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Introduction générale

Compte tenu du contexte actuel des maladies cardiovasculaires, la nécessité d’améliorer
le diagnostic de ces maladies est primordiale. Les progres des techniques d’imagerie
sont d’importance cruciale dans le diagnostic clinique. Elles fournissent une meilleure
connaissance de la structure 3D du cceur qui peut étre utilisée pour construire des mod-
eles cardiaques dans le but d’étudier la relation entre les structures du cceur et leurs
fonctionnalités.

Ainsi, 1’objectif de ma these consiste a construire un modele déformable multi-échelle
3D pour décrire la structure 3D de base ainsi que la forme géométrique et les caractéris-
tiques des principaux éléments du cceur. Ce modele sera utilisé pour étudier la struc-
ture 3D du cceur et leur interaction, en particulier grace a la génération de volumes
virtuels pour l'imagerie ou d’autres applications fonctionnelles. Le modele 3D multi-
échelle proposé démarrera du niveau global (macro-échelle) jusqu’au niveau tissulaire
(micro-échelle) en intégrant divers constituants du cceur. Ainsi, une bréve introduction
sera proposée pour décrire la structure cardiaque, en particulier la structure des quatre
chambres, la structure laminaire du myocarde, 1’architecture des fibres et les cardiomy-
ocytes.

Sur la base de cette introduction, le modele multi-échelle 3D sera détaillé. Dans le
chapitre 2, I"élaboration globale du modele multi-échelle sera introduit avec sa struc-
ture de graphe hiérarchique et les relations entre ses éléments. En outre, la méthode
de modélisation orientée objet et la propriété voxel de mon modéle multi-échelle seront

soulignées. Enfin, la méthode de déformation libre (Free Form Deformation FFD) utilisée
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dans mon modele géométrique au différent niveau du modele sera également présentée.
Dans le chapitre 3, la partie basse résolution du modéle multi-échelle sera illustrée. Elle
utilise le modele super-ellipsoide comme méthode d’ajustement des données grossiéres
(basse résolution) et la FFD comme méthode d’ajustement au données haute résolution.
De méme, la déformation et la correspondance des surfaces et des volumes dans le mod-
eéle basse résolution est également démontrée. Le chapitre 4 se concentre sur 1'aspect
haute résolution du modele multi-échelle. Les premiers objets élémentaires synthétiques
seront présentés ainsi que leurs déformations a 1’échelle tissulaire, impliquant en partic-
ulier les cardiomyocytes (matrice cellulaire), les groupes de cardiomyocytes et les plans
de clivage (matrice extracellulaire). Dans le chapitre 5, I'imagerie virtuelle du modele
sera conduite. Pour cela, différentes valeurs réalistes seront extraites de la littérature et
de données expérimentales 3D préalablement acquise afin de simuler au mieux les struc-
tures laminaires paralleles dans les feuillets lamellaires de cardiomyocytes. Différentes
comparaisons seront réalisées entre les volumes initiaux et ceux obtenus par imagerie

virtuelle. Enfin, une conclusion et des perspectives terminent ce manuscrit.

Chapitre 1: Structure cardiaque et modélisation

Ce chapitre expose principalement les motivations de cette thése, notamment le contexte
des maladies cardiovasculaires (MCV), I'importance des modalités d'imagerie médicale
et la nécessité de construire des modeles cardiaques tridimensionnels (3D). De méme,
pour enrichir ces développements initiaux, plusieurs sujets connexes sont énoncés, y
compris la structure cardiaque, 1’état de 1’art des modeéles cardiaques et les modalités
d’imagerie de nos jours.

Le cceur est 1’'organe principal du systeme cardiovasculaire et permet la circulation
du sang dans tout le corps. C’est aussi un organe tres complexe composé de plusieurs
éléments évoluant a différentes échelles. Ces structures élémentaires se connectent et
s’assemblent anatomiquement pour permettre au cceur de fonctionner normalement. De
nombreuses maladies provoquent des remodelages structurels cardiaques, tels que la dé-
formation de la géométrie ventriculaire et le changement d’orientation des fibres. La con-

naissance anatomique des éléments du cceur est donc capitale. La connaissance anatomique
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du muscle cardiaque comprend entre autres, les quatre cavités du coeur, dont les cham-
bres supérieures appelées oreillette gauche (LA) et oreillette droite (RA) et les chambres
inférieures appelées ventricule gauche (LV) et ventricule droit (RV), 'épicarde, 'endocarde,
sa structure laminaire (feuillets lamellaires de cardiomyocytes et plan de clivage), et
I'architecture des fibres (groupe de cardiomyocytes et les cardiomyocytes).

