 96;
29%), the 30-40 age group (1 = 80; 24%), the 60-70 age group (1 = 34; 10%), and the 20-30
age group (n = 14; 4%). The main practice setting was university/teaching hospital (n = 214;
64%), non-university hospital/district hospital (n = 87; 26%), and private practice (n = 32;
10%). The mean CE reading experience was 9.9 years (range 1-22), the current average
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number of CE read per year was 67 (range 2-500), and the current average number of CE
readings supervised per year was 38 (range 0-500) (Figure 2).

Online survey: 32 questions sent to international
gastroenterologists

20 Countries

380 Respondents

N

Non capsule readers and non

Capsule readers
physician capsule readers P
n =333
n=47
Figure 1. Flowchart of the study.
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Figure 2. Cont.
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Figure 2. Capsule readers characteristics: (a) Current position of physician CE readers; (b) Age distribution of capsule
readers; (c) Survey responders by country (Physician capsule readers only); (d) Main practice setting. CE: Capsule

endoscopy; GI: Gastrointestinal.

3.2. Level of Information on Al

Among CERs, 38% (n = 126) did not consider themselves as well informed about the use
of new technologies, especially informatics. Regarding CER only, 45% (n = 151) were aware
of using any Al applications such as, for example, speech recognition, spam filters, or
recommendation algorithms. Forty-six percent (n = 152) did not already use endoscopy Al
solutions in their regular practice, but 36% (n = 121) planned to do so. Seventy-five percent
(n =251) were interested or strongly interested in receiving a generic/baseline training on
Al,and 68% (n = 226) were interested or strongly interested in Al being part of the endoscopy
training. Two-thirds (66%; n = 221) of responders thought that the introduction of Al would
not change the relationship between physicians and patients, whereas 24% (n = 80)
believed that this relationship would become more interactive, and 10% (7 = 30) believed

that this relationship would become more impersonal (Figure 3).
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Figure 3. Level of information of capsule readers on artificial intelligence in general and in medicine. (a) How interested are
you in receiving a generic/baseline training on Al?; (b) How interested are you in receiving a technically advanced training on
AI?; (c) Al should be part of the endoscopy training; (d) How will the relationship between the endoscopist and the patient
change with the introduction of AI?

3.3. Perceptions of Al toward Capsule Endoscopy

Eighty per cent (n = 268) of CERs agreed or strongly agreed that Al will positively impact
CE, and 79% (n = 265) agreed or strongly agreed that Al would shorten the reading time in
CE. Interestingly, 71% of CERs (n = 236) already used quick CE reading modes in their daily
practice. Moreover, 74% (n = 246) and 68% (n = 226), respectively, agreed or strongly agreed that
Al would help standardize reporting in CE and characterize lesions seen in CE. Nevertheless,
71% of CERs (n = 236) atleast moderately disagreed with the idea that Al would replace them
at work. However, most CERs (68%, n = 227) agreed or strongly agreed that Al would allow
a pre-triage of CE examinations by likelihood of being normal (Figure 4).These proportions
did not vary significantly, according to the professional level (fellows vs. accredited
gastroenterologists) or to the age class (below or above 40 years old, and below or above 50
years old).



Al will allow automated reporting

Disagreement Agreement
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Figure 4. Perceptions of Al toward capsule endoscopy. Box plots show the distribution of responses using a Likert scale
ranging from 1 to 6 (strongly disagree to strongly agree). The mean value is plotted with a red dot. The vertical blue bar
represents the median value; 25th and 75th percentiles are set as box limits.

Regarding CE reports, 79% (n = 265) of CERs disagreed or strongly disagreed that Al
would allow automated reporting without validation by the gastroenterologist. Regarding the time
limit to get the results from an Al solution for CE reading, the majority of CERs (59%; n
=196) believed that a few minutes would be reasonable, whereas 29% (n = 96) would tolerate
a few hours. Moreover, only 44% of CERs (n = 157) believed that Al would increase the
number of requests for CE examinations. Finally, the maximum mean number of false positive

frames per examination that CER would be ready to review was 222 (ranging from 50 to
1000).

3.4. Perceptions Regarding the Barriers for Al Implementation

Sixty percent of CR (n = 201) at least moderately agreed that Al implementation could
lead to operator dependence. Although 51% of CER (n = 170) thought that patients should be
aware of the use of Al in CE reading, 53% (n = 175) of CER believed that patients should not
expressly consent to Al in CE reading. Regarding who should take the responsibility of Al-
based reporting in CE, 75% of CERs (1 = 250) believed that the responsibility remains at least
with the endoscopist. In contrast, the other CERs believed that responsibility should be
shared between the clinician requesting the exam, the developers of Al applications, and
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insurance companies. Finally, regarding the cost of Al implementation in CE, 65% (n = 218)
of CERs agreed or strongly agreed that this concern is of significant importance (Figure 5).
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Figure 5. Perceptions regarding the barriers for Al implementation. (a) Patients should be aware about the use of Al in CE
reading; (b) Patients should specifically consent to the use of Al in CE reading; (c) Al in CE will lead to operator dependence on
the technology; (d) Cost is important in implementing Al in CE reading. CE: Capsule endoscopy.

4. Discussion

This study reports the first evaluation on perception and attitudes toward Al in CE
involving a large group of international CERs. This survey revealed that a majority of CERs
have confidence in the implementation of Al applications in CE. Our results indicate that
most of the responders are interested in undergoing a learning program on Al. Moreover,
92% of CERs agree that Al should be part of the regular endoscopy training. These
perceptions are per the survey of Wadhwa et al. [10], in which 86% of physicians
reported interest in Al-assisted colonoscopy. Further illustrations, especially in
radiology, revealed the same general enthusiasm regarding Al. For example, Waymel et
al. [11] showed through an electronic survey sent to radiologists that 79.3% (n = 214) of
respondents think Al will positively impact their future practice. Moreover, in the study of
Pinto Dos Santos etal.,, 77% and 86% of radiologists and students, respectively, agreed that
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Al would revolutionize and improve radiology [12]. These data corroborate the important
expectation of Al implementation in medicine.

One of the primary functions of Al in CE is to reduce reading times while maintaining the
highest possible sensitivity for abnormalities detection. The task of reviewing full- length
SBCE reading is tedious, and CERs spend on average 30 to 120 min to review and interpret
complete SBCE examinations encompassing thousands of images [13]. Moreover, Beg et al.
showed that reader accuracy declines after reviewing one full-length SBCE recording and that
accuracy is also influenced by reading speed [14]. In 2019, a large multicenter study in China
showed that an Al-based algorithm could reduce the mean CE reading time to 6 min per video
while maintaining a high sensitivity for abnormalities detection [4]. Although the ESGE
guidelines recommend that quick CE reading modes “may be used to scan the small bowel
for diffuse lesions ( ... ) but should not be relied on to detect an isolated lesion” [15], our
results interestingly report that 71% of CER (n = 236) already use quick CE reading modes in
their daily practice, demonstrating a genuine desire to reduce CE reviewing time. Moreover,
some could hypothesize that Al implementation would lead to an increase in CE requests,
but 53% of CR (n = 176) suggest that no significant change is to be expected.

Regarding the potential cost of Al implementation in CE, 65% (n = 218) of CER agreed
or strongly agreed that it is a topic of major importance. Most CE manufacturers are
currently working on developing Al-based solutions for CE reporting. However, the
medical literature remains scarce on the potential performances of these devices, as most
available studies are retrospective, using local datasets without any external validation.
These drawbacks may hamper the cautious implementation of this novel technology.
Thus, evaluating the cost-effectiveness of Al solutions in CE is needed to better determine
the feasibility and safety of this technology in daily practice and whether it should be
implemented as a first or second reader [16]. The specific question of a cost-effectiveness
threshold was not addressed in this study and should be considered as a perspective for
further medico-economic studies.

Our study has several strengths. First, it is the largest survey addressing gastroen-
terologists’ perceptions of Al toward CE. Second, this survey included various modalities
of medical practice (university/teaching hospital, non-university, and private practice).
Third, all participants were chosen to represent a diversity of training backgrounds. Nev-
ertheless, we must also acknowledge a few limitations. First, the very real possibility of
participation bias: CERs who voluntarily answered this survey might be interested in this
topic, especially academic physicians (63%) who were a priori more prone to answering.
The authors hypothesize that this higher participation could probably be due to network
impact and can be responsible for participation bias. However, neither age nor professional
level influenced the perceptions of Al toward CE, meaning that CERs share the same
general optimism regarding Al implementation in CE. Second, our online survey didnot
lead to a debate, and a physical meeting would likely have enriched the discussion rather
than an online survey. Third, the term “Al” was given as its general sense of “smart
machines capable of performing tasks that typically require human intelligence”. Then,
potential benefits of Al in CE were listed (“shorten reading time”, “help characterizing”,
“help standardizing”, “automated reporting” . . .) and given to the participants in their
general senses (rather than “reading in less than 10 min” or “detecting with sensitivity over
95%”, etc.). We decided so, first because standards are not defined here yet (although some
research groups are working on it), second because any precise threshold may influence
results where we aimed to measure qualitative outcomes (sentiments, perceptions, expec-
tations) in the community of CER. A review on Al in SBCE from Dray et al. [9] has listed all
technological bricks under development and evaluation. Finally, the authors could not
calculate a participation rate, as invitations to answer this survey were spread by e-mail
throughout many of countries by corresponding capsule leaders in their community of
capsule readers; this could have participated in a non-response bias.

30



Some initiatives have focused on research questions trying to identify priorities related
to Al There is a general will for collaborative efforts to guide better and approach the
barriers of Al implementation. In their paper, Vinsard et al. [17] have proposed some
fundamental principles for Al system development and clinical testing to promote quality
assurance of CAD and diagnosis in colonoscopy. Another example from the study of
Ahmad et al. illustrates this trend as they also proposed a systematic process through a
modified Delphi methodology to identify research priorities for Al in colonoscopy [18].
All these considerations regarding Al implementation have led to a current ongoing work
from our group to map out research, clinical gaps, and challenges for Al in CE with some
CE international leaders.

Some ethical issues also must be discussed regarding the legal aspects of Al imple-
mentation for CE reading. Depending on how Al is used, the delegation of diagnostic tasksto
machines is tricky and unanswered. Al tools have demonstrated their capacity to enhance
physicians’ performance detecting colonic polyps or Barrett’s esophagus, but Al useintroduces
the risk of influencing physicians’ decisions. Our result illustrates that 60% of CR (n = 201) at
least moderately agreed that Al implementation could lead to operator dependence. One thing
is certain; the gastroenterologist community must contribute to the Al development for better
application in clinical practice. General optimism is needed for attracting funding in Al
algorithms development and for their wide adoption. Indeed, Al in CE will probably be an
“adversarial” rather than “assistive” tool meaning that, as for radiologists, only selected
frames will be proofread by the CER, while others will simplynot be double-checked.

Moreover, human trust in Al is of tremendous importance to support its implementa-
tion. Still, Al continues to frighten a part of our society, as Al algorithms can have black
boxes even to their creators. Al algorithms make decisions and predictions as humans do
without being able to describe their way of operating. More transparency on these black
boxes will widen its adoption. However, the community of CERs must be prepared, as Al
use in CE will automatically lead to inevitable mistakes. In the new era of Al, these risks
could be compared to drug accidents, and it should not slow down Al development and
obscure all the potential of this new technology. Indeed, some authors already promote
creating a reliable system of Al techno vigilance to solve all these issues [19] and maybe
define strict liabilities for harm inflicted by Al.

5. Conclusions

Capsule readers showed general enthusiasm toward Al in CE. The majority of CR believe in
the high potential of Al for shortening reading times and for the semi-automated detection of
abnormalities. Although CR cannot yet rely entirely on such solutions, before high-quality
trials demonstrate that this approach is highly sensitive and cost-effective, the community
seems eager to welcome the technology.
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Appendix A
List of the 32 questions asked to capsule readers in the questionnaire.

1.  Areyou a capsule endoscopy reader?

2. Yourage?

3. Your country (where you practice)?

4. Your professional level?

5. What is your main practice setting?

6.  Years of CE reading experience?

7.  Current average number of CE read by yourself per year.

8.  Areyou already using any Al applications (e.g., speech recognition, spam filters,
recommendation algorithms, etc.) in your everyday life?

9. Do you use any endoscopy Al solution in your regular practice already?

10. Alwill revolutionize endoscopy.

11. How interested are you in receiving a generic/baseline training on AI?

12.  How interested are you in receiving technically advanced training on AI?

13.  How will the relationship between the endoscopist and the patient change with the
introduction of AI?

14. Al should be part of endoscopy training.

15. Are you already using quick CE reading modes?

16. What will be the role(s) of endoscopists in developing/validating Al applications into
CE practice?

17.  What MEAN reading time should Al-based applications provide before implementa-
tion in small bowel CE practice is considered? (Minutes)

18. Al will have a positive impact on CE.

19. Al will increase the diagnostic yield in CE.

20. Al will allow automated reporting of CE without validation by the gastroenterologist.

21. Al will shorten the reading time in CE.

22. Al will help characterizing lesions seen in CE.

23. Al will help standardizing reporting in CE.

24. Patients should be aware about the use of Al in CE reading,.

25. Patients should specifically consent to the use of Al in CE reading?

26. Costisimportant in implementing Al in CE reading.

27. A normal small bowel CE encompasses a mean number of 12,500 frames. What
maximal number of Al false positive frames would you accept to review?

28. Whatshould be a reasonable time limit to get the results from an Al-based CE reading?

29. Al in CE will lead to operator dependence on the technology.

30. Al will increase the number of requests for CE examinations.

31. Inthe foreseeable future, all capsule readers will be replaced by Al

32.  Who should take the responsibility of Al-based reporting in CE?
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7.2.

L’intelligence artificielle en vidéocapsule : quels objectifs ?

Il apparait nécessaire que les axes de développement autour de I'lA soient encadrés
par une réflexion préalable pluridisciplinaire de fagon a favoriser I'adoption et I'utilisation de
ces nouveaux outils. Une réflexion en amont des développements parait essentielle pour
répondre a une problématique clinique réelle et envisager une meilleure acceptation de ces
outils. Selon la derniéere prise de position de I'ESGE (36), I'implémentation de I'lA en VCE
s’articule autour de trois axes de recherche : I'aide a I’évaluation de la qualité de la préparation
de I'lG, I'évaluation de la complétude de I'examen, et la détection d’anomalies associée a une
réduction du temps de lecture. Afin d’identifier au mieux les points clés de recherche et de
développement autour de I'implémentation de I'lA en VCE, nous avons menéun sondage
international regroupant 21 experts lecteurs de VCE et spécialistes en analyse d’image. Cette
étude offre une feuille de route guidant la recherche et le développement de I'lA pour sa

bonne intégration et utilisation en VCE (37).
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Abstract

Background: Artificial intelligence (Al) is rapidly infiltrating multiple areas in medicine, with
gastrointestinal endoscopy paving the way in both research and clinical applications. Multiple
challenges associated with the incorporation of Al in endoscopy are being addressed in recent
consensus documents.

Objectives: In the current paper, we aimed to map future challenges and areas of research for
the incorporation of Al in capsule endoscopy (CE) practice.

Design: Modified three-round Delphi consensus online survey.

Methods: The study design was based on a modified three-round Delphi consensus online
survey distributed to a group of CE and Al experts. Round one aimed to map out key research
statements and challenges for the implementation of AI in CE. All queries addressing

the same questions were merged into a single issue. The second round aimed to rank all
generated questions during round one and to identify the top-ranked statements with the
highest total score. Finally, the third round aimed to redistribute and rescore the top-ranked
statements.

Results: Twenty-one (16 gastroenterologists and 5 data scientists) experts participated in
the survey. In the first round, 48 statements divided into seven themes were generated. After
scoring all statements and rescoring the top 12, the question of AI use for identification and
grading of small bowel pathologies was scored the highest (mean score 9.15), correlation of Al
and human expert reading-second (9.05), and real-life feasibility-third (9.0).

Conclusion: In summary, our current study points out a roadmap for future challenges and
research areas on our way to fully incorporating Al in CE reading.

Keywords: capsule endoscopy, artificial intelligence, research
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Introduction

Artificial intelligence (Al) technologies are being
rapidly developed and implemented in multiple areas of
medicine. In recent years, gastrointestinal (Gl)
endoscopy led the way, with several Al-based
technologies for colonic polyp detection intro- duced
and evaluated in clinical practice.’® Some of the
systems are already being used routinely

across the world, even though real-world imple-
mentation results are still lacking.

Al is being implemented in several other areas of Gl
endoscopies, such as early detection of gastric
neoplasia,®® Barrett’s esophagus,!' endoscopic
ultrasound,?*3 and grading of mucosal inflam-mation
in ulcerative colitis.***8 An additional
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field with the fast development of Al research is
capsule endoscopy (CE), with several publica- tions
evaluating deep learning for automated detection of
inflammatory  lesions,’®?6 vascular lesions,?"28
protruding and neoplastic lesions/ masses,? and
scoring of bowel cleanliness.3°

However, there are still multiple challenges in the way
of implementation of the impressive experi- mental
performance of Al in CE in clinical prac- tice. Some
of these challenges include standardization of the
results, validation of estab- lished end points, creation
of common datasets and computational methodology,
and correlation with clinical outcomes. These
challenges are par- tially common to other areas of Gl
endoscopy and medicine in general® and are being
addressed by expert consensus meetings and
workshops providing roadmaps into future research
targets and methodologies. Recently, such priority-
set- ting statement was published for colonoscopy?®;
the key themes were identified as the establish- ment
of clinical trial design/end points, techno- logical
development, clinical integration, data access and
annotation and regulatory approval.

The main aim of our study was to identify the top
research priorities related to the implementation
and further research for Al in CE.

Materials and methods

Study design

The study design was based on a modified three-
round Delphi consensus online survey. The mod-
ified Delphi methodology is well known and used
in medical literature®32 for establishing research
priorities based on expert’s opinions. All rounds
were distributed through GoogleForm® (Mountain
View, CA, USA) and the study was conducted
between September 2021 and January 2022. The
first round consisted of an open and anonymized 10
queries survey proposed to a panel of CE experts.
The suggested queries based on expert’s opinions
aimed to identify and map out key research
statements and challenges for the implementation
of Al in CE. All answers col- lected during round
one were reviewed by a core group (CG) and
categorized into seven singular themes. Queries
addressing the same questions were merged into a
single issue by the CG. The second round aimed to
rank the questions gener- ated during round 1 and
identify the highest

scoring statements. The third round aimed to
redistribute and rescore the top-ranked state- ments.
All respondents were asked to rate all statements on
a numerical wider scale from 1 (very low priority)
to 10 (very high priority).

The core group and expert group

The CG was composed of translational CE readers
and data scientists (UK, RL, AK, XD, and AH) to
form a key leader opinion to conduct this study. All
questionnaires were sent to a panel of CE experts,
including the CG, with a diversity of back-grounds
including physicians CE experts’ readers and data
scientists related to the CE medical field.

Results

Among the 22 experts invited to participate in this
study, 21 finally answered at least one of the ques-
tionnaires. The participation rate was 90% (n = 19) for
the first round and 95% (n = 20) for the second and
third rounds, respectively. The 21 respondents were
considered as the expert group (EG) and included
physicians CE experts readers (76%, n

= 16) and data scientists (24%, n = 5). Members of the
EG were based in Denmark (n = 3), England (n
=1), France (n=4), Germany (n =1), Greece (n
= 1), Ireland (n = 1), Israel (n = 3), Italy (n = 2),
Norway (n = 1), Portugal (n = 1), Spain (n = 1), and
Sweden (n = 2). The mean age of the experts was49
years. The main practice setting was academic (n =18;
86%) and mixed academic/private (n = 3; 14%). The
physicians CE experts had a mean CE reading
experience of 14 years [interquartile range (IQR) =
13] and a mean number of CE read annu- ally of 154
(IQR = 150). The data scientists had a mean CE
experience of 12 years.

After the review process by the CG, the first round
generated 48 statements divided into seven themes
(Table 1). These statements were then considered for
scoring in the second round. In round two, considering
the wider scale from 1 (very low priority) to 10
(very high priority), the mean scoreobtained for the
48 statements ranged from 4.6 to

9.2 (Table 1). Then the top 12 state- ments, including
tied scores, were identified from three themes
including performances metrics, Al in CE in clinical
practice, and auditing Al sys- tems. The final 12
statements were considered for rescoring in the third
round. Results of the third round showeda mean score
ranging from 7.63 to

9.15 (Table 2).
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Discussion

The current study is the first attempt to prioritize
and standardize the research challenges and ques-
tions in the application of Al in CE. The consen-
sus was facilitated by a modified three-stage Delphi
process through an established group of CE experts
and data engineers with extensive experience on
the subject.

Al is rapidly being incorporated into multiple fields in
medicine, with Gl endoscopy being among the
leading disciplines. In colonoscopy, Al-basedsystems
for the facilitation of polyp detection are already
commercially available and have been proven
successful in improving polyp detection rate by up to
40%.57 In CE, compara- tive research is not yet
available; however, detec- tion of multiple types of
small bowel (SB) and

colonic pathologies is accurate and feasible.33-35 CE
is perhaps an even more attractive target for Al
research, as there is no need for real-time diag-
nosis, and the variety of pathology types is some-
what limited: thus, identification of most SB
pathologies by Al was very accurate, with AUC
above 90%.223036-38 |n future models of CE, strong
incorporation of Al modules with auto- mated
lesion markup can be expected. However, the
incorporation of Al into clinical practice and
clinical trials requires a huge leap in terms of
standardization, quality assessment, reproducibil-
ity, and workflow integration. In a recent large
European survey encompassing 380 gastroenter-
ologists (of them 88% experienced capsule read-
ers), a majority of the responders agreed that Al
would positively impact CE, shorten CE reading
time, help standardize reporting in CE, and char-
acterize lesions seen in CE; however, the likeli-
hood of complete replacement of human readers by
Al was deemed to be low.®®

We aimed to map and prioritize the main chal-
lenges for further research and integration into
clinical practice. Our EG was comprised of 76%
physicians and 24% data scientists, all of them with
a vast track record of CE reading and research. It
appears that the highest scores issued in this EG
were still those referring to accuracy in detection of
findings in both SB and colon, as well as the
optimal threshold for accuracy of the algorithm.
The next group of statements addressed the
feasibility and accuracy in a real- world setting.
Indeed, to date, no real-world model for the
utilization of Al in CE has been published.
Identification of specific lesions by Al

Table 1. Results of the first round after reviewing by the core group.

Themes Number of statements
Performance metrics 16

Technological developments 9

Al in CE in clinical practice 8

Data (access, sharing/privacy, curation) 6

Ethical, legal and ecological issues 5

Auditing AI systems

Education and training 1

Al artificial intelligence; CE, capsule endoscopy.

may be introduced into capsule reading software of
any of capsule producers/vendors; nonetheless,
clinical decision-making or predictive models based
on Al capsule reading (either complete vid- eos or still
images) are still missing

Most of the available studies included imagesobtained
with a specific capsule model or brand. Widespread
utilization of Al will require brand/ model-spanning
algorithms that are still very rare.?® Similarly, a
clinical algorithm would be required to detect multiple
types of pathologies at the same time and on the same
still image, regard- less of the location of the image
(SB/colon). An additional issueof concern is whether
Al would be able to completely replace a human
reader, and what degree of  human
supervision/auditing will be required. This challenge
is closer to those originating from the worlds of
imaging and pathology; Al in colonoscopy may
augment human judgment but will not replace it com-
pletely as the human is still behind the scope and is
instrumental to the obtainment of quality images. CE
diagnosis is completely in post-acqui- sition, and
human intervention is not required for anything but
the reading itself. Nevertheless, CE reading is a
tedious and lengthy task, especially for colonic
capsules; Al can shorten the reading time by at least
95%; however, real-life accuracy data that could
support this model in clinical practice are completely
lacking. This issue could be critical for the uptake of
colonic CE that is cur- rently hampered by long
reading time and subse- quent devaluation of the
economic model for this potentially appealing
screening modality. An additional temporary
compromise could be to
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Table 2. Results of the top 12 ranked statements third round with the top 12 ranked statements.
Rank Statements Total score Mean score
1 Al for automatic detection, identification, characterization (type, 174 9.15
size, severity), and differentiation of SB lesions: inflammatory
lesions (erosion, ulceration, edema, etc.), vascular lesions,
bulges, atrophy.
2 How do the overall results of Al and expert reading correlate 172 9.05
(for all lesions/relevant lesions)?
3 Feasibility and accuracy in the real-world setting. 171 9.00
4 Al for automatic detection/identification, characterization (type, 157 8.26
size, severity), and differentiation of colon lesions: ulcers,
vascular lesions, polyps.
5 Auditing of CE systems after incorporation in clinical practice. 155 8.15
6 How to reduce the false-positive rate without decreasing 155 8.15
sensitivity?
7 Creation of algorithms for simultaneous identification of 151 7.94
multiple lesion types.
8 Adoption of Al by clinicians. 150 7.89
9 What are the optimal clinical end-points for the evaluation of Al 149 7.84
software?
10 What are the optimal clinical trial design and end-points to 149 7.84
compare different Al systems for CE?
11 How accurate should AI be to be incorporated in clinical trials? 147 7.73
12 What accuracy parameters are potential targets for Al 145 7.63

utilization?

Al artificial intelligence; CE, capsule endoscopy; SB, small bowel.

utilize Al to remove normal images, in similarity to
the current features of ‘Quickview’ or top-100;
currently, these features are insufficiently accu-
rate*®41; however, future hardware and software
improvements may change that.

It is likely that in the near future we will witness
several Al systems for CE, some incorporated in
the reading software and others as standalone
suites.*? There is a need to compare the accuracy of
these and other forthcoming systems and a
requirement for benchmarking parameters for
both clinical trial and real-world use.

In inflammatory bowel diseases, CE has a poten- tial
major advantage of being able to access the panenteric
inflammatory burden. The impor- tance of mucosal
healing as a therapeutic target in inflammatory bowel
diseases has been well

described.**4* However, the concept of mucosal
healing in IBD is almost constantly addressing the
colon and the terminal ileum. Nonetheless, mucosal
responsiveness of different gut segments to medical
treatment is not identical.*>4¢ In addi- tion, in Crohn’s
disease patients in clinical remis- sion, some residual
SB inflammation is very common“’ and has major
clinical implications on the likelihood of long-term
remission.*® Surprisingly, only a handful of studies to
date uti- lized CE for evaluation of mucosal healing
pro- spectively.*®50 In the last few years, several
studies reported the use of colonic capsules for panen-
teric evaluations-54; recently a specialized Crohn’s
disease capsule (Pillcam Crohn, Medtronic,
Minneapolis, MN, USA) has been released.5>58 Al-
read CE could be a potentially safe and accurate
modality for the assessment of mucosal inflammation
in clinical trials in IBD,
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pending further benchmarking and standardiza-
tion. To date, no studies evaluating complete film
Al-augmented reading were published. This chal-
lenge may require a very different analytical
approach.

Our study has several limitations. Primarily, this was
a Delphi survey of a predefined group of Al and CE
experts. The group was limited in size however
included participants with a significant track record in
the field. Attitudes toward Al in CE in a larger and
more representative group of gastroenterologists were
previously evaluated by our group.® In addition, our
objective was to raise and solicitate research
questions; the sugges- tions of the participating
experts merit further researchefforts in the years to
come.

Conclusion

In summary, our current study points out a road-
map for future challenges and research areas on our
way to fully incorporate Al in CE reading. These
statements are useful not only for research but also
for Al medical education.
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7.3. Les spécificités de l'intelligence artificielle
appliquée a lavidéocapsule

Au cours d’une endoscopie conventionnelle, le médecin manceuvre I'endoscope en
temps réel de fagcon a examiner la muqueuse du tube digestif et détecter d’éventuelles lésions
pathologiques. Le principal défi technologique de I'l[A dans ce contexte est d'afficher les
prédictions de I'algorithme de maniére synchrone a I’examen (lA assistive, complémentaire et
non compétitive de I'opérateur humain). L'application de I'lA en VCE est confrontée a un défi
presque opposé. La lecture différée de I'examen efface cette contrainte temporelle du
traitement des images. En revanche, dans un futur proche, I'lA sélectionnerait un échantillon
d’images d’intérét (environ 1%) et les images restantes pourraient ne pas étre analysées par
le médecin (environ 99%). Cette démarche s’inscrit dans un contexte « assertif », en
compétition de la lecture exhaustive par I'opérateur humain, comme cela se développe par
exemple pour écarter de la charge de travail d’'un radiologue, des scanners (ou certaines
coupes de scanner) jugés normaux par une |A. L'objectif de ce type d’IA est donc d’atteindre
une sensibilité tres élevée afin de ne pas méconnaitre une anomalie tout en réduisant

significativement le temps de lecture de I'examen par le médecin.

7.4. Bases de données d’apprentissage

En 2016, une initiative a été lancée pour la création d’une banque nationale de données
en VCE. Cette banque de donnée multicentrique nommée CAD CAP (Computer Assisted
Diagnosis for Capsule Endoscopy) comprenait 4174 enregistrements de VCE issus de 12 centres
francais. Parmi ces VCE, 1480 comprenaient au moins une anomalie. Ces VCE étaient pour la
majorité réalisées dans un contexte de SSIG (67%). Les autres indications moins fréquentes
étaient représentées par la suspicion de MC (12%) et le suivi de maladie cceliaqueet de
polypose de Peutz Jeghers (21%). Au total, 5124 images comprenant au moins une anomalie
étaient identifiées. Chaque lésion était délimitée manuellement par une étudiante en
médecine supervisée par des experts en VCE. La banque de données était composée de 3103
images de lésions vasculaires pertinentes, 2286 images de lésions vasculaires douteuseset
1370 images de lésion ulcéro-inflammatoires. La banque était également composée de 20 000
images normales servant de témoins pour I'apprentissage machine. Le point fort de cette
banque de données repose sur la grande qualité des images qui y sont proposées de parleur
précision de délinéation offrant un apprentissage supervisé de grande qualité. Ce travail a fait

I’'objet d’une publication scientifique (38).
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ABSTR ACT

Background and study aims Capsule endoscopy (CE) is the
preferred method for small bowel (SB) exploration. With a
mean number of 50,000 SB frames per video, SBCE readingis
time-consuming and tedious (30 to 60 minutes per video).We
describe a large, multicenter database named CAD-CAP
(Computer-Assisted Diagnosis for CAP- sule Endoscopy, CAD-
CAP). This database aims to serve the development of CAD
tools for CE reading.

Materials and methods Twelve French endoscopy centers
were involved. All available third-generation SB-CE videos
(Pillcam, Medtronic) were retrospectively selected from
these centers and deidentified. Any pathological frame was
extracted and included in the database. Manual seg-
mentation of findings within these frames was performed by
two pre-med students trained and supervised by an ex- pert
reader. All frames were then classified by type and clin- ical
relevance by a panel of three expert readers. An auto- mated
extraction process was also developed to create a dataset of
normal, proofread, control images from normal, complete,
SB-CE videos.

Results Four-thousand-one-hundred-and-seventy-four
SB-CE were included. Of them, 1,480 videos (35 %) contain-
ing at least one pathological finding were selected. Findings
from 5,184 frames (with their short video sequences) were
extracted and delimited: 718 frames with fresh blood, 3,097
frames with vascular lesions, and 1,369 frames with
inflammatory and ulcerative lesions. Twenty-thousand nor-
mal frames were extracted from 206 SB-CE normal videos.
CAD-CAP has already been used for development of auto-
mated tools for angiectasia detection and also for two in-
ternational challenges on medical computerized analysis.
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Introduction

Capsule Endoscopy (CE) has rapidly become the standard mini-
mally invasive method for visualization of the small bowel (SB).
CE is considered the first-line method of investigation of SB dis-
eases [1] and may become the leading diagnostic tool for the
entire gastrointestinal tract. With a mean number of 50,000
SB frames per video, SB-CE reading is time-consuming and te-
dious (30 to 60 minutes per video) [2]. This entails an inherent
risk of missed lesions during the reading process by physicians.
Computer-aided diagnosis (CAD) algorithms are increasing-
ly used to assist physicians in reading and interpreting medical
images. The field of CAD has rapidly expanded from radiology
[3, 4] to many other settings, such as pathology, dermatology,
cardiology, and ophthalmology [5 - 7]. In August 2018, the U.S.
Food and Drug Administration approved the first medical de-
vice to use artificial intelligence (Al) for screening diabetic reti-
nopathy [8]. Development of CAD has also emerged in endos-
copy, mostly in the setting of colon polyp detection and charac-
terization [5, 9, 10]. We and others [11 - 13], believe that CAD
will meet the challenge of automated lesion detection in SB-
CE, thus improving diagnostic accuracy and relieving the bur-
den of SB-CE reading [14].

CAD algorithms dedicated to SB-CE combine elements of Al
and computer vision. This development is mostly based on ma-
chine learning (ML) algorithms for automated detection of rele-
vant patterns in CE still frames and videos [15, 16]. To be effi-
cient, ML algorithms must be trained on large databases. Any

data (still frame or video) should be labeled, and any finding
within frames/videos can be annotated or delimitated to better
guide and supervise the ML process. Only a limited number of
CE images databases is available [13]. Herein, we describe a
large, multicenter database named CAD-CAP (computer-assis-
ted diagnosis for capsule endoscopy). This database aims to
serve development of CAD tools, from the initial steps (ML) to
the last preclinical steps (assessment and comparison of per-
formances).

Materials and methods

CAD-CAP is a national multicenter database approved by the
French Data Protection Authority. Twelve French endoscopic

units participated to the database (» Table 1 and »Table 2). A
research group specialized in the computerized analysis of

medical images was also involved.

Data collection and preparation of locally read
SB-CE

In September 2016, all third-generation SB-CE videos (Pillcam
SB3 system, Medtronic, Minnesota, United States) registered in the 12
participating endoscopy units were retrospectively collected, and
de-identified. Clinical data were noted (age, gen- der, indication for SB-
CE). Any SB icon selected by the local reader was consideredas a
frame of interest. Each frame of in- terestwas extracted and
included in the CAD-CAP database, to- gether with a short
adjacent video sequence that included 25 frames upstream and
downstream the index frame. Two pre-

» Table 1 Characteristics of the CAD-CAP database.

Characteristic

Total number of SB3-CE (n) 4174
Total number of SB3-CE (n) videos with at least one 1480
abnormal finding

Total number of frames with abnormal findings (n) 5124
Total number of normal frames (n) 20,000
Gender ratio M/F (%) 59/41 %
Mean + SD age (years) 64 + 15

CAD-CAP, computer-assisted diagnosis for capsule endoscopy; SB3-CE,
third-generation small bowel capsule endoscopy; SD, standard deviation

» Table 2 CAD-CAP database details and contribution of the centers.

Centers Number of SB3-CE provided
Brest Hospital 340
Henri Mondor Hospital, Créteil 358
Lomme Hospital 173
Lille Hospital 445
Edouard Herriot Hospital, Lyon 450
Nantes Hospital 242
Nice Hospital 471
466
Cochin Hospital, Paris 305
HEGP, Paris 541
Saint Antoine Hospital, Paris 58
Tenon Hospital, Paris 235

Strasbourg Hospital

SB3-CE: third-generation small bowel capsule endoscopy; HEGP: Hépital
Européen Georges Pompidou.

med students were trained, and supervised by an expert reader
(XD), to select and to delimitate any lesion found into the se-
lected frames of interest. The delimitation process used Adobe
Photoshop CS6 (Adobe Systems, United States) and GIMP soft-
wares (GNOME Foundation, United States) with a Wacom (Wa-
com Co., Ltd, Japan) pen tablet connected to a laptop.

Central reading of selected frames

During several face-to-face meetings, three expert SB-CE read-
ers (XD, SL, JPLM) screened all selected frames of interest (and
associated 9-second video sequence including 25 frames up-
stream and 25 downstream the index still frames), and all deli-
mitations of abnormal findings within each selected frames.
Blurred or unanalyzable frames were excluded. Findings' delimi-
tations were also reviewed, and remade when necessary.
Abnormal findings were first sorted into three different ca-
tegories: (a) fresh blood and clots; (b) vascular findings; (c) ul-
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cerative/inflammatory findings. Then, in these categories, all
abnormal findings were sorted again according to their rele-
vance. Relevance was defined as followed by a group of four SB-
CE experts (FC, XD, GR, JCS). Fresh blood and clots [17], typ- ical
angiectasia [18] and ulcerated lesions [19] were considered
"highly relevant” findings. Non-ulcerated but inflammatory
findings (for instance erythema, edema, denudation) [20] were
considered "moderately relevant" findings. Subtle vascular
lesions (for instance erythematous patches, red spots/dots,
phlebectasia, and so-called "diminutive angiectasia") were con-
sidered "poorly relevant” findings [18].

Control frames

A set of 206 normal and complete SB-CE videos was used to cre-
ate a control dataset. Still frames were automatically extracted
from these latter videos, every 1 % of the SB sequence (between
1 % and 100 % of the SB sequence). Thus, 100 normal frames
were extracted per video. Again, for any normal extracted still
frame, a short video sequence was also captured (with 25
frames upstream and downstream the index frame). All suppo-
sedly normal frames were reviewed by two readers (XD, RL).
Doubtful, blurred or irrelevant frames were excluded.

Database splitting into two datasets

All the frames (and short video sequences) were randomly
grouped through a computer-generated algorithm into two
different, independent subsets of still frames, of equal sizes for
each category (considering the presence and type of abnor- mal
finding and the category of relevance). One dataset was
dedicated to the development and training of algorithms (ma-
chine learning). The other dataset was dedicated to the testing
and validation of algorithms.

Results

We collected 4,174 third-generation SB-CE from the 12 partici-
pating centers (» Table 1?. We included in the database 1,480
videos (35 %) containing at (east one frame of interest (with ab-
normal findings), and 206 normal videos (as controls). Clinical
characteristics from these 1480 SB-CE were collected (59 %
men, 41 % female, mean age 64). SB-CE were mainly indicated
for obscure gastrointestinal bleeding (67 %), suspected Crohn’s
disease (CD) (12 %), and sometimes (21 %) for others various in-
dications such as coeliac disease and Peutz-Jeghers polyposis.
In total we extracted 6,013 still frames (with their adjacent
short video sequences). Abnormal findings were delimitated by the
pre-med students within 5,124 frames, and then re-

viewed and sorted by the experts (» Fig. 1). Of the frames, 3103
contained images of vascular abnormalities (817 frames

with highly relevant images of angiectasia, 2286 frames with
other, poorly relevant, images of vascular lesions), 1370 frames
contained images of ulcerative/inflammatory findings (1057
frames with highly relevant images of ulcerated lesions, 313
frames with moderately relevant images of inflammatory but
not ulcerated lesions). Highly relevant images of fresh blood

and clots were contained in 651 frames (»Fig. 2). Three-hun-
dred-and-ninety-one frames with images of miscellaneous le-

sions (including tumors and polyps) were not delimitated and
not included in this first version of the database, because this
number was considered too low for machine learning). Twen-
ty-thousand normal frames (controls, with their short video se-
quences) were extracted from the 206 SB-CE normal and com-
plete videos. Two subsets of 12,562 still frames (2562 with ab-
normal findings with an associated, delimitated frame, and
10,000 normal, control, frames) were selected.

Discussion

The multicenter CAD-CAP database was created to promote the
development of Al applications in the field of SB-CE. This
database has several strengths, the first being the volume of
collected data. Data collection was multicenter, thus providing
over 4,000 SB-CE capsules videos and reports. Six thousand
frames with abnormal findings and 20,000 normal frames, were
provided. This makes CAD-CAP the largest published SB3-CE
database so far. The second strength is the quality of the
collected data. Only third-generation SB-CE were consid- ered,
which provides homogenous frames and videos (in terms of
resolution, luminosity, and overall quality). CAD-CAP is com-
posed of supervised and validated, delimitated findings from SB-
CE. Three levels of pertinency (relevance) of abnormal find-ings
were defined before frames were sorted by a group of ex- pert
readers. Future CAD software could therefore be challen- ged
at different levels (diagnosis performance for not/poorly/
moderately/highly relevant lesions) by using the CAD-CAP da-
tabase. It is unknown whether private CE or Al companies have
such databases. Since 2017, the KID project by Koulaouzidis A et
al. [13] has aimed to provide an Internet-based digital video
atlas of capsule endoscopy for research purposes.