La géométrie cardiaque est une caractéristique essentielle, représentée par divers mod-
eles cardiaques 3D avec précision et réalisme. Les modéles de structure cardiaque ont
évolué ces derniéres années. Des modeles géométriques 3D de diverses sections du
cceur ont été proposés pour des applications diverses mais uniques. De plus, la plu-
part d’entre eux sont proposés a une échelle spécifique. Les modeles 3D ont d’abord
été étudiés a partir d’observations anatomiques pour décrire la structure du cceur. Puis,
avec le développement des techniques d'imagerie, des modéles basés sur I'image ont été
développés. Des modeles de conception assistée par ordinateur ont également été définis
pour construire des modeles cardiaques 3D sans données en entrée. Apres une meilleure
connaissance de la structure de base, a I'inverse, certains modeles 3D ont également été
proposés pour aider a la reconstruction des images 3D du tissu et a la modélisation du
mouvement cardiaque 3D. De méme, pour prendre en compte les recherches conjointes
sur la structure et le mouvement du cceur, des modeles fonctionnels ont été proposés
pour comprendre le role de chaque partie du cceur. Enfin, avec 1’émergence des tech-
nologies d’imagerie cardiaque in vivo et la demande croissante de traitements médicaux
personnalisés, certains modeles 3D sont mis en ceuvre dans les domaines de la médecine
personnalisée et en routines cliniques.

La structure du cceur est complexe et composée d'une série d’objets élémentaires
fonctionnant conjointement a travers les différentes échelles. L'intégration des données
a travers les échelles spatiales et fonctionnelles fait 1’objet d’efforts de recherche impor-
tants, car la simulation d’un cceur totalement fonctionnel est I'un des problemes les plus
difficiles a résoudre. A une échelle donnée, le myocarde peut étre étudié du niveau
moléculaire au niveau du corps entier, que le myocarde soit sain ou malade. La mod-
élisation multi-échelle convient bien aux tissus biologiques car le but final est de générer
un modele avec des objets évoluant a différents niveaux tout en décrivant comment ils

sont disposés et fonctionnent ensemble. Initialement, divers modeles multi-échelles ont
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été proposés pour étudier les relations structurelles dans le cceur. Outre les objectifs struc-
turels, certaines recherches ont également porté sur les parties fonctionnelles telles que
I'électrophysiologie cardiaque, 'hémodynamique et la fonction mécanique du cceur. En-
suite, ces modeles se concentrent également sur la clinique.

Le coeur est un organe cinétique élastique dont les formes de ses éléments constitutifs
sont toutes irrégulieres. Ainsi, les modeles déformables sont généralement appliqués au
suivi du mouvement cardiaque, au recalage des images cardiaques et a la segmentation
des images cardiaques. Les modeles déformables sont utilisés pour décrire les limites
d’une région avec des courbes ou des surfaces paramétriques fermées, qui se déforment
sous l'effet de forces internes et externes.

La modélisation 3D du tissu cardiaque est influencée dans une large mesure par
la qualité des techniques d’imagerie, car la plupart des informations anatomiques sont
évaluées a partir de 'observation ou du calcul sur des images médicales. Les données
d’images médicales ont été les moteurs de la modélisation informatique cardiaque car
elles peuvent capturer des informations anatomiques pour effectuer des simulations,
elles peuvent fournir des informations fonctionnelles utilisées pour construire, ajuster
et valider des modeles ou encore étre utilisées pour estimer les parametres des modéles.
Bien que plusieurs modalités d’imagerie a haute résolution puissent aider a comprendre
I’anatomie du tissu cardiaque, la modélisation cardiaque est également limitée par leurs
résolutions. La microscopie électronique a transmission (MET) offre une haute résolu-
tion de 0,2 nm tandis que la microscopie électronique a balayage (MEB) est autour de
50 nm. Cependant, la taille de leur échantillon est limitée au environ de 60 um. La micro-
scopie confocale offre une résolution de reconstruction élevée de 0,4 pm mais est aussi
limitée par la taille du volume de 35 um. Outre la limitation en taille de ’échantillon, la
plupart des études sont souvent limitées par ’anisotropie et/ou la faible résolution des
données, ce qui les empéche de fournir des détails sur la structure. L'imagerie par tenseur
de diffusion (difussion magnetic ressonance imaging dMRI) fournit 1’arrangements des
cardiomyocytes a une résolution de 1,3 x 1,3 x 1,3 mm?. En utilisant I'imagerie par lu-
miere polarisée (PLI), la résolution peut étre améliorée a 90 x 90 x 500 pum? en raison de
la biréfringence positive uniaxiale cristalline de la myosine. La derniere, I'IRM a haute

résolution, fournit une résolution encore plus fine de 50 x 50 x 50 um3. Au cours de la
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derniere décennie, une technique d’imagerie Micro-CT (u-CT) a été développée et a four-
nit une analyse des fibres dans la section des oreillettes des cceurs de chiens avec une
haute résolution de 36 x 36 x 36 um?.

Les travaux récents de notre groupe ont permis d’obtenir des données de 3D par
rayons X a contraste de phase (u-CT) a une résolution spatiale isotrope de 3,5 x 3,5 x
3,5 um?. Cette résolution améne des connaissances quantitatives sur I’arrangement 3D
de la matrice cellulaire et de la matrice extracellulaire dans des échantillons de cceur hu-
main post-mortem. Les échantillons de coeur ont été imagés a ’aide du rayonnement syn-
chrotron dans le cadre de 'imagerie synchrotron par tomographie a contraste de phase
(SR-PCT) a I'European Synchrotron Radiation Facility (ESRF) qui est un accélérateur de
particules situé a Grenoble, France. 2499 projections ont été obtenues sur chaque échantil-
lon et des algorithmes spécifiques de reconstruction utilisant la phase sont utilisées pour

reconstruire le volume 3D final.

Chapitre 2: Modele déformable multi-échelle

Le cceur est un organe complexe composé de plusieurs éléments a différentes échelles.
Ces éléments qui se connectent et se rejoignent anatomiquement permettent au cceur de
fonctionner normalement. Il est donc essentiel de concentrer les études sur plusieurs élé-
ments et échelles lors de la recherche sur la structure et les fonctions du cceur, comme
la connectivité entre les différents éléments ou la fagcon dont le coeur se remodele au
cours du cycle cardiaque. Par conséquent, un modele de coeur multi-échelle composé
d’éléments a différentes échelles est nécessaire et d'intérét pour la recherche sur le cceur.

En ce qui concerne la structure de base du cceur, j’ai proposé un modele multi-échelle
contenant les principales structures anatomiques élémentaires du cceur a cinq niveaux
différents, allant de la macro- (cm) a la micro-échelle (um). Il comprend les cavités (ven-
tricules, oreillettes), la matrice cellulaire (feuillet lamellaires de cardiomyocytes, groupes
de cardiomyocytes et cardiomyocytes individuels) et la matrice extracellulaire (plans de
clivage, endocarde, épicarde et périmysium).

Ce chapitre présente la structure et les propriétés du modele déformable multi-échelle

proposé. Il s’agit d’un modele hiérarchique, basé sur les voxels et orienté objet. De méme,
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la technique de déformation est également introduite dans le modeéle.

L’ensemble du modele est divisé en cinq niveaux. A chaque niveau d’échelle, il ex-
iste plusieurs structures élémentaires. Chaque élément du cceur est considéré comme
un objet. La structure topologique du modeéle est présentée dans la Fig. 2.1 ainsi que la
relation entre ces objets et les niveaux. Dans cette structure, les objets sont comme les
neceuds d’un réseau qui peuvent étre connectés (méme échelle) ou imbriqués les uns dans
les autres (plus grande échelle). Chacun d’eux est composé d’un modele géométrique
(forme imitant ’anatomie) auquel est attaché un vecteur de caractéristiques pour stocker
ses parametres. Des volumes 3D peuvent étre générés selon le modele géométrique tan-
dis que chaque voxel a I'intérieur recoit une étiquette de 1’objet auquel il appartient.