The CAD-CAP database has some limitations. First, some
computer vision experts may consider the number of frames
collected insufficient. For comparison, 128,175 retinal images
frames were used by Gulshan et al. [7] to develop a deep learn-
ing algorithm for detection of diabetic retinopathy in retinal
fundus photographs. Another 129,450 skin images were used by
Esteva et al. [6] for development of an automated tool for
classification of malignant vs benign skin lesions. However, the
quality of collected data (with delimitated abnormal findings
within each frame of interest), and the number of normal
frames used as controls may balance out this limitation. Sec-
ond, the CAD-CAP database only used data from the SB-CE Pill-
Cam SB3 system, thus restraining potential development of CAD
algorithms with other SB-CE systems that have different image
processing inner characteristics. Third, SB preparation quality
was not considered in this database because of the lack of fully
validated cleansing score for SB-CE [21]. Poor prepara- tion
quality should be taken into consideration as it may gener- ate
false-positive  findings. Fourth, and most importantly,
polyps/tumors are certainly "highly relevant findings," but such
frames were not included in this first version of the CAD-CAP
database because of their limited number. We plan to collect a
significant number of frames with polypoid lesions from ongo-
ing studies and include them in the next version of the data-
base. Fifth, the clinical relevance of many SB findings is not de-
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Fig. 1 Examples of native small bowel capsule endoscopy frames, with their corresponding delimitations. a Native deidentified still frame showing
avascular lesion considered "highly relevant.” b Manual delimitation of the vascular lesion within frame 1a. c Native deidentified still

frame showing a vascular lesion considered " poorly relevant.” d Manual delimitation of the vascular lesion within frame 1c. e Native deiden-
tified still frame showing an ulcerative lesion (considered "highly relevant”). f Manual delimitation of the ulcerative lesion within frame 1e
g Manual delimitation of the ulcerative lesion including mucosal inflammatory changes within frame 1e. h Native deidentified still frame
showing an ulcero-inflammatory lesion (considered "moderately relevant”). i Manual delimitation of the ulcero-inflammatory lesion within
frame 1 hour. j Native deidentified still frame showing fresh blood (considered "highly relevant”). k Manual delimitation of the fresh blood
within frame 1j. |,m Two normal control frames (no delimitation needed)

termined yet in the literature. To overcome this limitation, our
group is currently conducting a study based on an illustrated
script questionnaire, aiming to better determine the clinical re-
levance of SB-CE findings. This study includes 576 frames with
various types and numbers of findings, and different clinical

settings. It should provide a strong asset for a better classifica-
tion of SB lesions seen in CE, thus allowing updating a second
version of CAD-CAP with a more accurate findings’ classifica-
tion. Sixth, there was no sample size calculation. We tried to
collect as many CE as possible, and to accumulate a high num-
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CAD-CAP database

Highly relevant

Images with vascular (n=2817)

lesions (n = 3103)

Images with fresh blood

(n =651) (n=651)

Poorly relevant
(n=2286)

Training dataset

= Images with pathological findings
(n=2562)

= Normal images (n = 10000)

Highly relevant

Highly relevant

Images with ulcero-
inflammatory lesions
(n =1370)

(n=313)
Normal images
(n =20000)

» Fig.2 CAD-CAP database distribution.

ber of high-quality images (i. e., with a clear delimitation of any
finding within frames).

Al and machine learning processes are increasingly used for
medical and research purposes. This shift provides a large vari-
ety of perspectives concerning image analysis and automated
diagnostic tools. Because of the exponential growth in health-
care data, new processing methods are needed for analysis of
large data sets. That will completely transform our current clin-
ical practice. Image recognition software can already make pre-
dictions as effectively as, or even better than, physicians [10,
22]. Machine learning directly from medical data could prevent
clinical errors due to human cognitive biases, positively impact- ing
patient care [23].

In medicine, Al is still in its nascent stage, but it should not
be long before it becomes a part of everyday life in daily prac-
tice. For example, the first FDA-approved Al tool in medicine
has already shown high sensitivity (87 %-90 %) and specificity (98
%) for detecting moderately severe retinopathy and macu- lar
edema, compared with 54 ophthalmologists and senior resi-
dents [7]. Similarly, another application has demonstrated the
efficacy of an automated tool for classifying appearance of skin
lesions [6]. Many others are under development.

Unsurprisingly, the Al revolution has also started in the field
of endoscopy. Developed algorithms are now able to differenti-
ate diminutive adenomas from hyperplastic polyps during colo-
noscopy in real time with high accuracy [5]. Other studies have
shown that an automated detection tool for Barrett’s esopha-
gus neoplasia can assist endoscopists in detecting early neopla-
sia on volumetric laser endomicroscopy [24]. Many more tools
and studies are to come, as the field of Al is expanding expo-
nentially [25].

Indeed, Al applications are also emerging in the field of CE.
In the next few years, automated software should be able to fa-
cilitate more efficient reporting. Many studies have been con-

(n = 1057)

Moderately relevant

Testing dataset

= Images with pathological findings
(n =2562)

= Normal images (n = 10000)

ducted to establish a cleansing score for SB-CE quality prepara-
tion. Different approaches have focused on the abundance of
bubbles [26], red over green color [27, 28], and quality of bowel
preparation in colon capsule endoscopy [29]. Algorithms based
on machine learning approaches have also been developed to
detect SB lesions [12, 28, 30]. Aoki et al. [16] developed a CAD
algorithm for detection of erosions and ulcerations in SB-CE
based on a deep convolutional neural network with sensitivity,
specificity, and accuracy of 88.2 %, 90.9 % and 90.8 %, respec-
tively. Although Al in endoscopy remains very promising, it still
requires further research and clinical trials to be validated in
daily clinical practice.

The CAD-CAP database has already been used for interna-
tional challenges in medical image computing. During the 2017
and 2018 Medical Image Computing and Computer-Assis- ted
Intervention (MICCAI) meetings, 14 and 20 research teams,
respectively, were challenged to develop CAD tools dedicated
to SB-CE [31]. We recently reported of an automated, highly
sensitive, highly specific algorithm for diagnosis of SB angiecta-
sia [12], which was developed using a subset of frames from the
CAD-CAP database. This tool reached high performance with 100
% sensitivity and negative predictive value and a 96 % speci- ficity
and positive predictive value. Patent application and in- dustrial
partnership are also under consideration.

Conclusion

In conclusion, the CAD-CAP database aims to promote devel-
opment of CAD reading in SB-CE. It represents an opportunity to
design fully-automated software for detection of all SB le- sions
to facilitate and improve the future of CE reading, review- ing
and reporting.
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Plus récemment, la volonté d’enrichir cette banque d’images a donné naissance au

projet NOCE (Nouveaux Outils Capsule Endoscopique) pour la construction d’un large réseau

de partage d’images en collaboration entre I'Assistance Publique des Hopitaux de Paris (APHP)

et le laboratoire ETIS de 'ENSEA (Protocole en annexe). L'objectif de NOCE est de colliger les

données de milliers de VCE au sein de 16 unités d’endoscopie (APHP) via I'Entrepot de Données

de Santé (EDS) afin de créer une vérité terrain robuste et exhaustive pour ledéveloppement

des algorithmes d’IA (ou le renforcement de ceux déja développés avec CAD CAP) (Figure 13).

Le recueil de données a commencé, avec un volume attendu de I'ordre de 2000 VCE par an,

soit 10000 en 5 ans.
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Figure 13 : Projet NOCE : Nouveaux Outils en Capsule Endoscopique

7.5.

Evaluation de la complétude de I’examen du gréle

La complétude de I'exploration de I'lG est un des critéres de qualité de la réalisation

d’une VCE. Elle se définit par un enregistrement vidéo allant de |la premiere a la derniére image

de I'lG. Le taux de complétude de I'exploration de I'lG par VCE établi dans la littérature

médicale est de 85.2% (11). Il parait nécessaire d’approcher cette question de recherche afin

de se positionner dans la perspective d’'une capsule panentérique dont I'évaluation des

différents segments du tube digestif pourra étre faciliter par I'lA. Pour cela, nous avons mené
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un travail d’apprentissage machine a I’échelle de I'image grace a une banque d’images
regroupant 10350 images gastrique, 27000 images d’IG et 13400 images du colon. L'utilisation
d’un classifieur unique pour la distinction des repéres anatomiques entre I'estomac, I'lG et le
cOlon était source de trop nombreuses erreurs. Nous avons donc entrainé séparément deux
classifieurs distincts estomac/gréle et gréle/colon. La méthodologie utilisait des CNN en se
basant sur des occurrences d’épisodes définis grace a une fenétre temporelle glissante le long
de la séquence d’événement. Pour chaque classifieur, I'analyse se faisait en moyennant la
sortie du classifieur dans la fenétre temporelle glissante. Chaque instance de la fenétre
glissante contenant un épisode était considérée comme une occurrence. On retournait alors
la premiere occurrence ou l'on dépassait le seuil critique. Une évaluation préliminaire a
I’échelle de 60 vidéos a été réalisée et a permis d’établir un placement correct des reperes
anatomiques dans 90 % des vidéos avec environ 200 images d’erreurs pour la premiére image
de I'lG et environ 100 images d’erreur pour la derniére image de I'lG (Figure 14). Ces résultats
préliminaires sont prometteurs et seront poursuivis afin d’améliorer les performances. Ce
travail est en cours (dans le cadre d’un Master de Sciences), a partir de la nouvelle collection

de données (NOCE).

Estomac % Gréle —> Colon

0%

100%

L
Temps de progression de la capsule >
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Figure 14 : lllustration du temps de progression de la capsule et résultats préliminaires

7.6. Evaluation de la propreté de I'intestin gréle

La qualité de visualisation de la muqueuse de I'lG est variable selon les examens et la
préparation entourant I'ingestion de la VCE. Elle représente une des limites de la VCE. En effet
elle peut étre réduite notamment en cas de préparation insuffisante et/ou de non-suivi du
régime préalable. L'appréciation globale de la propreté de I'lG doit faire partie du compte
rendu de I'examen mais cet indicateur reste trés dépendant de I'appréciation du lecteur de
VCE. En cas de visualisation insuffisante de la muqueuse, la réalisation d’'un nouvel examen
peut étre discutée si par exemple une suspicion forte de MC persiste. Il existe une variété de
scores disponibles dans la littérature pour évaluer la qualité de la visualisation (39). Ces scores
ont le défaut d’étre subjectifs car dépendants de I'opérateur humain. A titre d’exemple, le
score développé par I'équipe de Brotz C. et al. (40), a I'inconvénient de présenter une
reproductibilité inter-observateur médiocre (41). Il existe donc un besoin réel autour du
développement d’un outil automatique et reproductible d’évaluation de la propreté en VCE.

Nous avons mené un travail sur ce sujet qui a fait 'objet d’une publication scientifique (42).
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ABSTR ACT

Background Cleanliness scores in small-bowel capsule
endoscopy (SBCE) have poor reproducibility. The aim ofthis
study was to evaluate a neural network-based algo- rithm for
automated assessment of small-bowel cleanliness during
capsule endoscopy.

Methods 600 normal third-generation SBCE still frames were
categorized as “adequate” or “inadequate” in terms of
cleanliness by three expert readers, according to a 10- point
scale, and served as a training database. Then, 156 third-
generation SBCE recordings were categorized in a consensual
manner as “adequate” or “inadequate” in terms of
cleanliness; this testing database was split into two inde-
pendent 78-video subsets for the tuning and evaluation of the
algorithm, respectively.

Results Using a threshold of 21%* “adequate” still frames per
video to achieve the best performance, the algorithm yielded
a sensitivity of 90.3 %, specificity of 83.3 %, and ac- curacy of
89.7 %. The reproducibility was perfect. The mean calculation
time per video was 3 (standard deviation 1) minutes.
Conclusion This neural network-based algorithm allowing
automatic assessment of small-bowel cleanliness during
capsule endoscopy was highly sensitive and paves the way for
automated, standardized SBCE reports.

Introduction

Capsule endoscopy has become the mainstay of small-bowel
examination. Bile, bubbles, residues, and liquids can alter the
visualization of the small-bowel mucosa and decrease the diag-
nostic performance of small-bowel capsule endoscopy (SBCE)
examinations. Several cleanliness scores have been proposed
for SBCE, but none had undergone external validation [1]. Re-
cently, the Overall Adequacy Assessment (OAA) score of small-
bowel cleanliness during capsule endoscopy proposed by Brotz

* These authors contributed equally.

*Version corrigée de 'article: seuil corrigé a 21 % au lieu de 79%

et al. [2] was demonstrated to have moderate interobserver re-
producibility [3].

Overall, although the use of a cleanliness score is recom-
mended for SBCE [4, 5], no reliable scale is available for clinical
practice. Thus, any assessment of preparation regimens for
SBCE remains challenging. The European Society of Gastroin-
testinal Endoscopy (ESGE) and United European Gastroenterol-
ogy (UEG) have recently called for “the development of soft-
ware for assessment of the quality of small-bowel preparation”
[4]. The aim of this study was to develop and assess a deep

learning-based algorithm for the assessment of small-bowel
cleanliness during capsule endoscopy.
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Methods
Deep learning algorithm

Machine learning is a type of artificial intelligence technique
that allows the analysis of full-length videos [6]. Machine learn-
ing approaches based on convolutional neural networks have
demonstrated good performance for the automated detection
of small-bowel lesions during capsule endoscopy [7 - 9]. The
neural network-based algorithm proposed herein was trained,
tuned, and evaluated using a customized 16-layer Visual Geo-
metry Group architecture [10], inspired by a previous survey
[11]. The neural network algorithm included convolutional lay-
ers at different scales, a ReLu unit, and MaxPool layers for the
extraction of features.

Training dataset at the still image level

A total of 600 frames from SBCE examinations were first used to
train the neural network-based algorithm at the still image lev-
el. The dataset, which has been described elsewhere [11], in-
cluded 600 frames that were randomly extracted from 30 nor-
mal, complete, de-identified videos of SBCE using third-genera-
tion capsules (Pillcam SB3; Medtronic, Minneapolis, Minnesota,
USA). These frames were analyzed independently by three ex-
perts in order to assess small-bowel cleanliness according to the 5-
item, 10-point, Quantitative Index (Ql) by Brotz et al. [2]. A still
frame was categorized as having adequate cleanli- ness when
the mean score of the three experts’ scores was =7 /10. This
threshold was based on the distribution curve of thequantitative
score developed by Brotz et al. [2], and in our pre- vious
demonstration the threshold produced high 0.81 and

0.87 kappa coefficients between experts [11]. Data augmenta-
tion was used to increase the robustness of the training process
and led us to consider a pool of 3000 images. Receiver operat-
ing characteristic (ROC) curves were obtained from the com-
parison of the outputs of various versions of the neural net-
work-based algorithms with the experts evaluation. The opti-
mal algorithm, defined as one that could distinguish adequate
cleanliness from inadequate cleanliness in small-bowel still
frames, with the best trade-off between sensitivity and specifi-
city, was selected by computing the operating point of the best-
fitting ROC curve.

Tuning and evaluation datasets at the video level

Following preliminary training using still frames, the neural net-
work-based algorithm was then tuned to categorize videos. For
this purpose, we used 156 complete, de-identified, third-gen-
eration capsule (Pillcam SB3) video recordings from the
PREPINTEST  multicenter randomized controlled trial
(NCT01267981) [12]. This trial aimed to compare the diagnos-
tic yield of second- and third-generation capsule endoscopes
according to three different preparation regimens. The 156
complete third-generation video recordings retrieved from the
five most active centers of the PREPINTEST trial were edited in a
universal video format (mpeg) from the first to the last frame of
small-bowel examination. All videos were independently re-
viewed at an accelerated speed (x 32) by three expert readers,
and categorized as “adequate” or “inadequate” in terms of

*Version corrigée de Uarticle: seuil corrigé a 21 % au lieu de 79%

- L cleanli ing the OAA scal Table 1), -
S bed By Brots 2t Al 31 Pah Viied Catsgonized a2 Padebuate™®

by two or three experts was considered to be consensually
“adequate”; similarly, “inadequate” categorization by at least
two experts was considered to be consensually “inadequate”.
The experts’ consensual adequate/inadequate classificationwas
considered to be the gold standard.

The 156-video dataset was then randomly split into two in-
dependent subsets, each with 78 video clips and an equal pro-
portion of videos classified as adequate and inadequate accord-
I/rllgetgvtvges expert standard (» Fig. 12. Within each subset, each

processed to extract the full set of constituent ima-
ges. Each image of each video was then categorized by the
neural network-based algorithm, and a computed score (from 0
and 100 %) was established based on the proportion of “ade-
quate” images per video (»Fig. 2){. Using the first subset of 78
videos (tuning subset), the optimal score'was tuned, and a cor-
responding ROC curve was plotted. The operating point was
used to determine the optimal proportion of “adequate” still
frames per video for the best prediction of the experts’ consen-
sual classification. The performance of the best-fitting neural
network-based algorithm was then evaluated on the second
random subset of 78 videos (evaluation subset), using the ex-
perts’ consensual classification (adequate vs. inadequate) as
reference.

End points and statistics

The primary end point was the sensitivity of the algorithm for
predicting adequate cleanliness of SBCE at the video level. The
specificity, positive (PPV) and negative (NPV) predictive values,
reproducibility, and calculation times were considered second-
ary end points. Data were reported as percentages with 95 %
confidence interval (Cl) and mean with standard deviation (SD),
as appropriate.

Results

After data augmentation and initial training on still frames, the
best-fitting neural network-based algorithm demonstrated a
sensitivity of 94.7 % (95 %Cl 92.2%-97.2 %), a specificity of
94.0% (95%Cl 91.3%-96.7%), a PPV of 87.8% (95 %Cl 84.1% -
91.5 %), an NPV of 97.5 % (95 %Cl 95.7 % - 99.3 %), and an overall
accuracy of 95.7 % (95 %Cl 93.4 % - 98.0 %) (» Fig. 3a).

In the second database, 144 videos (92.3 %) were categor-
ized as adequate by the experts. The same proportion (72 out

of 78, 92.3%) of “adequate” SBCE videos were randomly dis-

tributed into the tuning and evalyation subsets (» Table 2).
The optimal proportion of "adequate” still frames per video for
the prediction of the experts’ consensual classification was 21%*

(» Fig. 3b).

. In the evaluation subset (» Table 2), 65 videos were categor-
ized as adequate by the neural network-based algorithm

among 72 videos classified as adequate by the experts, provid-
ing a sensitivity of 90.3 % (95 %CI 83.7 % - 96.9 %). Conversely, the
algorithm categorized 5 videos as inadequate among 6 vi- deos
classified as inadequate by the experts, yielding a specifi-city of
83.3% (95 %Cl 75.0 % - 91.6 %). PPV was 98.5 % (95 %Cl
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Training set
600 normal, third-generation SBCE,
still images

Traini
raining (30 patients)

Still image
level Annotation for

learning process

CNN-based algorithm

Tuning subset
78 complete, third-generation,
SBCE video recordings

TR from the PREPINTEST trial

Video level

CNN-based algorithm
ROC curve operating point

Evaluation subset
78 complete, third-generation,
SBCE video recordings
from the PREPINTEST trial

Evaluation
Video level

Automated evaluation
of SBCE cleanliness

»Fig. 1 Study flow chart. CNN, convolutional neural network; ROC,
receiver operating characteristic; SBCE, small-bowel capsule

endoscopy.

95.8 % - 100.0 %), NPV was 41.7 % (95 %Cl 30.8 % -52.6 %), and
diagnostic accuracy was 89.7 % (95 %Cl 82.9 % - 96.4 %). Repro-
ducibility was perfect. Calculation time per video was 3 (SD 1)
minutes.

Discussion

The neural network-based algorithm developed in the current
study allowed a rapid and reproducible automated assessment
of the cleanliness of the small bowel during capsule endos-
copy. The algorithm demonstrated high sensitivity (90.3 %, PPV
98.5 %) but moderate specificity (83.3 %, NPV 41.7 %).

The assessment and reporting of small-bowel cleanliness is
listed in various guidelines as a performance measure for SBCE
[4, 5]; however, preparation scales have poor reproducibility
[2]. Among the most popular scores in this setting, the OAA
score proposed by Brotz et al. [2] has an interobserver kappa
coefficient of only 0.41 (95 %Cl 0.31 - 0.50). Our own data (kap- pa
0.52 - 0.71) confirmed this drawback [3]. Thus, a quality in-
itiative process by the ESGE and UEG recently called for “the de-
velopment of software for assessment of the quality of small-
bowel preparation” [4]. Previous studies based on still frames
have demonstrated the high diagnostic performances of hand-
crafted computerized algorithms in assessing small-bowel
cleanliness during capsule endoscopy [11, 13]. It has since

a Adequate

¢ Inadequate

»Fig. 2 Heat map illustrating final decisions of “adequate” versus
“inadequate” cleanliness, as taken at the image level by the neural
network-based algorithm. The left column (a and c) displays native
images, labeled with their final decision according to the neural
network-based algorithm. The right column (b and d) shows the
output of the neural network-based algorithm as a related prob-
abilistic heat map for the corresponding native image. Redness
highlights areas contributing to an “inadequate” decision, whereas
blueness highlights areas contributing to an “adequate” decision.
Such heat maps illustrate that the neural network-based algorithm
is able to learn specific features related to the physicians’ visual
examination.

been demonstrated that neural network-based algorithms can
significantly reduce the reading time of capsule endoscopy vi-
deos [7 - 9, 14], but they have not yet been used to rate small-
bowel cleanliness. In our current work, a neural network-based
algorithm was shown to be a valuable tool for better standardi-
zation and quality reporting in capsule endoscopy.

The strengths of this study include the video databases,
which originated from a multicenter, randomized trial [12] with
three different bowel preparations, and thus offered some
variability in small-bowel cleanliness in the recordings. In
addition, the assessment by three expert readers circumvented
the issue of the moderate reproducibility of the OAA score by
Brotz et al. [2].

Some limitations should also be mentioned, most of which
relate to the retrospective design of the study. All of the videos
from the PREPINTEST trial were performed in cases of obscure
gastrointestinal bleeding and did not include patients with
Crohn’s disease. Moreover, our algorithm tool would be of little
help in the setting of active bleeding. The results cannot be
generalized because only third-generation capsule recordings
were included. Another limitation is the small number of “in-
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» Fig. 3 Receiver operating characteristic (ROC) curves from the comparison of outputs from the neural network-based algorithm and the

experts’ evaluation. a The learning subset. b The tuning subset.

_ Table 1 Overall Adeguacy Assessment (OAA) and Qualitative Evalua-
+on (QE) scale from Brotz et al.

OAA QE Criteria

Visualization of 2 90 % of mucosa; no, or
minimal, fluid and debris, bubbles, and
bile/chyme staining; no, or minimal, re-
duction of brightness

Adequate Excellent

Good Visualization of > 90 % of mucosa; mild
fluid and debris, bubbles, and bile/chyme
staining; mildly reduced brightness

Inade- Fair Visualization of < 90 % of mucosa; moder-

quate ate fluid and debris, bubbles, and bile/
chyme staining; moderately reduced
brightness

Poor Visualization of < 80 % of mucosa; exces-
sive fluid and debris, bubbles, and bile/
chyme staining; severely reduced bright-
ness

adequately” cleansed small-bowel examinations in both the
tuning and evaluation datasets, according to the experts. How-
ever, the proportion (7.7 %) of inadequately cleansed small
bowel during capsule endoscopy is close to that recommended
(<5 %) by the ESGE and UEG [4], but lower compared with the

literature (10 % - 40 %) [15]. An explanation may be that pa-
tients who participated in the PREPINTEST trial might have been
more compliant with the preparation modalities than pa- tients
in real-life conditions. Nevertheless, this small number had a
high impact on any calculation of performance involving true
negative cases as references (mostly the specificity and NPV).
Overall, a raw “inadequate” result given by the algorithm should

» Table 2 Performances of the neural network-based algorithm out-
~ts for the assessment of small-bowel cleanliness, compared with th~

consensual overall adequacy assessment [2] by the experts.

Videos Algorithm output Total
Ade- Inade-
quate quate
Experts’ consensual Ade- 65 7 72
evaluation quate
Inade- 1 5 6
quate
Total 66 12 78

better be rendered as “doubtful” to capsule endoscopy

readers, with a final evaluation of cleanliness belonging to the
reader. Overall, the reader’s opinion on cleanliness would be
necessary in 10 % of cases only; in the remaining 90 % of cases,
only validation would be required.

Conclusion

A neural network-based algorithm allowing the automated as-
sessment of small-bowel cleanliness during capsule endoscopy
was demonstrated to be rapid, reproducible, and highly sensi-
tive. This tool paves the way for automated, standardized cap-

sule endoscopy reports. This neural network-based algorithm
could also allow valid comparisons of different preparation re-
gimens, and capsule endoscope diagnostic yield according to
cleanliness.
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7.7. Elaboration d’une vérité terrain en vidéocapsule

7.7.1. Terminologie et sémiologie en vidéocapsule

A l'issue de la lecture d’une VCE, le médecin rédige un compte rendu décrivant les
différents éléments constatés. La standardisation des comptes rendus est un des critéres de
qualité de la réalisation des VCE. Pour autant, le vocabulaire utilisé dans ces comptes rendus
de VCE differe souvent d’un lecteur a I'autre. Une initiative dans les années 2000 a consisté a
élaborer un lexique appelée Capsule Endoscopy Structured Terminology (CEST) (43). Cet
effort a permis de retenir des mots-clés. Mais ces mots-clés n’étaient associés a aucune
description ou définition, limitant la portée de ce travail a un lexique, la ol un dictionnaire
illustré serait attendu. Ainsi, 20 ans plus tard, l'interprétation des lésions visibles en VCE
souffre encore d’une importante variabilité inter et intra observateur. En effet, une
métanalyse regroupant 52 études, démontrait qu’une concordance «bonne ou parfaite» inter
et intra observateurs étaient obtenues seulement dans 23 % et 36 % des cas respectivement

(44).

- 03:38:41

PillCam®SB3 PillCam®SB3

Figure 15 : Images de VCE-G montrant une angiodysplasie (photo de gauche) et
ulcération superficielle (photo de droite).
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Deux travaux visaient a harmoniser les pratiques en proposant une terminologie et des
descriptions consensuelles des Iésions les plus fréquemment visibles en VCE. En cas de SSIG,
la Iésion vasculaire la plus fréquemment mise en évidence et responsable du saignement est
une angiodysplasie intestinale ou angiectasie (AGD). En cas de suspicion de MC de I'IG, les
lésions inflammatoires a type d’ulcérations profondes, superficielles et d’érosions aphtoides
sont recherchées. Ainsi, une premiere étude s’est attachée a définir et décrire les lésions
vasculaires de I'lG (45). Un groupe de 18 experts a été sollicité pour établir de fagon
consensuelle selon la méthodologie Delphi une nomenclature illustrée des lésions vasculaires
les plus fréquentes. Une deuxieme étude regroupant 32 experts et utilisant la méme
méthodologie Delphi a permis d’établir de facon consensuelle une nomenclature illustrée des
lésions inflammatoires les plus fréquentes de I'lG (46). Des études similaires ont été ensuite
réalisées par d’autres membres de notre groupe de travail, pour d’autres types de lésions :
diverticules de I'lG (47), zones d’atrophie muqueuse (48), auxquels nous avons contribué, et

|ésions sous muqueuse (49).
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ABSTR ACT

Background and study aims Nomenclature and descrip- tions
of small bowel (SB) vascular lesions in capsule endos- copy
(CE) are scarce in the medical literature. They are mostly
based on the reader's opinion and thus differ be- tween
experts, with a potential negative impact on clinical care,
teaching and research regarding SBCE. Our aim was to better
define a nomenclature and to give a description of themost
frequent vascular lesions in SBCE.

Methods A panel of 18 European expert SBCE readers was
formed during the UEGW 2016 meeting. Three experts con-
structed an Internet-based four-round Delphi consensus, but
did not participate in the voting process. They built
questionnaires that included various still frames of vascular
lesions obtained with a third-generation SBCE system. The 15
remaining participants were asked to rate different pro-
posals and description of the most common SB vascular le-
sions. A 6-point rating scale (varying from ‘strongly dis-agree’
to ‘strongly agree’) was used successive rounds. The
consensus was reached when at least 80 % voting members
scored the statement within the ‘agree’ or ‘strongly agree’.
Results Consensual terms and descriptions were reached for
angiectasia/angiodysplasia, = erythematous patch, red
spot/dot, and phlebectasia. A consensual description was
reached for more subtle vascular lesions tentatively named
“diminutive angiectasia” but no consensus was reached for
this term.

Conclusion An international group has reached a consen- sus
on the nomenclature and descriptions of the most fre- quent
and relevant SB vascular lesions in CE. These terms and
descriptions are useful in daily practice, for teaching and for
medical research purposes.
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Introduction

Capsule endoscopy (CE) is a minimally invasive technique that
allows complete visualization of the small bowel (SB) [1]. Dur-
ing its development in the 1990s, CE was immediately per-
ceived as a disruptive technology. Since its clinical inception in
2000, CE has rapidly become the first-line diagnostic tool to ex-
plore the SB, with a diagnostic yield of approximately 60 % in
the setting of obscure gastrointestinal bleeding (OGIB), and 50
% in suspected Crohn’s disease [2].

Because CE offers enhanced imaging of the SB mucosa, an
important effort has been made during the first few years of its
clinical use to design a structured lexicon for use in training, clin- ical
practice, and for research purposes [3 - 5]. The CE Struc- tured
Terminology (CEST) emerged through this work, but it did not
provide definitions nor full descriptions of the most com- mon SB
lesions. As a matter of fact, no clear definitions/descrip- tions of
vascular lesions have been widely accepted yet. A typical example is
“angiodysplasia” (AGD) that remains the most com- mon
vascular and obvious lesion found in SBCE in the setting of OGIB
[6]; however, there are controversies regarding the name,
description, and interobserver agreement of this diagnosis.
Some experts argue that the suffix “dysplasia” is inappropriate
from a pathological point of view, and that the term “ectasia”
should be preferred [7]. Nevertheless, in clinical practice, more
than half of reports use other terms, such as, “angioma,” “ecta-
sia,” “arteriovenous malformation,” “vascular ectasia,” or “vas- cular
malformation” [4].

In the medical literature, semantic descriptions of AGD are
scarce [6, 8], and are even more rare for more subtle vascular
lesions. In addition, in most studies aiming to evaluate interob-
server in describing CE findings, the “gold standard” for diag-
nosis is based on the experience of expert investigators, with-
out any description or definition of vascular lesions [9, 10].
Overall, names, descriptions, and diagnosis of vascular SB
lesions remain subjective. Still, when a putative diagnosis of SB
vascular lesion is made with CE, ablation therapy is first-line
treatment in most cases, pharmacological treatments are dis-
cussed, but endoscopic sampling or surgery followed by patho-
logical examination are rarely performed to confirm the diag-
nosis [6]. Overall, interobserver agreement for all lesions seen
in CE is moderate (kappa coefficient = 0.6) in the medical litera-
ture [10], and seems even lower for more subtle lesions.

Universal nomenclature and descriptions of SB vascular are
needed for CE reporting [11], medical education, and research.
The aim of this study was to achieve consensus on the nomen-
clature and descriptions of SB vascular lesions seen in CE.

Materials and methods
Design

The consensus process used a Delphi method, an established
method for obtaining answers to questions that cause uncer-
tainty even between experts [12, 13]. The study design was
based on alternative feedback rounds of a core group (CG) and

an expert group (EG) until consensus was achieved (» Fi%. 1).
Several Infernet-based illustrated questionnaires were thus

Delphi consensus group establishment
core group (n = 3) experts group (n = 15)

Selection of the most common vascular lesions images
seen in SB-CE* from the CAD-CAP** database
Selection of 4 typical frames for each type of lesion

First set of proposals for nomenclature and descriptions
of SB vascular lesions
core group (n = 3)

Round 1 expert group Post round 1 analysis
(n=15) (core group = 3)

Round 2 expert group Post round 2 analysis
(n=15) (core group = 3)

Round 3 expert group Post round 3 analysis
(n=15) (core group = 3)

Conference call/focus on more subtle vascular lesions

Round 4 expert group Post round 4 analysis
(n=15) (core group = 3)

Consensual nomenclature and descriptions
of most common SB vascular lesions seen in CE

» Fig. 1 Delphi Consensus Study flowchart. *SB-CE; Small bowel
capsule endoscopy, **CAD-CAP: Computer-assisted Diagnosis for

CAPsule endoscopy [14].

from the CG to the EG for rating and comments. All question-
naires were structured in a similar way, with proposals for a no-
menclature and a semantic description, and calling for free
comments. Nomenclature and descriptions were revised by the
CG following each feedback round based on rating and of the
EG.

Working groups and feedback rounds

Working groups were formed aside the 24™ United European
Gastroenterology Week (October 15 - 19, 2016, Vienna, Aus-
tria). The three investigators of the CG worked in Sorbonne Uni-
versity & APHP, Saint Antoine Hospital, Paris, France. The 15 in-
ternational investigators of the EG were based in England (n = 1),
France (n = 3), Israel (n = 2), Italy (n = 3), Scotland (n = 3), Spain
(n = 1) and Sweden (n = 2). Mean age of the EG was 47 years.
Mean CE reading experience of the EG was 13 years, with a mean
number of 100 CEs read annually.
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R Table 1 Six-point numerical scale to rate proposals during the

lphi rounds.
1 Strongly disagree
2 Disagree
3 Moderately disagree
4 Moderately agree
5 Agree
6 Strongly agree

Proposals and revisions of names and semantic
descriptions

The multicenter French database CAD-CAP (Computer-assisted
Diagnosis for Capsule endoscopy) was used. CAD-CAP is com-
posed of 20,000 normal CE still frames and 6013 still frames of
abnormal CE findings from third-generation SBCE system videos
(Pillcam SB3 system, Medtronic), including 2946 vascu- lar
lesions [14]. The CG selected an initial set of 100 still frames of
most common vascular lesion images seen in SBCE. Based on this
image dataset and on their knowledge, the members of the CG
categorized 5 different types of SB vascular lesions. For each
type of SB vascular lesion, the CG selected 4 typical frames
(with adequate mucosal visualization and brightness) and pro-
posed a putative name and a semantic description, to be sent to
the EG through an Internet-based questionnaire. At each round,
and for each type of lesion, members of the EG were asked to
rate proposals of the CG, on a numerical scale from 1
e R e A T R R e P
each round, all suggestions from EG respondents were used by
the CG to improve names/descriptions.

Analysis

Consensus was reached when at least 80 % of voting members
rated with a score of 5 (agree) or 6 (strongly agree) within four
rounds. Rounds were stopped for any lesion for which consen-
sual name and description were found. For any other lesion,
votes and comments were analyzed and discussed during several
face-to-face meetings by the three participants of the CG in
between the three first rounds. When consensual name and
description were not achieved after the third round, a tele-
conference was held between the CG and the EG. Then, the CG
made final revisions and provided a fourth questionnaire to the
EG, for a final vote. The process was stopped thereafter, wheth-
er a consensus was reach or not.

Results

The CG selected five types of common SB vascular lesions from
the CAD-CAP database. For each type of vascular lesions, a set
of 4 still frames (» Fig. 2, » Fig. 3, » Fig. 4, » Fig. 5, » Fig. 6) was

sent, using Internet-based questionnaires, to the EG with tenta-
tive names and descriptions. Further feedback rounds between

» Fig. 2 Four typical frames of “angiectasia/angiodysplasia,” as
presented to the expert group for voting.

»Fig. 3 Four typical frames of “erythematous patch,” as presented
to the expert group for voting.

the CG and the EG were scheduled until consensus was achieved
or until round 4 was reached. Consensual nhames and

definitions of “angiectasia/angiodysplasia” (» Fig. 2), “erythe-

matous patch” (» Fig. 3), “red spot/dot” (» Fig. 4), and “phleb-

ectasia” (» Fig. 5) were achieved within 3 rounds (» Table 2).
However, a conference call and a final fourth round did not re-

sult in consensus on the name of more subtle vascular mucosal
abnormalities, tentatively named “diminutive angiectasia”
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»Fig. 4 Four typical frames of “red spot/dot,” as presented to the
expert group for voting.

»Fig. 5 Four typical frames of “phlebectasia,” as presented to the
expert group for voting.

Fig. 6), although a consensus was reached on their semantic.
gescgrip lon.rﬁuﬁwbers o? votlung experts for names andrn CFeSCﬂp-
tions are described more precisely for the last round in

»Table 3 and » Table 4. Details on the votes for nomencla-
tures are given in » Supplementary Table 1.

»-Fig. 6 Four typical frames of “diminutive angiectasia,” as pres-
ented to the expert group for voting.

Angiectasia/angiodysplasia

R i Fig. 2, th i for af
N2 08 0% Tite Bt Sirecmant wain'Panglodysplasna. Tk UM

93.3 % rate of agreement was found after Round 3 on the
following description: “a clearly demarcated, bright-red, flat
lesion, consisting of tortuous and clustered capillary dilatations
within the mucosal layer (surrounded by intestinal villi). Can be
small (few mm) to large (few cm).” However, there were con-
troversies regarding the name “angiodysplasia” versus “angiec-
tasia.” During post-Round 1 analysis, five experts mentioned
that they would have preferred the term “angiectasia.” Thus,
the core group decided to put the question to the vote during
the second round. After Round 2, no agreement was found as
60.0 % of the experts preferred the term “angiectasia,” whereas
40.0 % preferred the term “angiodysplasia.”

Erythematous patch

RegBardin » Fig. 3, the terminology voted for after Round 2 with
an 86.6 % rate of agreement was an “erythematous patch.”

An 80.0 % rate of agreement was found on the following de-
scription: “small (few mm) and flat reddish area, without any
vessel appearance within the mucosal layer (surrounded by
intestinal villi).”

Red spot/dot

Regarding » Fig. 4, the terminology voted for after Round 1 witha
93.3 % rate of agreement was a “Red spot/dot.” An 80.0 % rate

of agreement was found on the following description: “a minis-
cule (less than 1 mm), punctuate, and flat lesion with a bright-
red area, without linear or vessel appearance within the mucosal layer
(surrounded by intestinal villi).” However, there were con-
troversies regarding the term “red dot” versus “red spot” and
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» Table 2 International Delphi Consensus on the nomenclature and descriptions of the most frequent small bowel vascular lesions.

Nomenclature

Angiectasia/angiodysplasia

Erythematous patch

Red spot/dot

Phlebectasia

Diminutive angiectasia®

* Consensus was not reached

Semantic Description

A clearly demarcated, bright-red, flat lesion, consisting

of

and clustered capillary dilatations, within the mucosal layer (surrounded

by intestinal villi). Can be small (few mm) to large (few cm).

A small (few mm) and flat reddish area, without any vessel appearance,
within the mucosal layer (surrounded by intestinal villi).

A miniscule (less than 1 mm), punctuate, and flat lesion with a bright-red

area, without linear or vessel appearance, within the mucosal layer
(surrounded by intestinal villi).

A small (few mm), flat to slightly elevated, bluish venous dilatation
running below the mucosa (covered by intestinal villi).

A clearly demarcated, linear, bright-red lesion, consisting of tiny non-
clustered capillary dilatations, within the mucosal layer (surrounded by
intestinal Villi).

» Table 3 Experts’ rating regarding the nomenclature of the most frequent small bowel vascular lesions.

Nomenclature

Angiectasia/angiodysplasia
Erythematous Patch

Red spot/dot

Phlebectasia

“Diminutive angiectasia”

* Consensus was not reached

Numerical scale/Number of voting expert

0 0 0 0 1 14
1 0 1 0 3 10
1 0 0 1 4 9
0 0 0 1 3 1
0 3 0 1 8 3

» Table 4 Experts’ rating regarding descriptions of the most frequent small bowel vascular lesions

Description

Angiectasia/angiodysplasia
Erythematous Patch

Red spot/dot

Phlebectasia

“Diminutive angiectasia”*

* Consensus was not reached

Numerical scale/Number of voting expert

0 0 0 1 5 9
2 0 0 1 9 3
1 1 1 1 6 6
0 0 1 1 4 9
0 1 0 1 8 5

Nomenclature/Description % of

agreement or strong agreement

tortuous

100%/93 %

87 %/80 %

93%/80%

93 %/87 %

73 %187 %

% of agreement or

strong agreement

100 %

87 %

93%

93%

73 %"

% of agreement or

strong agreement

93%

80 %

80 %

87%

87 %

of

rounds passed

of

rounds passed
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the CG decided to put this question to a vote. After Round 2, no
agreement was found, as 53.3 % preferred the name “red spot,”
whereas 46.7 % preferred the term “red dot.”

Phlebectasia

RSP ke O agreament was & SO IR A 4104, A"

of agreement was found in Round 1 for the following descrip-
tion: “a small (few mm), flat to slightly-elevated, bluish venous
dilatation running below the mucosa (covered by intestinal
villi).”

‘Diminutive angiectasia’

Regarding » Fig. 6, the terminology voted for after Round 4 with
only 73.3% rate of agreement was a “diminutive angiec-

tasia.” This lesion was the most difficult to name and to de-
scribe. Several proposals for terminology were discussed dur-
ing the three first rounds, among them “dilated capillaries,”
“small angiodysplasia,” “telangiectasia,” “engorged capillar-
ies,” “small arterial vascular malformation (AVM),” “atypical
AVM,” and “atypical AGD.” Experts failed to achieve a consen-
sus after Round 3. According to protocol, a conference call was
set up, for names and descriptions to be debated before a final
vote. At Round 4, there was an 86.6 % rate of agreement on the
following description: “a clearly demarcated, linear, bright-red
lesion, consisting of tiny non-clustered capillary dilatations,
within the mucosal layer (surrounded by intestinal villi).”