Les approches orientées objet sont mises en ceuvre sur notre modéle multi-échelle en
raison de leur capacité a représenter des objets connectés ou reliés sous une forme com-
pacte et cohérente. Elle permet une décomposition hiérarchique du cceur par héritage
dans la programmation, ce qui est la base d"une réutilisation efficace et correcte des car-
actéristiques de chaque niveau. Avec cette méthode, chaque objet possede sa classe de
propriétés qui est codée séparément, mais a travers différents niveaux, les classes sont
mutuellement liées et ont une relation d’héritage. Une classe stocke les informations et
I'état d"un objet puis diverses procédures sont exploitées soit sur 1’objet et soit peut en
générer un nouveau.

Les voxels sont utilisés comme unités de base dans notre modele. En effet, les mod-
eles basés sur les voxels sont bien adaptés pour représenter les structures complexes de
I’anatomie humaine car ils sont congus a partir de I'anatomie réelle. De plus, ils sont flex-
ibles et peuvent étre mis a 1’échelle pour correspondre a toute dimension ou déformation
requise.

Le premier objectif de notre modele est de décrire la forme géométrique constituant
les objets du cceur. Cependant, le cceur est un organe élastique fonctionnel, ot1 la défor-
mation et les réarrangements subtils du tissu se produisent constamment durant les cy-
cles cardiaques. Ainsi, les déformations doivent étre prises en compte dans nos modeles
géométriques pour chaque objet élémentaire. Parmi les différentes approches possibles,
la technique de la déformation libre (FFD) a été choisie. La FFD est introduite a chaque

niveau du modele.
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Chapitre 3: Modeéle basse résolution

Comme notre modéle va du niveau macro- a microscopique, je divise 1’ensemble du mod-
ele en deux parties : (i) le modele basse résolution, L1, qui est a une résolution d’environ
1000 pm, et (ii) le modele haute résolution, L2 a L4, avec des résolutions de 100 um. Dans
ce chapitre, je présente comment construire le modele basse résolution en me concen-
trant sur 1’épicarde et I'endocarde du ventricule gauche. Pour des raisons de compatibil-
ité avec la résolution de L1, j'utilise les données cardiaques PLI dont la résolution est de
90 x 90 x 500 pm> comme données d’entrée afin de simuler les formes géométriques des
deux objets : épicarde partiel et I'endocarde du ventricule gauche (VG). Anatomique-
ment, 1'épicarde est la couche protectrice la plus externe du cceur et I'endocarde est la
couche la plus interne tapissant les cavités cardiaques Ainsi, cela signifie que pendant le
cycle cardiaque, ils sont tous deux remodelés. Un modéle de surface avec des propriétés
de déformation est alors nécessaire lors de la construction de cette forme géométrique.
J’ai adapté la méthode proposée dans [ ] pour construire un modele
de surface déformable afin de simuler les formes de 1’épicarde partiel et de 'endocarde
du VG.

Le modele de superquadrique est 1'un des modeles déformables paramétriques ayant
la capacité de représenter des formes proches du cceur avec un petit nombre de parameétres.
Parmi tous les modéles de superquadriques, le superellipsoide est utilisé comme forme
initiale car c’est la seule qui définit une surface fermée. Cependant, le modele superellip-
soide est hautement symétrique, ce qui est insuffisant pour imiter les formes complexes
de I'épicarde et de I'endocarde du ventricule gauche. Ainsi, aprées un ajustement grossier
sur la surface cible, la déformation par FFD est effectuée pour affiner le modele sur les
données d’entrée. Par conséquent, en combinant les 8 parameétres du superellipsoide ps
et un ensemble de points de controle P*, la forme finale basée sur le modéle basse réso-
lution est décrite.

L'imagerie par lumiere polarisée (PLI) est une technique de rehaussement du con-
traste qui améliore la qualité de 'image obtenue avec des matériaux biréfringents. Comme
la résolution des données PLI est proche de celle du modeéle a basse résolution proposé et

qu’elles contiennent les informations d’orientation des tissus, les données PLI sont adop-
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tées comme source de données dans les simulations du modele a basse résolution.

A Vaide du modele de surface a faible résolution, des simulations d’un épicarde par-
tiel et de I'endocarde du VG sont effectuées a I’aide des données PLI. Entre 1’épicarde, la
couche la plus externe, et I'endocarde, la couche la plus interne, le modele volumique a
faible résolution a été construit, et le myocarde ventriculaire virtuel a été généré. Les ré-
sultats montrent que le modele basse résolution a la capacité de simuler raisonnablement
les structures choisie (I'épicarde partiel et I'endocarde) avec des erreurs acceptables.

Grace a la FFD, la déformation bidirectionnelle des formes géométriques des données
et du volume du modele peut étre opérée. De plus, en utilisant la procédure inverse,
du recalage de volume est effectué, en transférant les informations des données réelles
dans un volume modele d’entrée fixe qui décrit qualitativement les données. Ce recalage
entre le volume des angles d’azimut et d’élévation dans les données PLI vers le volume
modele a été effectué. Cependant, ce recalage direct entre les volumes génere des formes
en escalier dans certaines zones du modele et c’est pourquoi une méthode couche par
couche est utilisée pour réaliser 'appariement. Les résultats montrent que le modele
cible peut étre enrichis par les informations sur les angles d’azimut et d’élévation a partir
des données PLI. Par conséquent, les comparaisons des informations myocardiques de

différents individus pourraient étre effectuées sur ce volume cible.

Chapitre 4: Modéle haute résolution

Apres avoir construit le modele basse résolution L1, le modele géométrique haute réso-
lution est proposé pour les objets élémentaires aux niveaux L2, L3 et L4. La relation entre
les différents objets élémentaires du coeur dépend de la structure multi-échelle, comme le
montre la Fig. fig: modelstructure. Parallelement, les formes et les tailles des objets sont
inspirées par 1’observation des données du tissu cardiaque humain. Dans mon modele
de tissu cardiaque multi-échelle, le cardiomyocyte est considéré comme 1’objet fonction-
nel de base. La forme de chaque cardiomyocyte est représentée par un cylindre. Grace
aux études histologiques et a I'observation des données synchrotron, nous savons que,
dans le myocarde, plusieurs cardiomyocytes sont organisés en un "groupe de cardiomy-

ocytes" contenant un nombre limité de cardiomyocytes avec une couche de périmysium
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qui le contraint et un capillaire au centre. Je définis le "groupe de cardiomyocytes" comme
un objet géométrique contenant une série limitée de cardiomyocytes alors que sa forme
générale est aussi proche de celle d'un cylindre. Par la suite, je définie la notion de feuil-
let lamellaires de cardiomyocytes qui correspond & un arrangement de plusieurs plans
de clivage et des groupes de cardiomyocytes entre ces plans.

Dans ce chapitre, les formes géométriques de base sont simulées dans le module car-
diomyocyte, le module groupe de cardiomyocytes et le module feuillet lamellaires de
cardiomyocytes. Dans le module du groupes de cardiomyocytes et pour plus de réal-
isme, la forme de base est déformée a 1’aide de la FFD pour simuler des structures ayant
subis des torsions. De méme, il est possible de faire subir une variation de forme pour
simuler I'effet du cycle cardiaque. Dans le module des feuillets lamellaires de cardiomy-
ocytes, la forme de base est également déformée pour simuler des structures incurvées,
plus proche des formes observées sur les images synchrotrons.

La simulation a commencé par l'unité fonctionnelle de base du cceur, le module car-
diomyocyte, au niveau L4. Un module cardiomyocyte est composé d'un cardiomyocyte,
d’un endomysium qui I'entoure et d'un disque intercalaire reliant les cardiomyocytes
bout a bout selon leur direction la plus longue. Selon les observations histologiques, la
forme du cardiomyocyte est simulée comme un long cylindre avec une section d’ellipse,
tandis que la forme de I'endomysium est simulée comme la surface latérale du cylindre
et la forme du disque intercalaire est simulée comme sa surface inférieure. A l'intérieur
d"un module cardiomyocyte, chaque partie peut étre traitée séparément et combinée en-
suite pour composer une unité fonctionnelle compléte de base.