Discussion

This study established nomenclature and descriptions for some
of the most common vascular lesions seen in SB-CE. Through a
Delphi consensus conducted with a significant number of CE ex-
pert readers, four names and their semantic descriptions were
validated with more than an 80 % rate of agreement: “angiecta-
sia/angiodysplasia” (93.3 %), “erythematous patch” (80.0 %),
“Sred spot/dot” (80.0 %), and “phlebectasia” (86.6,%{ (» Table 2{.
ince the early 2000s, CE offers a new insight into SB pathol-
ogy. Although an effort has been made initially to create a lexi-
con to describe SBCE findings [4], there has been no dictionary
(with an entry name and a corresponding description) of SB
vascular lesions since. This makes it difficult to attempt to
standardize SBCE reading, reports, and research. For example,
to date, most studies aiming to evaluate interobserver agree-
ment in the description of SBCE findings have used the expert
investigators’ opinion as gold standard for diagnosis [10], rath-
er than any validated name or description of SB vascular lesions.
Consensus methods are being used increasingly to solve
problems in medicine. Their main purpose is to define levels of
agreement on controversial subjects. As a mean of achieving
consensus on an issue, the Delphi methodology has become
widely used in healthcare research [15, 16]. The literature on
this technique is expanding, mainly addressing what it is and
how it should be used [13, 17]. Given the need for a SB vascular
lesions dictionary, we considered that Delphi methodology a
good approach for large-scale research. However, Delphi
methodology has some limitations. Therefore, we paid special

attention to clearly separate the CG from the EG, with different
settings and different tasks. The CG was a small group of three
physicians from the same center who had experience in SB-CE
reading, teaching, and research. Members of the CG were able
to attend consensus meetings and aimed to make proposals and
revisions based on the EG votes and comments but they did not
vote. The EG comprised 15 European opinion leaders in SB-CE.
They were chosen based on their long experience (mean 13
years) and on their high volume of SB-CE reading (mean 100
cases a year). This study has other strengths. All Internet-based
answers were anonymous, to allow the experts to express any
contradictory view or even to change their mind during the vot-
ing rounds. The participation rate for all questionnaires reached
100 % in all rounds.

Some limitations should be mentioned as well. First, the CG
of three physicians from the same institution made the initial
image dataset and proposals for names and descriptions, possi-
bly misleading the EG from the very start. Other names, terms,
and definitions could have emerged from a larger or more
heterogeneous group. Second, questionnaires and votes were
Internet-based, except one conference call. It is likely that a
conference call or physical meeting would have created more
debate, controversy, and enrichment of vocabulary for names
and descriptions than comments on a website without any live
interaction. However, free comments were still possible
through the Internet-based questionnaire, and at the time of
the conference call after Round 3. Third, some rare, protruding
or syndrome-related vascular lesions were not addressed in this
study (hemangioma, varices, Kaposi sarcoma, blue rubber bleb
syndrome, for example). We believe that there was an urge to
build a consensus on the most frequent vascular lesions seen in
SB-CE. However, many other less frequent vascular lesions will
also need to be better defined. Fourth, some differences in
descriptions of vascular lesions are based on the lesion size.
Although a team has proposed measuring the size of SB polyps
using reference granules in patients with Peutz-Jeghers syn-
drome [18], there is currently no validated system for size
measurement in SBCE. Fifth, this consensus aimed to brush up
the nomenclature and semantic descriptions of SB vascular
lesions, not to provide their clinical relevance in terms of bleed-
ing. Our group is now strongly considering doing another Delphi
consensus on the significance of the SB vascular lesions named
and described herein.

Some issues have not been fully solved by this study.
Although their description was consensual, there were some
controversies regarding the choice for a name between “angio-
dysplasia” and “angiectasia.” The core group decided to put
that question to the vote during Round 2 but no agreement was
found as 60.0 % of the experts preferred the term “angiec-
tasia,” whereas 40.0 % preferred the term “angiodysplasia.”
Thus, in the experts’ view, there would be a slight preference
for the term “angiectasia” for daily practice. For some experts, the
term “angiodysplasia” is widely used in clinical practice andin
research, and refers adequately to the above-described vas-
cular lesion. However, some other experts argue that the suffix
“dysplasia” is inappropriate because the lesion is not an epithe-
lial anomaly of growth and differentiation, which for patholo-
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gists usually indicates a precancerous lesion. However, in
Ancient Greek, “dys” means difficult and “plasso” means formed,
and “angiodysplasia” would therefore etymologically mean
“vascular malformation,” with no reference to precancer- ous
change in cells and tissues [19]. Indeed, the term “dyspla- sia”
is used in other benign conditions, such as hip, kidney or bone
dysplasia. On the other hand, “ektasis” means “dilation” [19],
and seems very appropriate to describe mucosal capillary
dilations seen by pathologists in the rare cases in which such
lesions are sampled. Overall, some slight confusion may still
ensue with the different terms “angiectasia” (also sometimes
written “angioectasia”) and “angiodysplasia,” although they
relate to the very same type of lesion and may be considered as
synonyms. Indeed, in the study validating the Capsule Endos-
copy Standardized Terminology, the term “angiectasia” was
used as an “obvious synonym” for the term “angiodysplasia” in
435 out of 486 occurrences for the experts [4]. For even more
subtle lesions, such as so-called “diminutive angiectasia,” we
were not able find a consensus name (only a 73.3 % agreement
was reached), although a consensus description was made.

Conclusion

In conclusion, the effort carried out by an international group
through this consensus statement on nomenclature and de-
scriptions of the most frequent SB vascular lesions represents a
step forward in standardization of SB-CE reading, teaching, and
medical research on this topic.
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» Supplementary Table 1 Proposed nomenclature/agreement for five different types of small bowel vascular lesions.

Vascular lesions
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Round 1
Proposed term
% of agreement

Angiodysplasia
100.0

Red spot
53.3

Red dot
93.3

Phlebectasia
93.3

Telangiectasia
66.7

* AVM =Arterial vascular malformation

Round 2
Proposed term
% of agreement

Angiodysplasia
40.0

Vs.
Angiectasia
60.0

Erythematous patch
86.6

Red dot
46.7

Vs.

Red spot
53.3

/

Angiectasia
66.7

Round 3
Proposed term
% of agreement

/

Small angiodysplasia
53.3

Atypical angiodysplasia
0.0

Engorged capillaries
20.0

Small AVM*

20.0

Atypical AVM

13.3

Unclassified small-bowel
subtle vascular lesions
20.0

Undetermined small-bowel

subtle vascular lesions
33.3

Round 4
Proposed term
% of agreement

/

Diminutive angiectasia
73.3

Dilated capillaries
26.7
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Abstract

Background: In the medical literature, the nomenclature and descriptions (ND) of small bowel (SB) ulcerative and inflam-
matory (U-I) lesions in capsule endoscopy (CE) are scarce and inconsistent. Inter-observer variability in interpreting these
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findings remains a major limitation in the assessment of the severity of mucosal lesions, which can impact negatively on
clinical care, training and research on SB-CE.

Objective: Focusing on SB-CE in Crohn’s disease (CD), our aim is to establish a consensus on the ND of U-I lesions.
Methods: An international panel of experienced SB-CE readers was formed during the 2016 United European
Gastroenterology Week meeting. A core group of five CE and inflammatory bowel disease (IBD) experts established an
Internet-based, three-round Delphi consensus but did not participate in the voting process. The core group built illustrated
questionnaires, including SB-CE still frames of U-I lesions from patients with documented CD. Twenty-seven other experts
were asked to rate and comment on the different proposals for the ND of the most frequent SB U-I lesions. For each round,
we used a 6-point rating scale (varying from ‘strongly disagree’ to ‘strongly agree’). The consensus was reached when at
least 80% of the voting members scored the statement within the ‘agree’ or ‘strongly agree’ categories.

Results: A 100% participation rate was obtained for all the rounds. Consensual ND were reached for the following seven U-
lesions: aphthoid erosion, deep ulceration, superficial ulceration, stenosis, edema, hyperemia and denudation.

Conclusion: Considering the most frequent SB U-I lesions seen in CE in CD, a consensual ND was reached by the inter-
national group of experts. These descriptions and names are useful not only for daily practice and medical education, but also

for medical research.
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Capsule endoscopy, small-bowel, Crohn’s disease, Delphi consensus, inflammatory bowel diseases, nomenclature
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Introduction

Considering its high ability to visualise the entire small
bowel (SB) mucosa, capsule endoscopy (CE) has rapidly
been considered as one of the first-line diagnostic tools for
SB examination.! CE has an approximate diagnostic yield
of 50% in suspected Crohn’s disease (CD) cases? and plays
a significant role in its management.®* The Capsule
Endoscopy Crohn’s Disease Activity Index (CECDAI) was
developed® and validated® to grade the severity of SB-CE
findings in patients with CD. The Lewis score also provides
a common language to quan- tify mucosal inflammatory
variations.” Both scores are commonly used both in clinical
practice and in research because they display a strong
correlation.® However, the nomenclature and descriptions
(ND) of ulcerative and inflammatory (U- 1) lesions seen in
CE and that are used in these scores arefar from established.
For instance, in the study by Gralneket al., the ‘definitions
of endoscopic lesions were a priori specified and reviewed
by all readers prior to prospective testing’, yet no
definitions were consensually agreed and pro- vided.” As
CEreviewing is strongly related to the read-er’s opinion and
experience, which differ among readers,**° it is crucial to
search for a common inter- national ND to define the most
common U-I lesions seen on SB-CE in patients with CD.
Indeed, in the medical literature, studies assessing the
inter-observer variability have measured a mean kappa
value of around 0.5.! We believe that the inter-observer
variability in interpreting the findings may be (at least
partly) due to the lack of a common language, and that it

is a major limitation for assessing the severity of muco- sal
lesions observed in inflammatory bowel diseases (IBD),
with a potential negative impact on patients’ healthcare and
on the evaluation of therapeutics. Therefore, it seems
necessary to standardise and use a unified language for all
major U-I lesions seen during SB-CE in IBD. A similar
approach has been used by our group through the
establishment of an international consensus on the ND of
the most frequent vascular lesions seen in SB-CE.*? Hence,
the aim of the current study was to establish a consensual
ND of the most common U-1 lesions seen on SB-CE in
patients with CD.

Patients, materials and methods
Design

The Delphi method is one of the most accurate and
validated process for answering questions that cause
uncertainty even among experts.*3* The present study used
a Delphi consensus model based on alternative feedback
rounds between a core group (CG) and an expert group
(EG) until a consensus was reached (Figure 1). The CG
built several Internet-based illu- strated questionnaires and
asked the EG to rate the descriptions and add comments to
inform the next round. The questionnaires were structured
similarly, presenting images related to several propositions
for the nomenclature and the semantic descriptions of U-
I lesions seen in CD patients. All members of the EG were
invited to add comments for each proposal. Based on the
rating and on the comments received from the
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Coregroup (n =35)

Delphi consensus group establishment
Experts group (n = 27)

4

Selection of the most common ulcero-inflammatory images seen in SB-CE”, based on validated scores
Selection of 4 typical frames for each type of lesion, from the CAD-CAP** database

N/

First set of proposals for nomenclature and descriptions
of SB ulcero-inflammatory lesions
Core group (n=5)

N\

Post Round 1 analysis

Round 1 Experts group (n=27)

Core group (n=5)

Post Round 2 analysis

Round 2 Experts group (n=27)

Core group (n=5)

Round 3 Experts group (n=27)

Post Round 3 analysis

Core group (n=5)

N

of most common SB ulcero-inflammatory lesions seen in CE

Consensual nomenclature and descriptions

Figure 1. Delphi consensus study flowchart. *SB-CE: small bowel capsule endoscopy. **CAD-CAP: Computer-aided Diagnosis for capsule

endoscopy database (19).

experts, the name and the description of each lesion were
then reviewed by the CG after each feedback round.

Working groups and feedback rounds

The working groups were constituted during the 24th
United European Gastroenterology Week (15-19 October
2016, Vienna, Austria). The CG was composed of five
French IBD specialists, with three of them also being SB-
CE expert readers. The CG members did not participate
in the EG. The 27 members of the international EG were
based in England (n ¥4 2), France (n % 3), Germany (n %4
1), Greece (n %4 1), Ireland (n %2 1), Israel (n¥%23), Italy (n
Y4 5), Malta (n ¥ 1), the Netherlands (n % 1), Portugal (n %
1), Scotland (n %4 3), Spain (n % 2) and Sweden (n

Y4 3). The mean age of the EG members was 47.6 years.

The mean CE reading experience of the EG members
was 12.4 + 4.6 years, with a mean number of 136 + 85
CEs read annually.

Proposals and revisions of nomenclature and
semantic descriptions

To design the first round, the CG first reviewed relevant U-
I terms described in the SB-CE IBD scores®’ or in the
papers of the digestive endoscopic terminology.’>’
Moreover, to avoid confusion, the CG also considered the
terms and definitions of U-l lesions found during
colonoscopy of IBD patients, as proposed by Groupe
d’Etudes Therapeutiques des Affections Inflammatoires
du Tube Digestif (GETAID).:
The CG proposed a selection of four typical SB-CE

image frames, a nomenclature and a semantic
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description per specific type of SB U-I lesion. All selected
frames were extracted from the multicentre Frenchdatabase
CAD-CAP (computer-assisted diag- nosis for capsule
endoscopy). This database is com- posed of 20,000 normal
CE still frames and 5184 still- frame imagesof abnormal CE
findings from third-gen- eration SB-CE system videos
(Pillcam®SB3 system, Medtronic), including 1369 images
with U-1 lesions from patients with IBD.° It has already
been used to standardise and illustrate a common lexicon
for vascu- lar lesions seen in SB-CE*?and to develop CAD
tools for capsule reading.?® An Internet-based survey was
used to send all the propositionsto the EG.

For each round, the EG members were invited to rate the
propositions made for each type of lesion, using a
numerical scale varying from 1 (strongly dis- agree) to 6
(strongly agree) (Table 1). They were also asked to provide
comments and suggestions for subse- quent revisions. To
improve the lesions ND, the CG reviewed the EG’s
suggestions after each round.

Predefined stop criterion and analysis

We considered a consensual agreement was reached when
over 80% of the voting members rated with a score of 5
(agree) or 6 (strongly agree) within three rounds. The
Delphi consensus process was stopped when the
consensual name and description of any lesion was
established. Meetings were organised between the five
participants of the CG within the first three rounds to
discuss the votes and comments. Subsequently, whether
a consensus was reached or not, the process wasinterrupted.

Results

The CG identified the seven following lesions to be
proposed to the EG for definition and description: aphthoid
erosion, deep ulceration, superficial ulcer- ation, stenosis,
edema, denudation and hyperemia. A 100% participation
rate was obtained from the EG for all three rounds. The
consensual ND, as finally obtained at the end of the Delphi
process, are given in Table 2. The experts’ ratings are
detailed in Tables

3 and 4 for the nomenclature and descriptions, respectively.

Aphthoid erosion

Regarding Figure 2(a), the nomenclature voted on for this
type of lesion after one round with an 85.2% agree- ment
rate was ‘aphthoid erosion’. After round 2, the description
‘Diminutive loss of epithelial layering witha whitish centre
and a red halo, surrounded by normal mucosa’obtained a
96.3% agreement rate.

Table 1. Six-point numerical scale to rate proposals during the
Delphi rounds.

Strongly disagree
Disagree
Moderately disagree
Moderately agree
Agree

D U1 B W N

Strongly agree

Deep ulceration

Regarding Figure 2(b), the nomenclature ‘deep ulcer- ation’
was voted on for this type of lesion after one round with a
96.3% rate of agreement. The description ‘Frankly, deep
loss of tissue compared with the sur- rounding
swollen/edematous mucosa, with a whitish base’ reached an
85.2% rate of agreement after round 3.

Superficial ulceration

Regarding Figure 2(c), the nomenclature ‘superficial
ulceration” was voted on for this type of lesion after one
round with an 81.5% rate of agreement. The rate of
agreement for the description ‘Mildly depressed loss of
tissue with a whitish bottom, whose features fit neither with
that of aphthoid erosion nor with that of deep ulceration, as
previously defined” was of 85.2% after round 2. Although
referring to the descriptions of ‘deep ulceration’ and
‘aphthoid erosion’, a consensual description for ‘superficial
ulceration” was obtained before this, during round 2.

Stenosis

Regarding Figure 3(a), after one round the nomencla- ture
‘stenosis” was voted on for this type of lesion with a 100.0%
rate of agreement. During round 1 the EG asked for videos
to further discuss the description. A 9-second video
sequence (25 frames upstream, and 25 downstream the
index still frame) was added to the questionnaire during
round 2, as well as a special men- tion for the need of a
dynamic sequence to establish a diagnosis. After round 2,
the rate of agreement of the following description:
‘Narrowing of the intestinal lumen withholding or delaying
the passing of the video- capsule (therefore, to beevaluated
on a video)’ was of 88.9%.

Edema

After round 1, the EG asked for modifications in the
selection of the SB-CE illustrations. Regarding
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Table 2. International Delphi consensus on the nomenclature and descriptions of ulcerative and inflammatory lesions in SB-CE.

% Nomenclature/

Nomenclature Description description
Aphthoid erosion Diminutive loss of epithelial layering with a whitish center and a red halo, 85.2/96.3

surrounded by normal mucosa
Deep ulceration Frankly deep loss of tissue compared to the surrounding swollen/edematous 96.3/85.2

mucosa, with a whitish base
Superficial ulceration Mildly depressed loss of tissue with a whitish bottom, whose features fit neither 81.5/85.2

with that of aphthoid erosion nor with that of deep ulceration, as previously defined
Stenosis Narrowing of the intestinal lumen withholding or delaying the passing of the 100.0/88.9

videocapsule (therefore, to be evaluated on a video)
Edema Enlarged / swollen / engorged villi 85.2/81.5
Hyperemia Area of reddish villi 96.3/81.5
Denudation Reddish (but not whitish) mucosal area where villi are absent 81.5/81.5
Table 3. Experts’ rating regarding the nomenclature of the selected ulcerative and inflammatory SB lesions.

Numerical scale / Number of expert voting
% of ‘agree’ or Number of
Nomenclature 1 2 3 4 5 6 ‘strongly agree’ rounds passed
Aphthoid erosion 2 - 2 - 12 11 85.2 1
Deep ulceration 1 — — — 5 21 96.3 1
Superficial ulceration — — 2 3 11 11 81.5 1
Stenosis = = = = 9 18 100.0 1
Edema = 1 1 2 12 11 85.2 2
Hyperemia — — 1 — 21 6 96.3 3
Denudation - 1 — 4 10 12 81.5 1
Table 4. Experts’ rating on the description of the selected ulcerative and inflammatory SB lesions.
Numerical scale / Number of expert voting
% of ‘agree’ or Number of

Description 1 2 3 4 5 6 ‘strongly agree’ rounds passed
Aphthoid erosion - - - 1 13 13 96.3 2
Deep ulceration - 1 — 3 14 9 85.2 3
Superficial ulceration - - - 4 15 8 85.2 2
Stenosis = = 1 2 13 11 88.9 2
Edema - 1 - 4 14 8 81.5 2
Hyperemia 1 1 3 14 8 81.5 3
Denudation - 1 - 4 10 12 81.5 1
Hyperemia

Figure 3(b), the nomenclature voted on for this type of

lesion after two rounds was an ‘edema’ with an 85.2% rate
of agreement. A rate of agreement of 81.5% was reached
after round 2 for the following description:
‘Enlarged/swollen/engorged villi’.

A hyperemia is a nonspecific finding often associated with
other common U-1 lesions. During the first two rounds the
EG asked the CG for modifications in the selection of the
SB-CE images. Thus, two frames were
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Figure 2. Frames with various types of loss of tissue. (a) Four typical frames of ‘Aphthoid erosion’; (b) Four typical frames of ‘Deep

ulceration’; (c) Four typical frames of ‘Superficial ulceration’.

removed from the initial selection. The regions of inter- est
within the two remaining frames were delimited (Figure
3(d)). The nomenclature voted on for Figure 3(d) after three
rounds was a ‘hyperemia’ with a 96.3% rate of agreement.
An 81.5% rate of agree- ment was reached afterround 3 for
the description: ‘Area of reddish villi’.

Denudation

Regarding Figure 3(c), an 81.5% rate of agreement was
reached for the nomenclature ‘denudation’ after one round.
After round 1 the following description:

‘Reddish (but not whitish) mucosal area where villi are
absent’ obtained an 81.5% rate of agreement.

Discussion

In the current study, the ND of seven common U-
I lesions seen in SB-CE in IBD patients were validated by
experts who reached a more than 80% consensus rate. The
agreements were reached using a Delphi consensus process
conducted with 27 expert CE readers.

Since its clinical inception in 2000, CE has revolu-
tionised the examination and description of the SB.

13
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(a)

(c)

(b)

(d)

Figure 3. Frames with stenosis and with various types of inflammatory, non-ulcerated, lesions.
(a) Four typical frames of ‘Stenosis’; (b) Four typical frames of ‘Edema’; (c) Four typical frames of ‘Denudation’; (d) Two typical frames of

‘Hyperemia’.

Although a terminology index exists for SB-CE,” a
consensual ND of SB findings has not been clearly
established. This lack of ND makes it difficult to stand-
ardise SB-CE reading, reporting and research. Indeed, in
most studies evaluating the inter-observer agreement in the
description of SB-CE, only the experts’ opinions are
considered as the gold standard.