Un module de groupe de cardiomyocytes a ensuite été construit. Il comprenant six
cardiomyocytes, un capillaire et une couche de périmysium autour d’eux. La forme de
I'ensemble du module est également simulée comme un cylindre, le capillaire étant un
petit cylindre au centre avec les cardiomyocytes autour. La simulation nécessite de con-
cevoir la disposition compacte du capillaire et des six cardiomyocytes dans la section
du groupe de cardiomyocytes, étape réalisée grace a la ligne de partage des eaux. Aprés
avoir construit la forme de base du module du groupe de cardiomyocytes, j utilise la FFD
pour affiner la forme d’un cylindre a un ellipsoide tronqué, bruité et tordu pour simuler

une forme plus réaliste des tissus biologiques. Pour simuler les différents états du cy-
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cle cardiaque, jai généré des séquences dynamiques d’un groupe de cardiomyocytes.
Inspiré de [ let] ], une courbe de variation de
I'épaisseur du myocarde, du rayon, de la longueur et du volume sont définis puis les ob-
jets sont générés. Ce type de simulations d"un groupe de cardiomyocytes sont exploitées
pour montrer une variation qualitative de la forme a neuf états du cycle cardiaque.

Ensuite, un module de feuillet lamellaires de cardiomyocytes est construit pour simuler
la structure laminaire du tissu cardiaque. Le module de feuillet lamellaires de cardiomy-
ocytes est composé de trois plans de clivage paralleles et de deux groupes de cardiomy-
ocytes entre eux. Les groupes de cardiomyocytes entre la méme paire de plans de clivage
ont une orientation unique tandis qu’elle peut changer entre les plans de clivage. De
fagon similaire et pour plus de réalisme, la FFD permet de déformer la forme du module
de feuillet lamellaires de cardiomyocytes en une forme incurvée. Pour montrer 1'intérét
de I'approche multi-échelle, plusieurs cardiomyocytes ont été généré a l'intérieur de
chaque groupe de cardiomyocytes. Les feuillets lamellaires de cardiomyocytes virtuels
dynamiques ont également été générés en fonction de la courbe de variation de I'épaisseur
du myocarde.

Les simulations des formes valident que notre modele haute résolution peut générer
des données virtuelles aux niveaux L2, L3 et L4. De méme, en utilisant la FFD, les don-
nées virtuelles peuvent simuler le tissu réel et les différents états pendant le cycle car-

diaque.

Chapitre 5: Simulation d’imagerie virtuelle a partir de données

réelles

Apres avoir construit les modéles basse et haute résolution, il a été validé que notre mod-
ele multi-échelle avait la capacité de générer des formes virtuelles de base des objets du
cceur a différentes échelles. Il est donc nécessaire de s’appuyer sur des données réelles et
d’utiliser leurs informations pour générer des volumes virtuels.

Les données synchrotron obtenues a ’'ESRF ont été utilisées comme données réelles
dans ce chapitre en raison de leur résolution de reconstruction élevée par rapport aux

autres modalités d'imagerie courantes. Deux ensembles de données synchrotron sont
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présentés pour illustrer les structures laminaires paralleles et ramifiées des différentes
portions du tissu myocardique. Des évaluations des données synchrotron avec la struc-
ture de type parallele ont été effectuées pour obtenir les parametres géométriques, y com-
pris I'épaisseur des plans de clivage, la distance entre les plans de clivage, ainsi que les
orientations des plans de clivage et des groupes de cardiomyocytes. Des simulations
ont été effectuées pour générer des volumes virtuels 3D avec des structures paralleles et
ramifiées, basées sur les données obtenues a I’ESRF. Un volume virtuel idéal avec une
structure parallele a été généré selon les évaluations des données réelles du synchrotron
1. Un autre volume virtuel a été généré pour simuler quantitativement la structure lami-
naire ramifiée.

Pour évaluer les volumes virtuels générés, une simulation d’imagerie virtuelle par
rayons X est mise en ceuvre sur les volumes virtuels générés avec une structure de type
parallele. Nous présentons brievement le Reconstruction ToolKit (RTK) pour I'imagerie
virtuelle par rayon X, puis la géométrie de projection de notre simulation. Grace a des
comparaisons visuelles des résultats, il est validé que, aprées I'imagerie virtuelle, la struc-
ture générale et les écarts entre les tissus demeurent. Pour obtenir une évaluation plus
rigoureuse, I'imagerie virtuelle a été réalisée sous diverses niveaux de bruits. Des évalua-
tions quantitatives ont été effectuées sur les volumes virtuels et les volumes reconstruits a
partir de ceux-ci. Les résultats ont montré que les effets de la reconstruction diminuaient
avec I'augmentation du niveau de bruit, ce qui était conforme aux attentes.