In an attempt to standardise the practice in SB-CE
reading, our group first performed a Delphi consensus

to better define and describe vascular lesions found in SB-
CE.*2 Similarly, we propose in the present study a
consensus on the ND of U-I lesions seen in SB-CE in IBD
patients. During the Delphi process, several important
points were raised by the EG discussed sub- sequently by
the CG. First, some U-l lesions are con- sidered
‘nonspecific’, such as U-I lesions caused by the use of
nonsteroidal anti-inflammatory drugs, by CD, by ischaemia
or by other factors that cannot be easily or

14
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categorically distinguished. Second, in SB-CE, as there is
currently no available tool to precisely measure lesions, we
could only use adjectives of size (e.g. ‘diminutive’) to
describe the lesions instead of standar- dised units of
measurement. Third, several types of U-I lesions are often
found together in the same SB-CE frame, making it difficult
to define their specific descrip- tions and illustrations. As
an example, a consensus on the term ‘hyperemia’ could not
be achieved within the two first rounds as this finding is
nonspecific and often associated with other common U-I
lesions. However, this issue was solved by delineating the
regions of inter- est within the selected frames. Fourth, it is
important to emphasise the difficulties in clearly
distinguishing a superficial from a deep ulceration. Indeed,
the evalu- ation of the depth of loss of tissue remains
subjective and variable between experts, and a villous
appearancecontiguous to a mucosal break should be
considered to appreciate and better characterise the entire
lesion.
The present study has many strengths. First, the
questionnaires were richly illustrated with high-quality,
third-generation SB-CE images to better guide the
experts. When required by the EG, still frames could be
changed or delineated, and short video sequences could
be specifically linked to the still images (e.g. when
commenting on the term ‘stenosis’). Such comple-
mentary information was provided when needed to
increase the precision inthe lesion to be described
and to ensure a high reliability in the votes. Second, a
substantial number of experts (n ¥4 27) voted, they had a
significant experience (mean 12.4 years) and performed
a high volume (mean 136 cases per year) of SB-CE
readings. Third, a 100% participation rate was obtained
in all three rounds. Fourth, all the answers were
anonymous, which encouraged open critique, while
avoiding and preventing some experts from dom- inating
in the process. Fifth, based on the EG’s answers and
comments, the members of the CG wrote out pro- posals
and revisions, but they did not participate in the vote.
Some limitations should be acknowledged. First,
almost all of the investigators were based in Europe.
However, the 27 EG members were from 13 different
countries, thus offering some meaningful diversity for
such a study. Conversely, the five members of the CG
were all affiliated with France, where the project was
initiated, but they belonged to three different institu-
tions. Second, the selection of the seven types of lesions
to be studied was made by the CG based on their
experience and on a review of the literature that had
a special focus on the items of the CECDAI and the
Lewis score.>” The EG was not specifically asked
whether any other type of U-1 lesion should be added to
the list and voted for. For the seven above-men- tioned
different types of lesions, however, the EG

members could comment and ask for modifications. No EG
expert requested adding an additional type of U-I to the list.
Third, all images have been captured from the SB-CE
Pillcam® SB3 system only. Therefore, it would be
interesting to evaluate whether the ND described here are
relevant with other SB-CE systems. Fourth, the current
study represents a step forward in the standardisation of the
description of CE lesions, and it does not assess the clinical
relevance of such lesions according to specific clinical
settings. Specifically, hyperemia and edema are subtle and
debatable lesions. Their consensual descriptions by the
experts were very short compared with that written for other
lesions. These brief descriptions may indeed reflect the
ideas of some IBD specialists that those find- ings may not
be true manifestations or markers of CD, and that the
validity of the Lewis Score is questionable for that reason.?
Fifth, the current study aimed to pre- cisely describe lesions,
but there is currently no avail- able measurement tool in SB-
CE, and no possibility to sample the lesions. Descriptive
terms with adjectives (e.g. ‘whitish/yellowish bottom’,
‘narrowing’) rather than objective measurements (e.g.
diameter, depth in mm .. .) orpathology terms (e.g. fibrin
bottom .. .) were therefore used by both the CG and the EG.
Timing was neverthelessavailable, and should have been
quantifiedto precisely describe what the experts call
‘withholding or delaying the passing of the video- capsule’
when describing a stenosis. All in all, these descriptions
may change when theSB-CE technology evolves and when
readers call for even more precise and reproducible reports.

The proposed nomenclatures, atlas and descriptions of
vascular and U-1 lesions in SB-CE by our group pave to way
to a study assessing their intra- and inter-obser- ver
reproducibility. We also plan to conduct survey on their
clinical pertinence for the main indications of SB- CE
(occult or overt gastrointestinal bleeding, and sus- picion of
CD).

Conclusion

An international group of SB-CE expert readers reacheda
consensus for the ND of the most frequent U-I lesions seen
in CE. The current study has provided a strong asset for
higher quality SB-CE reading and reporting in patients with
CD. These names and descriptions will also be usefulfor
medical education and for medical research purposes.
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7.7.2. Imputabilité en vidéocapsule

Les différentes anomalies visualisées au cours d’'une VCE-G peuvent avoir une
imputabilité variable dépendant du contexte clinique. L'imputabilité attribuée a une anomalie
détectée demeure subjective car dépendante de I'interprétation du lecteur de VCE. Un travail
supplémentaire regroupant 15 experts a permis d’établir des abaques autour de la pertinence
des lésions décrites précédemment en fonction du contexte clinique selon la classification de
Saurin JC et al. (16,50). Ce travail apporte un peu plus a I’élaboration d’une vérité terrain
nécessaire a I'apprentissage machine notamment dans la perspective d’une lecture assistée par

I'lA qui selon le contexte pourrait stratifier I'imputabilité des anomalies détectées.

11
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Abstract

Background and aim: Although recommended, the P-score used for assessing the pertinence /
relevance of findings seen in small bowel (SB) capsule endoscopy (CE) is based on a low level of
knowledge. The aim of this study was to evaluate the clinical relevance of the most frequent
SBCE findings through an illustrated script questionnaire.

Materials and Methods: Sixteen types of SBCE findings were illustrated four times each in three
different settings (occult and overt obscure gastrointestinal bleeding and suspected Crohn’s

disease), and with a variable number (n = 1/n = 2-5/n > 6), thus Providintg a questioknréaitre w{th
experts were asked to rate

the finding’s relevance for each question as very unlikely (—2) / unlikely (—1) / doubtful (0) /

likely (+1) / very likely (+2). The median score (<—0.75, between -0.75 and 0.75, or >0.75)
obtained for each scenario determined a low (P0), intermediate (P1) or high (P2) relevance,

Results: 8064 answers were analyzed. Participation and completion rates were 93% and 100%,
respectively. In overt or occult OGIB, resultant P2 findings were ’typical angiectasia’, ’deep
ulceration’, ’stenosis’, and’blood’, whatever their numbers, and ’superficial ulcerations’ when
multiple. While in suspected CD, consensus P2 lesions were ’deep ulceration’ and ’stenosis’
whatever their numbers, and ’aphthoid erosions’ and ’superficial ulcerations’ when multiple.
Conclusion: This study establishes a guide for the evaluation of relevance of SBCE findings. It

represents a step forward for SB-CE interpretation and is intended to be used as a tool for

endoscopy
192 scenarios and 576 illustrated questions. Fifteen internationa
respectively.
teaching and academic research.
© 2021 Published by Elsevier Masson SAS.
Introduction

Capsule endoscopy (CE) is of great help and recommended
to investigate the small bowel (SB) in patients with obscure
gastrointestinal bleeding (OGIB) or with suspected Crohn’s
disease, when gastroscopy and ileocolonoscopy are normal
[1,2]. Diagnostic and prognostic evaluations are based on
the reader’s expertise as lesions found during the examina-
tion are usually not sampled by endoscopy or surgery for
pathological assessment. Regarding diagnosis, the European
Society for Gastrointestinal Endoscopy (ESGE) SB work-ing
group has recently established consensual names and
descriptions of the most frequent pathological findings seen
in SBCE [3,4], in order to better standardize CE reading and
teaching, and to guide research study protocols. Regarding
prognosis, although misinterpretation of the clinical rele-
vance of lesions can lead to inappropriate therapy [5], the
medical literature is scarce. In the setting of OGIB, the ESGE
suggests to use the Saurin’s classification (PO-P1-P2, where
P stands for ‘‘pertinence’’) [6] for the evaluation of the
clinical relevance of the lesions [7]. According to this clas-
sification (the publication includes a short list of examples),
PO lesions have no clinical relevance, P1 lesions have an
uncertain hemorrhagic potential, and P2 lesions are highly
relevant sources of bleeding. Some clues are also given
about the interpretation of inflammatory and ulcerative
lesions in the Capsule Endoscopy Crohn’s Disease Activity
Index (CECDAI) [8] and in the Lewis score [9]. However, these
scores aim to grade the severity of SBCE findings in patients
with identified Crohn’s disease, rather than to establish a
diagnosis of Crohn’s disease. Overall, the relevance of SBCE
findings is based on a low level of knowledge. The aim of this
study was to assess the clinical relevance of the most fre-

quent SBCE findings, by examining the answers of CE expert
readers to an illustrated script questionnaire.

Materials and methods

Study design

The study design was based on a series of illustrated script
questions on the clinical relevance of CE findings in the SB,
with various types and numbers of findings, in various clinical
settings.

The questionnaire was prepared by a core group of 3
physicians (RL, XD, PhM), assisted by one premed student
(CL) and one Gl fellow (CH). Sixteen types of SB findings were
selected. The list included five vascular lesions (as listed
and defined by a previous consensus [3]) : ‘typical angiecta-
sia’, ‘red spot/dot’, ‘erythematous patch’, ‘phlebectasia’,
‘diminutive angiectasia’); seven inflammatory and ulcer-
ative lesions (as listed and defined by another previous
consensus [4]) : ‘aphthoid erosion’, ‘superficial ulceration’,
‘deep ulceration’, ‘edema’, ‘denudation’, ‘hyperemia’,
‘stenosis’); two lymphatic lesions (‘chylous cysts’, ‘lym-
phangiectasia’); ‘blood’; and normal frames (used as
controls). Each question displayed a third-generation SBCE
(SB3, Medtronic, MN, USA) still frame associated with a
written diagnosis (Fig. 1). Four different illustrations were
chosen for each of the 16 types of findings. All illustrated
findings included for voting were labeled with a precise
diagnosis. Tumors, polyps, and coeliac disease were not
addressed in this study.

For each illustrated finding, the experts had to provide
their interpretation in 3 circumstances (this is later referred
to as number category): if the finding identified in the SBCE
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Figure 1 Screenshot of the internet-based questionnaire, displaying one of the 576 labelled and illustrated questions, with one
type of finding (amongst the 16 different types), one category of numbers (amongst the 3 different categories), and one clinical

setting (amongst the 3 different ones).

Table 1 Numerical scale for voting process.

Vote Numerical value
Very unlikely -2

Unlikely —1

Doubtful 0

Likely 1

Very likely 2

was observed only once (a single lesion), if the finding was
observed 2—5 times, and if it was found 6 or more times.
Experts were asked to give their opinion on the relevance
(for diagnosis and/or for start or change of a therapy) of this
type and number of finding(s) in the three following clinical
settings: overt OGIB / occult OGIB / suspected Crohn’s dis-
ease. For each specific question, experts were asked to rate
the clinical relevance of the labeled and illustrated find-
ing, taking into account its type and number category, and

the clinical setting, as follows: very unlikely (—2) / unlikely
gnc])Fl/gdglﬁle\%rgH /trll1r|§:>eLJl h thT)S/qL\]/gg 1<§1r1kr1ez§},réj2e)agait?1l 1-1
vidual expert had to answer a set of four different labeled

and illustrated questions (named ‘‘scenario’’) for one type
of finding (amongst the 16 different types), one number cat-
egory (amongst the 3 different categories), and one clinical
setting (amongst the 3 different ones), which makes a total
of 192 scenarios, with a total of 576 illustrated questions
per expert. This approach (four questions per scenario) was
chosen first because the answers of the experts to the very
same questions may not be perfectly reproducible, and sec-
ond because the expert’s opinion may vary with the different
illustrations of a specific type of finding. The questionnaire
was internet-based using an e-learning electronic platform.
The 576 questions were shuffled. The core group checked
that the four questions within a scenario were never consec-
utive. Experts were allowed to log in and out at any time,
until they completed all 576 questions.

Expert group

According to the methodology of script questionnaires, the
core group decided to include 10—20 experts in the study
[10,11]. An expert in the field of SBCE was defined asa
board-certified gastroenterologist with current clinical,
teaching and research activities in SBCE. A minimum 5-
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Figure 2 Examples of illustrations (amongst four per category) of the 16 different types of findings assessed for their clinical
relevance on the internet-based questionnaire. (a) typical angiectasia; (b) red dot/spot; (c) erythematous patch; (d) phlebecta-
sia; (e) diminutive angiectasia; (f) aphthoid erosion; (g) superficial ulceration; (h) deep ulceration; (i) edema; (j) hyperemia; (k)
denudation; (l) stenosis; (m) blood; (n) lymphangiectasia; (0) chylous cyst; (p) normal mucosa.(3,4).

year experience in SBCE reading, with annual reading of at
least 50 video recordings a year, teaching activities, and
publications related to SBCE in international peer-reviewed
journals, were required to be considered an expert. Fifteen
international experts fulfilling these criteria were invited.

Analysis

All answers were reviewed and analyzed. A mean score was
first calculated per expert and per scenario. The median
score (with first Q1 and third Q3 quartiles) of the 14 mean
scores per scenario obtained from the 14 experts were then
calculated. The clinical relevance of findings was based on
these median scores per scenario. Keys for interpretation of
the median scores are given in Table 2. Findings with a

P A S e Felvatee' 1y, il s Terath o

gs w1 a median

score between -0.75 and +O 75 were considered to have an
intermediate/doubtful clinical relevance (P1), whereas
those with a mean score over +0.75 were considered to have
a high clinical relevance (P2). Other quantitative data were

reported as mean + standard deviation (SD).

Table 2 Clinical interpretation of votes, according to
median score.

Median score Interpretation

-2.00 < median score < -0.75

Intermediate/doubtful
-0.75 < median score <+0.75

clinical relevance (P1)

+0.75 > median score > +2.00
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Table 3 Interpretation of the votes in the setting of overt obscure gastrointestinal bleeding. Each box displays the median
(Q1;Q3) score of the mean scores obtained from the 14 experts to 4 different illustrated questions (56 answers per ‘‘scenario’’). PO,
P1 or P2 interpretations (and the color of the box) are determined according to Table 2.

Found
once

Found
2 to 5 times

Found
6 times or more

Type of finding

Vascular lesions

Typical angiectasia

Red spot /dot

Erythematous patch

Phlebectasia

Diminutive angiectasia

Ulcerative and inflammatory lesions

Aphthoid erosion

Superficial ulceration

-0.50
(-1.44 ; +0.37)

Deep ulceration

Edema

Hyperemia

Denudation

Stenosis

Other

Normal

Lymphangiectasia

Chylous cyst

Blood

Results

Fourteen experts participated to the study, and one declined
the invitation (participation rate 93.3%). The 14 participat-
ing experts were based in France (n = 2), Germany (n = 1),
Ireland (n = 1), Israel (n = 1), Italy (n = 2), Portugal (n = 1),
Spain (n=1), Sweden (n=1), and United Kingdom (n=4).

20.50
(-0.87 ; +0.19)

037
(-0.94 ; -0.06)

0.62 -0.25
(-1.00;-025) | (0,69 ;+0,25)

The mean age of the members of the experts’ group was

47.6 + 9.7 years. The mean CE reading experience of these
experts was 15.5 + 2.9 years year, with a mean declared

number of 200 + 126 readings annually. All were active
SBCE readers, and were trainers for SBCE reading. All were

authors of publications related to SBCE in international
peer-reviewed journals. The 14 participating experts com-
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Table 4 Interpretation of the votes, in the setting of occult obscure gastrointestinal bleeding. Each box displays the median
(Q1;Q3) score of the mean scores obtained from the 14 experts to 4 different illustrated questions (56 answers per ‘‘scenario’’). PO,
P1 or P2 interpretations (and the color of the box) are determined according to Table 2.

Found
once

Type of finding

Found
2 to 5 times

Found
6 times or more

Vascular lesions

Typical angiectasia

Red spot /dot

Erythematous patch

Phlebectasia

Diminutive angiectasia

-0.62
(-1.44 ; -0.06)

-0.12
(-0.94 ; 0.00)

Ulcerative and inflammatory lesions

Aphthoid erosion

Superficial ulceration

0.00
(-0.04 ; +0.94)

Deep ulceration

Edema

+0.12
(0.00 ; +0.87)

-0.25
(-0.44 ; +0.19)

+0.62
(+0.25 ; +1.00)

-0.25
(-0.94 ; +0.19)

Hyperemia

-0.50
(-0.94 ; -0.25)

-0.27
(-0.94 ; -0.06)

Denudation

Stenosis

Other

Normal

Lymphangiectasia

Chylous cyst

Blood

pleted all 576 questions of the questionnaire (completion
rate 100%): 8064 answers were therefore available for analy-
sis. Normal frames served as controls, and had median score

of —2.00, whatever the numbers of findings and the clinical
settings. Lymphatic findings (‘lymphangiectasia’ and ‘chy-
lous cyst’) were also consistently rated of low pertinence

(P0O), with median score of —2.00 in all scenarios.

+0.00
(-0.19 ; +0.19)

+0.25
(0.00 ; +0.75)

Overt obscure gastrointestinal bleeding

Any finding of ‘typical angiectasia’, ‘deep ulceration’,
‘stenosis’, ‘blood’, and multiple findings of ‘superficial
ulcerations’, were considered highly relevant (P2) in the set-
ting of overt OGIB (Table 3). Findings of isolated ‘superficial
ulceration’ and of multiple ‘aphthoid erosion’ and ‘denuda-
tion’ were of intermediate/doubtful pertinence (P1). Other
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Table 5 Interpretation of the votes, in the setting of suspected Crohn’s disease. Each box displays the median (Q1;Q3) score of
the mean scores obtained from the 14 experts to 4 different illustrated questions (56 answers per ‘‘scenario’’). PO, P1 or P2
interpretations (and the color of the box) are determined according to Table 2.

Type of finding

Found Found Found
once 2 to 5 times 6 times or more

Vascular lesions

Typical angiectasia

Red spot /dot

Erythematous patch

Phlebectasia

Diminutive angiectasia

Ulcerative and inflammatory lesions

Aphthoid erosion
Superficial ulceration -0.12
(-0.50 ; +0.44)
Deep ulceration
Edema -0.25 +0.25 +0.50
(-0.69 ; 0.00) (0.00 ; +0.44) (+0.06 ; +0.50)
Hyperemia -0.62
(-1.25; 0.00)
Denudation 0.00 +0.25
(-0.69 ; +0.62) (-0.37 ; +0.50)
Stenosis
Other
Normal
Lymphangiectasia
Chylous cyst
Blood 0.00 -0.12 UL
(-0.75 ; +0.81) | (-0.94 ; +0.75) (-0.44 ; +0.69)
scenarios had low relevance median scores (P0) in this set- ‘stenosis’ and ‘blood’ were categorized as highly relevant
ting. (P2), whatever their numbers. ‘Superficial ulceration’ was
considered of high clinical relevance (P2) when seen at
multiple sites, but of intermediate/doubtful relevance (P1)
Occult obscure gastrointestinal bleeding when found only once. Findings of ‘diminutive angiectasia’,
‘aphthoid erosion’, ‘edema’, ‘hyperemia’ and ‘denuda-
Details regarding the results in this setting are given in tion’, were of intermediate/doubtful relevance (P1) when
Table 4. Overall, ‘typical angiectasia’, ‘deep ulceration’, found at multiple sites, and of low relevance (P0) when
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only found once. Other scenarios had low relevance median
scores (P0O) in this setting.

Suspected Crohn’s disease

Any finding of ‘deep ulceration’ or ‘stenosis’, and multiple
findings of ‘superficial ulceration’ and ‘aphthoid erosion’,
were considered highly relevant (P2) in this setting (Table 5).
An isolated finding of ‘superficial ulceration’ was deemed
of intermediate/doubtful relevance (P1) and a finding of
‘aphthoid erosion’ was deemed of low relevance (P0). Find-
ings of ‘edema’, ‘hyperemia’ and ‘denudation’ were of low
to intermediate/doubtful relevance, according to their
number category. A finding of ‘blood’ was of intermedi-
ate/doubtful relevance (P1), with large interquartile ranges
(IQR). All vascular lesions (‘typical angiectasia’, ‘diminutive
angiectasia’, ‘red spot/dot’, ‘erythematous patch’, ‘phle-
bectasia’) were considered of low clinical relevance (P0).

Discussion

The present study provides a stronger basis for the defini-
tion of three different levels of clinical relevance (PO, P1,
and P2), as proposed by Saurin et al. [6], regarding various
numbers/ranges of 16 types of findings, in the three most
frequent clinical settings for which a SBCE examination is
recommended. These results are based on the analysis of
8064 answers of 14 international experts to an illustrated
script questionnaire.

Overall, this study suggests that findings of ‘red
spots/dot’, ‘erythematous patch’, ‘phlebectasia’, ‘lym-
phangiectasia’ and ‘chylous cysts’ are of low clinical
relevance (P0), and may be considered as normal variants
in most cases, as recently proposed by other authors [12].
Conversely, findings of ‘deep ulceration’ or ‘stenosis’ are
highly relevant (P2) in most cases. The interpretation of
other findings is more subtle, and may vary according to the
clinical setting and to the number of similar findings in one
recording.

The results of the experts to the script questionnaire
in the settings of overt and occult OGIB are given with
details in Tables 3 and 4, and can be discussed in a more
global manner. Findings of ‘typical angiectasias’ were clini-
cally relevant to the experts in all scenarios. In the original
proposal by Saurin et al. [6], ‘angiectasias’ were listed as
findings with a high hemorrhagic potential (P2). In the 1-
year follow-up of the patients of this series, 61% of those
with P2 lesions were treated, compared to 23% of patients
with P1 or PO lesions [13]. These results are consistent with
those of a prospective, multicenter study, where patients
undergoing an endoscopic ablation of ‘typical angiectasia’
(P2) had a significantly lower risk of bleeding recurrence
than patients with intermediate/doubtful pertinence (P1)
SB vascular lesions [14]. ‘‘Diminutive angiectasias’’ were
deemed to be of intermediate/doubtful clinical relevance
(P1) when multiple (and PO when singular) in scenarios of
occult OGIB. Any other of the listed vascular lesions were of
low relevance (P0), whatever their numbers and the clini-
cal setting. All other vascular lesions were categorized PO
lesions, therefore deemed unlikely to be responsible for
OGIB according to the experts. Overall, inflammatory and

‘

ulcerative lesions in the setting of OGIB, whether overt or
patent, were considered of interest by the experts in terms
of clinical relevance, with higher median scores with deeper
tissue loss (from ‘denudation’ to ‘deep ulceration’), and
when found at multiple sites. The presence of ‘blood’ was
always deemed of high relevance (P2, with a median score of
+2.01n all cases) in the setting of OGIB, and this can be seen
as a positive control for our study. In some studies focus-
ing on SBCE examination for OGIB, a specific ‘P3’ score for
‘blood’ [14] was extended from the original score by Saurin
et al. that had only three categories (PO, P1, and P2) [6].

In the setting of suspected Crohn’s disease, a global
interpretation of the results is possible as well. Unsurpris-
ingly, none of the listed vascular lesions was deemed of
interest (all had a median score below -1.0, with a PO
interpretation) whatever their type and number. Conversely,
all inflammatory or ulcerative lesions were relevant to the
diagnosis of Crohn’s disease, with a step-wise increase in
median score with higher numbers of findings, and with
deeper tissue loss (from ‘denudation’ to ‘aphthoid erosion’,
and then to ‘superficial’ and ‘deep’ ulcerations). Still, stig-
mata of inflammation and ulceration are not specific signs
of Crohn’s disease, and the interpretation regarding their
clinical relevance was often intermediate/doubtful (P1), as
illustrated by the lower median scores of more subtlelesions
(‘hyperemia’, ‘denudation’, ‘edema’, and isolated
‘aphthoid erosion’) compared to ‘ulcerations’ (whether
superficial or deep). Findings of ‘stenosis’ were probably
considered more specific of Crohn’s disease, whether iso-
lated or multiple, and were therefore quite consistently
categorized as highly relevant findings (P2) by experts. Over-
all, our global reading of the results is consistent with both
Lewis score [5] and CECDAI [4], where ‘stenosis’/’stricture’
is a specific item, and where the extent/width of tissue
inflammation or tissue loss increases both scores. Simi-
larly, in the original classification by Saurin et al., a ‘‘large
ulceration’’ was considered highly relevant (P2) in term of
bleeding potential [6]. Interestingly, the interpretation of
the presence of ‘blood’ was inconsistent for experts in cases
of suspected Crohn’s disease, with a median score equal or
close to 0.0, but with an IQR over 1.0.

Up to now, any evidence on the relevance of lesions
found in SBCE was weak. Most SBCE reports, courses and
outcome measurements for clinical studies relied on the
judgment, insight, opinion and experience of the
physician/teacher/investigator. A script questionnaire is
considered one of the most reliable and valid tools for the
assessment of judgment and clinical reasoning [15—17]. A
script questionnaire was more appropriate to build up a
guide than a Delphi process that aims to draw a consensus.
This study has several strengths regarding this methodol-
ogy. First, a large number of well-selected experts was
involved, as proposed in the standard methodology for script
questionnaires [10,11,18]. Second, the questionnaires were
illustrated with high-quality, third-generation SBCE images,
with vascular and ulcerative / inflammatory findings being
named and described according to two international Delphi
consensus [3,4]. Third, the high (576) number of questions
proposed to the experts, in a random (non-consecutive)
order, provided a large overview of their clinical thinking
regarding various types and numbers of findings, in different
clinical settings, named ‘‘scenarios’’. Fourth, the internet-
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based questionnaire allowed high participation (93%) and
completion (100%) rates, and independent answers from the
experts. Fifth, normal images were also interpreted, thus
providing a control group of images, where median perti-
nence scores were consistently at the lowest level (-2.00).
Similarly, ‘blood’ was a positive control in the setting of
OGIB, with scores consistently at the highest level (+2.00).
These results in both control groups strengthen the internal
validity of the study.

The study has also some limitations. First, the list of 16
SB findings included for voting was established by a core
group of non-voting investigators, based on their experi-
ence and on previous Delphi consensus [3,4] which could
have been extended. Noticeably, the core group decided not
to include obvious relevant lesions to the experts (mainly
protruding lesions, such as polyps, tumors, varices, and sub-
mucosal lesions). Second, the level of evidence employed
remains low, although higher than that of a single expert’s
opinion (as seen today in reports, in courses, and in study
protocols). Longitudinal studies could bring higher levels of
evidence, but their feasibility is challenging [13]. Last, the
clinical settings / scenarios were restricted to three basic
indications, but SBCE examination actually covers a wider
range of clinical situations in routine practice.

The results presented here aim to better standardize
SBCE reading, reporting, teaching and research. Indeed, ina
previous study by Saurin et al., a tandem reading of first-
generation SBCE recordings showed a 60.4% interob- server
concordance rate regarding the pertinence of 225 findings
in 60 patients with OGIB [6]. Concordance rates were 59.1%,
51.2% and 75.9% for PO, P1 and P2 lesions, respectively. The
CECDAI and the Lewis scores are vali- dated to grade the
severity of SBCE findings in patients with known Crohn’s
disease [8,9], but they have not been evaluated as
diagnostic tools. We therefore believe that our results bring
a higher level of knowledge regarding the clinical relevance
of SB findings in the main indications for CE. Still, many
median and IQR scores in our guide reflect some uncertainty
from the experts regarding the relevance of subtle findings
seen in SBCE. Indeed, most P1 findings should be considered
with caution (not over- interpreting and not overlooking. .
.), as well as some PO
and P2 findings where the IQR is broad and/or overlap- ping

—0.75 and +0.75 thresholds. Moreover, when talking about
relevance, it is important to integrate as much clini- cal
information as possible. For example, OGIB was divided in

the questionnaire as overt or occult, but the inter-
pretation of SBCE may vary a lot, depending on other
clinical factors. Active on-going vs. past bleeding, the age,
gender, comorbidities, treatments (antiplatelet agents,
anticoagulants, non-steroidal anti-inflammatory drugs) of
patients and subtle findings (Helicobacter pylori gastritis,
diverticulosis) as well as quality indicators (completeness
and cleanliness of bidirectional endoscopy for instance) can
all affect interpretation. Similarly, findings deemed herein
of intermediate/doubtful relevance SBCE in sus- pected
Crohn’s disease may be interpreted differently with the
availability of additional data such as symp- toms,
treatments (most importantly intake of non-steroidal anti-
inflammatory drugs), laboratory work-up, imaging, and
pathology reports.

Conclusion

SBCE has become a routine endoscopy examination. Efforts
have been made to standardize CE training courses, with an
international core curriculum having been created [19]. The
assessment of SBCE reading competencies is still to be
defined and classified in many countries [20,21]. To date,
terminology, description of CE findings [3,4], and standards
for quality reporting [22] for SBCE have been published, all
of which aid in developing a CE reporting consensus. The
ESGE recommends grading the level of relevance of SBCE
using scores [7]. We believe that this study will help stan-
dardizing SBCE interpretation and reporting by physicians,
and possibly by automated, artificial intelligence-based sys-
tems (patent pending). We believe that the new standards
(names, descriptions, and levels of clinical relevance) pro-
posed by our group, based on surveys designed by a core
group and addressed to international experts, will also help
to better define outcome measurements for research study
protocols.
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7.8. Détection des lésions vasculaires

Les AGD sont les Iésions vasculaires les plus fréquemment rencontrées de I'lG (51). Le
développement d’algorithmes automatiques permettant la détection de ces lésions représente
un axe essentiel de développement dans I'implémentation de I'lA en VCE. Afin d’approcher cette
problématique, un apprentissage machine a été effectué a I'échelle de I'image sur des données
annotées de haute qualité issues de la banque d’images CAD CAP (38) permettant le
développement d’algorithmes de reconnaissance automatique. Ce travail a fait 'objet de
plusieurs communications orales en congrés (52), d’'une publication scientifique (53) assortie
d’un éditorial (54), et d’un prix d’innovation de I’APHP (55). L’outil développé permet de détecter
mais également de segmenter la Iésion au sein de I'image avec d’excellentes performances. Dans
la lignée de ce travail, notre équipe a démontré les performances de cet algorithme pour la
détection universelle des angiodysplasies issues d’images provenant d’autres systemes de

capsule (56).

88



NEW METHODS

A neural network algorithm for detection of Gl angiectasia
during small-bowel capsule endoscopy

Romain Leenhardt, MD,* Pauline Vasseur, MSc,?> Cynthia Li, MSc,** Jean Christophe Saurin, MD, PhD,*
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Background and Aims: Gl angiectasia (GIA) is the most common small-bowel (SB) vascular lesion, with an inherent
risk of bleeding. SB capsule endoscopy (SB-CE) is the currently accepted diagnostic procedure. The aim of this study
was to develop a computer-assisted diagnosis tool for the detection of GIA.

Methods: Deidentified SB-CE still frames featuring annotated typical GIA and normal control still frames were selected
from a database. A semantic segmentation images approach associated with a convolutional neural network (CNN) was
used for deep-feature extractions and classification. Two datasets of still frames were created and used for machine
learning and for algorithm testing.

Results: The GIA detection algorithm yielded a sensitivity of 100%, a specificity of 96%, a positive predictive value of
96%, and a negative predictive value of 100%. Reproducibility was optimal. The reading process for an entire SB- CE
video would take 39 minutes.

Conclusions: The developed CNN-based algorithm had high diagnostic performances, allowing detection of GIAin SB-

CE still frames. This study paves the way for future automated CNN-based SB-CE reading softwares.

Gl angiectasia (GIA) is an acquired vascular malforma-
tion defined as a clearly demarcated, bright-red, flat lesion,
consisting of tortuous and clustered capillary dila- tations,
within the mucosal layer.! GIA is the most common small-
bowel (SB) vascular lesion, and it is asso- ciated with a risk
of Gl bleeding.? SB capsule endoscopy

Abbreviations: CAD, computer-assisted diagnosis; CAD-CAP, Computer-
Assisted Diagnosis for Capsule Endoscopy; CNN, convolutional neural
network; GIA, Gl angiectasia; SB, small bowel; SB-CE, small-bowel capsule
endoscopy.
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(SB-CE) is the currently accepted diagnostic method. Its
diagnostic yield is approximately 60% in patients with obscure Gl
bleeding.® Any given SB-CE video has a mean number of
50,000 still frames. Thus, analysis of the procedure isa
tedious process, and GIA can be missed. Computer- aided
diagnosis (CAD) is an
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Figure 1. Annotations of small-bowel still frames featuring Gl angiectasia. A and C, Native deidentified still frame showing Gl angiectasia. B and D,

Annotation of the G| angiectasia within the original still frame.

interdisciplinary technology combining elements of artifi- cial
intelligence, computer vision, and pathology image
processing. CAD is increasingly used for medical practice and
research purposes. A CAD algorithm would be a valuable
asset with regard to the time-consuming task of reviewing SB-
CE, and data have been published on the matter.*® The aim of
this study was to develop a CAD algorithm for the purpose of
GIA detection in the setting of SB-CE and to evaluate its
diagnostic perfor- mances on still images.

MATERIAL AND METHODS

Computer-assisted diagnosis for a capsule
endoscopy database

SB-CE still frames were extracted from the Computer-
Assisted Diagnosis for Capsule Endoscopy database (CAD-
CAP). CAD-CAP is a French national multicenter database
endorsed by the Société Francaise d’Endosco- pie Digestive
and is approved by the French Data Protec- tion Authority, in
which still frames (associated with

short adjacent video sequences) collected from 4166 de-
identified, third-generation, SB-CE videos (PillCam SB3
system, Medtronic, Minneapolis, Minn, USA) routinely
recorded in 13 French centers can be found. This data- base
comprises 6360 still frames, with a pathology finding from
1341 SB-CEs.

GIA still frames datasets

After initial training, pathology findings of the 6360 still
frames were manually annotated by pre-med students un- der
the supervision of SB-CE expert readers, by using Adobe
Photoshop CS6 (San Jose, Calif, USA) and GIMP softwares
(Orinda, Calif, USA) with a Wacom pen tablet (Kazo, Japan)
connected to a laptop (Fig. 1). Among the 6360 still frames
with pathology findings, a total of 2946 still frames with a
vascular lesion were extracted. Then, still frames with typical
non-hemorrhagic GIA were selected by the expert readers.
Typical GIAs were defined as clearly demarcated, bright-red,
flat lesions.! These still frames belonged to 208 SB-CEs (126
men and 82 women, with a mean [% standard deviation] age
of 72 years £ 11.7
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Figure 2. Normal small-bowel video capsule endoscopy still frames.

years) performed in the setting of obscure Gl bleeding (62.5%
for anemia and 37.5% for external bleeding). To avoid
overfitting, successive frames of the same lesions were
excluded from the database. Two datasets were created by
using these still frames. The first dataset (A1) was used for the
purpose of machine training and learning. The second dataset
(A2) was used for the testing phase.

Control still frames datasets

Among the normal SB-CEs of the database, 20,000 normal
still frames were extracted from 200 capsule endos- copies
(Fig. 2). The number of still frames kept for analysis matched
that of the ones with a GIA. Two datasets were created. The
first dataset (N1) was used for the purpose of machine training
and learning. The second dataset (N2) was used for the testing
phase.

Development of the detection algorithm

The basic morphologic features of a typical GIA image
(size, shape, color, pattern, and contour) were discussed
between the clinical investigators and computed-vision
specialists. Taking these features into account, a hand- crafted
colorimetric segmentation approach of SB-CE still frames was
initially designed, based on the red over green ratio and on the
variation of the image saturation. Howev- er, the primary
results of this type of computed analysis were unsatisfactory.
Algorithms based on machine learning approaches were then
tested to improve these initial results. Convolutional neural
network (CNN)-based approaches appeared most promising.
CNNs have been applied widely to a variety of pattern
recognition prob- lems in the past few years, including in the
setting of SB bleeding.® Basically, a CNN is a computerized
structure that allows large data classification. When dealing
with images, CNN mimics the human eye- brain

interface.” CNNs essentially work in 2 steps. The first step,
named deep feature extraction, extracts local features by
training the network on a given dataset of images for which
pathology findings were delimited previously. During the
second step, CNNs classify new images based on features
extracted and learned from the first step. Overall, the approach
proposed here was to create a CNN-based semantic
segmentation algorithm in order to detect and precisely
localize GIAs within the frame.

Analysis of still frame datasets

All still frames were validated by a group of capsule
endoscopy expert readers, thus building the ground truth
reference CAD-CAP database. The first phase of this analysis
(training and learning phase) aimed to achieve an adequate
distinction between normal and GIA still frames by using the
N1 dataset as a control for Al. The second phase (testing
phase) aimed to evaluate the performances of the algorithm by
using the N2 dataset as a control for A2 (Fig. 3).

Outcomes

The primary endpoint of the study was the sensitivity of the
algorithm. Specificity and positive and negative predic- tive
values were the secondary endpoints. The intraob- server
kappa correlation coefficient and the time of analysis also were
calculated.

RESULTS

Among the 2946 still frames with vascular lesions, 600 with
typical non-hemorrhagic GIA were identified and included to
create 2 datasets of 300 still frames each (Al and A2). Next,
600 normal still frames were selected randomly to create both
control datasets (N1 and N2) (Fig. 3).
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4166 third-generation SB-CE

20,000 2,946 images
normal with vascular
600 images with

600 normal typical GIA

300 normal 300 images with
images GIA Dataset

300 normal 300 images with
Images GIA Dataset

Figure 3. Study flow chart. SB-CE, small-bowel capsule endoscopy; GIA, Gl
angiectasia; N1, N2, The first dataset (N1) was used for the purposeof machine
training and learning. The second dataset (N2) was used for the testing phase;
Al, A2, The first dataset (A1) was used for the purpose of machine training
and learning. The second dataset (A2) was used for the testing phase.

The algorithm, associating a segmentation approach with
a CNN-based approach for deep feature extraction, yielded a
sensitivity for GIA detection of 100.0% (95% con- fidence
interval [CI], 100%-100%). Further, a specificity of 96.0%
(95% Cl, 93.78%-98.22%), a positive predictive value
0f 96.15% (95% ClI, 93.97%-98.33%), and a negative predic-
tive value of 100.0% (95% CI, 100%-100%) were calculated
(Table 1, Fig. 4). The reproducibility of these measures was
optimal (kappa Z 1.0). When we used a dedicated graphical
processor unit (approximate cost 1200V) with an adequate
programming language (CUDA, Nvidia, Santa Clara, Calif,
USA), the reading process for a still image was 46.8 + 1.8
ms/image, giving an estimated 2340 %+ 90 seconds (39 + 1.5
minutes) for a full-length SB video with a mean number of
50,000 frames.

DISCUSSION

The proposed CNN-based segmentation algorithm
achieved excellent diagnostic accuracy for GIA detection in
SB-CE still frames. Moreover, this detection method is fully
automated and perfectly reproducible. Furthermore, we can
extrapolate that the automated reading of a full- length SB- CE
would take less than an hour. Some strengths of this study
should be emphasized. First, we built a tight collaboration
between clinical investigators and experts in the field of
computer vision to guide the segmentation approach. Second,
we constructed a solid ground truth

TABLE 1. Diagnostic performances of a convolutional neural network-
based algorithm associated with a semantic segmentation images
approach, for detection of GIA

Images Normal
with GIA images Total
Positive test 300 12 312
Negative test 0 288 288
Total 300 300
Sensitivity, %, Specificity % PPV % NPV %
Cl 95% (Cl 95%) (C195%) (C195%)
100 (100-100) 96.0 (93.78- 96.15 (93.97- 100 (100-
99.22) 99.3) 100)

GIA, Gl angiectasia; Cl, confidence interval; PPV, positive predictive value;
NPV,
negative predictive value.

as a reference, based on a recent international and consen- sual
definition of GIA.* Further, a significant number of manually
annotated GIA still frames extracted from third- generation
SB-CEs of a large, national, multicenter database were used.
Third, this study was focused on the recognition of typical GIA
only. Future studies may address the issue of subtle vascular
lesions automated identification, like red spots or
erythematous patches. However, it is likely that these latter
lesions have a low risk of Gl bleeding, with little clinical
pertinence. Fourth, we performed a strong validation of our
results by using 2 separate datasets for machine learning and
for validation of the algorithm.

Several limitations must be discussed as well. First, our
analysis was conducted on still frames, as opposed to full-
length videos. The main drawback of this approach is that
generalization of the use of this algorithm to full-length videos
cannot be made. Second, all still frames come from the SB-
CE PillCam SB3 system. Therefore, the algo- rithm
performances could differ with other SB-CE systems through
different inner characteristics of image processing. Third, all
analyses regarding pathology still frames were done with clean
images. Future studies at the video level will have to face the
issue of SB preparation quality, possibly generating false
positive results.

SB-CE reading by physicians is tedious (mean number
0f 50,000 SB frames per video) and time-consuming (30- 40
minutes per read in most studies).? This entails an inherentrisk
of missed lesions during the reading process byphysicians.
Several computerized tools have therefore been developed to
ease the burden of reading SB-CEs, by facilitating and
accelerating this process.® Some computerizedsystems have
shown promising results, but only a few are readily available
in commercialized SB-CE reading software.For instance, the
Suspected Blood Indicator algorithm (Medtronic) has been
shown to have an excellent sensitivity (99%) for the detection
of active GIB. However, its performances for detection of
potentially bleeding lesions is limited (sensi- tivity of 55%,
specificity of 58%).'° The Quick- View algo- rithm (Medtronic)
selects 10% of the most relevant images of an SB-CE and
reduces the reading timeto 11.6
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Figure 4. Process for detection of Gl angiectasia. From left to right: original still frame, annotated image, convolutional neural network (CNN) approach,

CNN approach on original still frame.

minutes. However, the risk of missed lesions is significant, and
results are discordant (28%) when compared with human
reading.'* Further studies are warranted before the Quick-
View algorithm is to be used in clinical practice. The
ExpressView algorithm (Capsovision, Saratoga, Calif)
reduces by 50% the reading time of SB-CEs, with a sensi-
tivity 78% for the detection of relevant lesions.*? Although
these algorithms are promising, improvements are necessary.
Based on our study, we believe that CNNs make up the most
suitable approach for addressing this issue. CNNSs are inspired
by the human neuronal synapse system and are increasingly
used in the field of medical imaging. In the setting of SB-CEs,
CNNs have yet to be fully evaluated. Pan et al® developed a
CNN by using color texture features to recognize and mark
bleeding regions, with a sensitivity of 93% and a specificityof
96%. Recently, Noya et al* published the results of the
performances of a CNN algorithm used for the purpose of GIA
detection. This algorithm yielded a sensitivity of 90% anda
specificity of 97%. The low number of patients and the
inclusion of second-generation SB-CEs limited this study.
Nonetheless, the results of this study concur with that of ours,
thus providing external validity to our study. Further studies
are needed to develop other algo- rithms for the detection of
active bleeding and clots, in- flammatory lesions, and polyps
in the field of SB-CE. Then only, prospective studies will be
necessary to eval- uate the clinical relevance of cloud- based,
advanced computer-aided diagnosis tools for SB-CE readings.
Still, we believe that such tools will only supplement, but not
replace, the readings of capsule endoscopy by fully trained
gastroenterologists.

In conclusion, our study lays the foundation of a new
generation of highly accurate, automated, SB-CE reading
software and calls for future prospective evaluations of CNNs
used on full-length SB-CEs.
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7.9. Détection multiclasse

Afin d’obtenir un outil permettant une détection des différents types de Iésions, notre
travail d’apprentissage machine s’est étendu aux lésions vasculaires d’imputabilité
intermédiaire dans les saignements (points rouges, patchs érythémateux, angiectasies
diminutives), aux lésions inflammatoires de la MC (érosion/ulcération muqueuse) ainsi qu’aux
Iésions protrusives essentiellement représentées par les polypes. Nous avons mené une étude
a I'échelle de la vidéo afin de valider les performances de I'algorithme développé. Une
évaluation rétrospective sur 149 vidéos a été effectuée en comparant la lecture
conventionnelle humaine a la lecture assistée par I'algorithme d’IA par trois experts en VCE.
Les VCE inclues étaient réalisées dans un contexte de SSIG en excluant les hémorragies actives
de I'lG. Le critére de jugement principal était la détection de lésions P1 et/ou P2 a I'échelle du
patient. Le temps d’analyse était également étudié. Les sensibilité et spécificité aprés
évaluation consensuelle étaient de 86 % et 100 % respectivement. Les valeurs prédictives
positive et négative étaient de 100 % et 93 % respectivement. La précision diagnostique de
I'algorithme était mesurée a 95.3 %. Le nombre moyen d’image a lire était réduit de 10000 a
150 images pour un temps de lecture réduit de 30 a 3 minutes en moyenne. Ces données n’ont
pas encore été publiées mais ont été communiquées en congres (57). Des travaux futurs
prospectifs de validation externe sont nécessaires pour I'évaluation des performances de cet
outil dans la détection des lésions inflammatoires, des polypes et des saignements actifs et

font I'objet de demandes de financement.

7.10. La problématique de la détection du sang

La détection d’'une hémorragie digestive de I'lG est une problématique complexe de
recherche du fait de la présentation variable de I'aspect du sang. En effet, un saignement de
I'lG peut se présenter sous la forme de petites traces de sang rouge présentes sur quelques
images uniquement, de volumineux caillots de sang rouge sur plusieurs dizaines ou centaines
d’images ou encore de sang noir traduisant un saignement plus ancien et digéré au seinde I'lG
qui dans ce cas de figure peut étre présent sur des milliers d’images (Figure 16). Cet axe de
recherche est d’autant plus complexe que ces données sont rares : seule une minorité desVCE-
G en contexte de SSIG révelent une hémorragie active, tous aspects confondus. La
méthodologie a adopter est par conséquence complexe et variable en fonction de I'objectif de

recherche.
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Une approche initiale utilisant des algorithmes colorimétriques n’a pas permis d’obtenir des
résultats suffisants notamment dans la détection du sang noir. L’utilisation de CNN semble plus
prometteuse mais nécessite d’élargir notre banque d’images. Nous travaillons a une banque de
données plus riche (quantitativement et qualitativement) pour parfaire la détection des

différents types de saignement.

Figure 16 : lllustration d’images de saignement, avec de gauche a droite : trace de sang, caillots de sang,

sang noir digéré

8. Valorisation industrielle

Les travaux de recherche présentés dans ce manuscrit sont le fruit d’'une collaboration
étroite entre le laboratoire de recherche ETIS (Equipes Traitement de I'Information et
Systémes), un centre commun au CNRS, a 'université de Cergy Pontoise et a I'Ecole nationale
supérieure de I'électronique et de ses applications (ENSEA) et I’équipe du Centre d’Endoscopie
Digestive de I'hopital Saint Antoine (Sorbonne Université, APHP, Paris, France), par I'entremise
de I'Office de transfert de technologie et de partenariat industriel (OTTPI) de I’APHP. Une
premiére phase clé du développement a été rendue possible par le soutien financier de la SATT
IdfInnov (devenue Erganeo). A partir de 2016, les travaux se sont focalisés autour du
développement d’outils d’aide a la détection en VCE. Les travaux scientifiques présentés dans
ce manuscrit ont été initialement valorisés par des publications scientifiques et présentations
en congres internationaux mais également par le prix APinnov 2018 de l'interne innovant de
I’APHP. Depuis, deux brevets ont été déposés pour I'évaluation de la pertinence des Iésions
selon le contexte clinique et pour I'évaluation automatique de la qualité de la visualisation de

I'lG.

Ce projet innovant a progressivement gagné en notoriété et a abouti a un projet ambitieux

de valorisation industrielle afin que ces outils développés puissent servir notre quotidien de
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médecin et répondre aux besoin actuels en VCE. L'année 2019 a donc amené la fusion des
différents travaux en une unique solution d’IA dédiée a la lecture des VCE et a la création d’une
startup nommée Augmented Endoscopy. Ma contribution au sein de cette société fait I'objet

d’une convention de « conseil scientifique » avec mes tutelles.

Une partie du travail de cette thése s’est donc également consacrée au développement de
cette société : création d’'une image de marque, développement d’un site internet et d’'une
plateforme SAAS (Software As a Service). En 2020, la solution Axaro.Al est créée et offre la
premiere plateforme sécurisée basée sur le cloud permettant la lecture des VCE grace aux
outils de I'lA. Cette plateforme réunit toutes les briques algorithmiques développées
antérieurement en un outil permettant la lecture accélérée des VCE assistée d’une aide a la
détection d’anomalies (au sein de la vidéo, et au sein de chaque image d’intérét, avec

I'indication d’un pourcentage de confiance) et a I’évaluation de la qualité de la préparation.

Al BY YOUR SIDE

Figure 17 : Solution Axaro.Al
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Figure 18 : présentation de la plateforme Axaro.Al

Ce projet est lauréat du concours d’innovation i-Lab 2022 financé par la Bpi France (banque
publique d’investissement). Les perspectives de ce projet sont nombreuses avec tout d’abord
I'amélioration des performances diagnostiques des algorithmes grace a I'apprentissage actif
lié a I’enrichissement de la base de données (protocole NOCE, démarré le 10 février 2023, dont
j’assume la responsabilité scientifique). Certains partenariats industriels sont en cours de
discussion pour valoriser cette solution d’IA et I'intégrer dans notre pratique clinique. Cet outil
a également vocation a devenir a terme une plateforme pour faciliter les échanges de données

de santé entre praticiens.

9. Discussion

Ce travail de thése applicative se positionne a la frontiere d’'un monde
médicotechnique riche et complexe. Il est avant tout le fruit d’'une collaboration étroite
s’articulant autour d’une expertise pluridisciplinaire associant la médecine clinique a I'analyse
d’'image assistée par ordinateur (computer Vvision). L'émergence des méthodes
d’apprentissage profond a considérablement accéléré I'implémentation de I'lA en médecine.
Cette derniere décennie a vu une augmentation exponentielle du nombre de publications
scientifiques dans ce domaine avec des applications cliniques concrétes et pertinentes. A titre
d’exemple, en 2018, la Food and Drug Administration (FDA) a approuvé aux Etats Unis
I'utilisation d’un systéme de reconnaissance automatique pour le diagnostic de la rétinopathie

diabétique (58). Notre Histoire nous démontre que les différentes révolutions technologiques



passées ont pu provoquer des bouleversements dans la facon de concevoir nos métiers. La

révolution numérique a laquelle nous assistons promet d’en étre un nouvel exemple.

Les champs d’application de I'lA en VCE sont vastes et nécessitent d’étre encadrés dans
leur développement et leur utilisation en pratique clinique. La rentabilité diagnostique des
|ésions de I'lG représente un critere de qualité d’'une VCE mais demeure variable selon
I'indication de I'examen. De plus, il est démontré que cette rentabilité diagnostique est
influencée par I'expertise du lecteur, variant de I'expert (>500 VCE lues par an) au stagiaire
(59). L'implémentation de I'lA en VCE est donc hautement souhaitable pour palier a cette
variation inhérente a la lecture conventionnelle humaine.

Les premieres démonstrations scientifiques des performances de I'lA en VCE se sont
concentrées sur le développement de solutions permettant souvent la détection d’un seul
type d’anomalie (lésions vasculaires, inflammatoires, |ésions protrusives) (53,60,61). Or en
pratique clinique, la nature des lésions est souvent peu prévisible et il apparait indispensable
de développer un outil permettant une détection exhaustive des différents types de Iésions.
De plus, ces travaux précurseurs étaient réalisés a I’échelle d’images fixes et non de vidéos
entiéres ce qui limite I'extrapolation des résultats. Des travaux plus récents ont démontré les
performances d’algorithmes permettant une détection multiclasse des lésions (62-64).
Certains auteurs ont méme proposé des algorithmes permettant d’évaluer la pertinence
clinique des lésions détectées selon la classification de Saurin (65). Certaines firmes proposent
déja leur solution d’IA, souvent intégrée au logiciel de lecture avec d’excellentes performances
diagnostiques associées a une réduction du temps de lecture (66,67). Néanmoins, les données
disponibles de la littérature médicale paraissent encore insuffisantes pour permettre de

s’affranchir complétement d’une lecture conventionnelle.

Un des principaux avantages attendus de I'implémentation de I'|A en VCE réside dans
la réduction du temps de lecture des examens. A ce sujet, la littérature médicale apporte une
réponse claire en démontrant la supériorité nette en terme de rapidité de la lecture associée
aux algorithmes d’lA par rapport a la lecture conventionnelle (62,66,67). Pour autant, cet
indicateur largement utilisé comme critére de jugement dans la majorité des études
disponibles, manque de précision. En effet, I'interprétation d’une VCE associe différentes

étapes successives: la lecture de I'enregistrement, suivie d’une interprétation des lésions
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détectées, suivie de I"évaluation de la pertinence des Iésions selon le contexte clinique, suivie
de la rédaction d’un compte rendu d’examen. Toutes ces étapes distinctes demandent du
temps qui n’est pas pris en compte dans la méthodologie des études disponibles comparant
I'lA a la lecture conventionnelle. Les futures études évaluant le gain de temps obtenu lié a
I'utilisation des outils d’IA pourraient a I'avenir prendre en compte ces différents critéeres afin

de réellement apprécier I'intérét de I'lA.

Un des critéres de qualité établi par 'ESGE de la réalisation d’'une VCE est un taux de
visualisation adéquate de I'lG supérieur a 95 % (26). Pour autant, cet indicateur présente une
importante variabilité inter et intra observateur (41) et demeure subjectif ce qui limite son
utilisation et son évaluation. Un intérét réel et prometteur de I'introduction de I'lA en VCE
repose sur |'évaluation standardisée et reproductible de la qualité de la visualisation de la
mugqueuse intestinale. Cette perspective ouvre la voie a un vaste champ d’évaluation possible
sur la comparaison des modalités de préparation entourant la procédure et le rendement
diagnostique associé. De plus, cet outil pourrait aider a déterminer précisément un seuil de
propreté de I'lG en dessous duquel on recommanderait de répéter la VCE au risque de

manquer des lésions.

Les différents travaux présentés dans ce manuscrit apportent des résultats a la fois
cliniques et fondamentaux. Les études cliniques visant a préciser la description et le lexique
des lésions de I'lG forment le socle d’un apprentissage machine de qualité grace a la
constitution d’'une base de données homogénes et robustes. Concernant la détection
d’anomalies de I'lG, bien que les résultats obtenus pour la détection des Iésions vasculaires
soient performants (53), cette étude a été réalisée a I’échelle de I'image et une validation
externe prospective a I'échelle de la vidéo est nécessaire pour confirmer les résultats.
L'algorithme développé pour I’évaluation de la qualité de la visualisation de I'lG est une des
premieres études publiées a approcher cette problématique a I’échelle vidéo en utilisant des
algorithmes basés sur les CNN (42). Ce travail répond a la démarche qualité entreprise par

I’'ESGE de mettre au point un logiciel d’évaluation de la préparation de I'lG (26).

Plusieurs limites existent concernant les différentes solutions d’IA décrites a ce jour.
Tout d’abord, la majorité des études disponibles sont rétrospectives. De plus, la plupart des

équipes développant des algorithmes d’IA effectuent leur apprentissage machine a partir
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d’images fixes sélectionnées et parfois délimitées générant un risque de sur-apprentissage.
Enfin, il existe peu d’étude disponible de validation externe de ces outils réduisant
I’extrapolation de leur résultat. La firme Chinoise Ankon” a mené en 2022 un essai prospectif
européen en cours de publication sur 137 patients présentant une suspicion de saignement
digestif occulte. Leur solution d’IA comparée a la lecture conventionnelle humaine obtenait
une sensibilité 93,3% Vs 79,0% (p=0,005) en réduisant le temps de lecture de 33’42 minutes a

3’50 minutes (68).

L'implémentation de I'|A en endoscopie digestive a déja bouleversé nos pratiques et
généere indéniablement des changements majeurs. En effet, I'lA exacerbe cette crainte de la
déqualification des professionnels de santé induite par le fait de cesser d’accomplir une tache
et donc la perte de I'expertise en perspective. Pour autant, cette IA est la promesse d’outils
fiables, infatigables, dotés de capacités d’analyse et d’une rapidité d’exécution dépassant
largement celles du cerveau humain. Il est donc primordial d’accompagner ces
développements de la conception a l'industrialisation des produits pour en maitriser le

fonctionnement.

Les outils d’IA offrent des perspectives trés vastes de recherche et de développement
dans le domaine de la VCE et certaines approches restent encore peu étudiées. Si I'on se
positionne dans la perspective d’'une capsule panentérique explorant l'intégralité du tube
digestif (de la bouche a I'anus) analysées par les outils de I'lA, la question de la reconnaissance
automatique des repéres anatomiques apparait primordiale. L’identification des repéres
anatomiques est d’autant plus déterminante qu’elle permet de calculer les indices du temps
de transit basés sur le temps de progression de la capsule, indispensables dans la planification
d’éventuels examens endoscopiques complémentaires. L'IA de demain devrait étre capable
de distinguer précisément les différentes parties du tube digestif en identifiant les zones de

transition entre les différents segments.

Un autre champ exploratoire pourrait s’attacher a développer un outil d’évaluation
automatique de la taille des lésions rencontrées dans I'lG. En effet, cette donnée reste
problématique de facon générale en endoscopie digestive car elle demeure souvent subjective
et dépendante de l'interprétation de I'expert humain. Or, de nombreuses recommandations

de pratique clinique et de surveillance sont basées sur la taille des Iésions
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d’intéréts. Le développement d’outils d’évaluation automatique pourrait représenter un axe

intéressant de développement en VCE dans les années futures.

Le champ d’application de la VCE s’est progressivement étendu au reste du tube digestif pour
s’'intéresser a la région oeso-gastrique avec I'avénement de la VCE a guidage magnétique
dotée d’IA (69). Par ailleurs, dans certaines indications, le dépistage du cancer du cblon peut
étre réalisé par une VCE colique dédiée pour laquelle les outils d’lA disponibles restent pour le
moment moins aboutis que ceux dédiés a I'lG (70). La perspective d’une capsule panentérique
dotée d’outils d’IA est donc réjouissante pour les années a venir. Le développement
d’algorithmes de détection des lésions spécifiques a chague organe parait nécessaire. Ces
briques algorithmiques réunies vont étre a I'origine d’'un nombre de plus en plus important
d’images sélectionnées par I'lA a analyser par I'expert humain. Un axe de développement en
cours vise a étudier les redondances et les similitudes entre les images defacon a ne
sélectionner que les images les plus pertinentes dans le but de réduire le nombre total
d’images a analyser. Enfin certaines équipes travaillent également au développement d’une
IA embarquée au sein de la capsule de fagon a accélérer le rendu des diagnostics effectués

(71).

De nombreuses questions demeurent sur la facon dont ces nouveaux outils doivent
étre utilisés en pratique clinique. Est-il préférable de bénéficier des images d’intéréts
sélectionnées par I'lA avant, pendant ou aprés une lecture conventionnelle ? Peut-on se passer
de la lecture conventionnelle ? Des questions complexes de responsabilité émergent face a
ces nouveaux outils. Qui sera responsable en cas d’erreur diagnostique ou de lésions
manquées ? Les autorités de régulation se penchent activement sur ces questions. Les
applications de I'lA excellent dans la modélisation de relations complexes entre des variables
données mais le cheminement rationnel pour aboutir au résultat reste parfois obscure. En
effet, ces outils présentent une limite en terme d’explicabilité des systémes (phénomene de
« boite noire ») qui constitue un véritable défi scientifique et sociétal. Cette part d’inconnue
complexifie 'adoption de I'lA en endoscopie mais plus spécifiquement en VCE. Le flou
juridique entourant la responsabilité de la lecture d’une VCE associée aux outils de I'lA expose
les médecins et leurs institutions a des freins au développement, a I'implémentation et donc
a I'amélioration de ces outils. De méme, le degré de confiance accordé a ces nouvelles

technologies va déterminer leur acceptabilité.
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L'IA perceptive est déja omniprésente dans notre quotidien et nous fascine tous les
jours au travers de ses applications qui semblent illimitées. Elle s’oppose a I'lA décisionnelle,
encore peu visible dans notre société, mais dont I'impact sera nettement plus important et

source de peurs au travers du concept de singularité technologique.

Au-dela du concept de déqualification liée a I'utilisation de I'lA, la question du
remplacement de 'homme par la machine se pose également. D’'un point de vue général, il
semble irréaliste que les patients acceptent qu’une machine, dépourvue d’empathie, procéde
seule a I'ensemble du cycle de soin. Le caractére profondément humain du soin restera a la
charge du médecin et des soignants. Pour autant, les conséquences de I'informatisation et de
la digitalisation de la médecine ont un bilan jugé mitigé par certains auteurs (72). lls
dénoncent une dégradation de la qualité de vie des médecins au travail associée a I'altération
de la relation médecin/malades liée au temps important passé sur les dossiers informatiques
plutdt qu’auprés des patients eux-mémes. L'espoir formulé par l'arrivée de I'lA offre une
perspective de redressement de cette tendance en libérant le praticien des taches répétitives

a faible valeur pour se recentrer sur un temps plus clinique, relationnel et décisionnel.

10.Conclusion

Les différents travaux présentés dans ce manuscrit apportent des perspectives cliniques et
fondamentales en VCE-G. Les fondements cliniques autour de la terminologie en VCE et la
création de la base de données constituent le socle d’un apprentissage machine robuste. Les
algorithmes développés dans les travaux présentés offrent des solutions performantes qui
répondent a un besoin réel autour de la lecture des VCE. La valorisation industrielle de cette
solution effectuée en paralléle de ce travail ouvre des perspectives de recherche et de

collaboration prometteuses.

L'intelligence artificielle fait d’ores et déja partie intégrante de notre société et du monde
médical. Le systeme de soin se voit bouleversé par I'avenement de ces nouveaux outils et leur
intégration en pratique clinique. Cette révolution technologique doit étre accompagnée pour

en maitriser le contenu et maximiser son potentiel. L'lA est une opportunité pour le corps
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médical de prodiguer des soins plus slrs et de fagon plus efficiente. L'lA est également la
promesse d’un gain de temps espéré au profit de la relation médecin/patient qui elle, ne

pourra pas reposer sur la machine.
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