La simulation d’imagerie ultrasonore est également mise en ceuvre a l’aide du logiciel
FieldIl. Les résultats sont également évalués en calculant les orientations des tissus a
I'intérieur pour une validation plus robuste du modele.

Tous les résultats de ce chapitre ont permis de valider le fait que les volumes virtuels

générés par le modele proposé étaient proches visuellement plus que quantitativement.

Conclusion générale

L’objectif de cette these est de construire un modele déformable multi-échelle en 3D pour
générer un cceur virtuel synthétique pouvant étre utilisé dans la recherche et I'imagerie

virtuelle.
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Le modeéle a été proposé avec cinq niveaux et une structure hiérarchique a chaque
échelle, de la macro- a la micro-échelle. Le modele proposé comporte deux parties : le
modeéle a basse résolution et le modéle a haute résolution. Il s’agit d’'un modele basé sur
les voxels parce que les voxels sont les unités de base de notre modele et que le modele
basé sur les voxels est plus flexible en termes de taille et de déformation. Il possede une
description orientée objet, congue pour décrire chaque objet a différentes échelles ainsi
que les liens aux autres niveaux. Pour chaque objet du modéle, un modele géométrique
a été construit pour décrire la forme en observant les images de tissus réalistes, tandis
qu’'un vecteur de caractéristiques est congu pour enregistrer les parametres de descrip-
tion des caractéristiques de 1’objet. J’ai introduit la technique FFD et la procédure de
déformation de chaque objet pour améliorer la similarité entre le modele et le tissu réal-
iste, ainsi que pour pouvoir imiter la déformation du cceur le long d’un cycle cardiaque.

Dans le modele a basse résolution, sur la base des données PLI, des modeéles de
surface de I’épicarde et de 'endocarde ont été construits en utilisant le superellipsoide
comme ajustement grossier des données et la FFD comme ajustement fin des données.
Les résultats ont montré que le modele a basse résolution est capable de simuler raisonnable-
ment les surfaces, 1’épicarde partiel, I'endocarde du VG, le volume, et le myocarde ven-
triculaire au niveau L1, avec des erreurs acceptables. Grace a la procédure inverse de
FFD, des recalages de volumes sont possibles, en transférant les informations des don-
nées réelles vers un volume modéle prédéfini qui décrit qualitativement les données. Les
résultats montrent que le modele de référence peut décrire quantitativement les informa-
tions d’angle d’azimut et d’élévation des données PLI. Par conséquent, les comparaisons
des informations myocardiques de divers individus peuvent étre réalisées sur ce volume
uniforme.

Dans le modéle haute résolution, sur la base des données synchrotron, le module
virtuel de cardiomyocyte au niveau L4, le module virtuel de groupe de cardiomyocytes
au niveau L3 et le module virtuel de feuillet lamellaires de cardiomyocytes au niveau L2
ont été générés. La formes de ces objets de base générés par notre modele et les formes
apres FFD a été démontrées. Ainsi, le FFD est encore adapté a notre modele multi-échelle
afin de le rendre plus réaliste. Inspirées par certaines références au cycle cardiaque, des

séquences dynamiques d'un groupe de cardiomyocytes et de feuillet lamellaires de car-
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diomyocytes ont été générées pour simuler qualitativement le changement de forme au
cours du cycle cardiaque.

Selon les données synchrotron, les volumes virtuels avec des structures laminaires
paralleles et ramifiées ont été générés en utilisant la FFD, ce qui montre la capacité du
modele proposé a générer des structures de forme spécifique dans le cceur. Enfin, I'imagerie
virtuelle CT et US sur les volumes de type parallele générés par notre modele a été réal-
isée sous différents niveaux de bruit et les résultats ont été évalués visuellement et quan-
titativement. Les tendances de ces évaluations étaient conformes a nos attentes, ce qui
confirme que les volumes générés par notre modele ont un effet similaire a celui du tissu
réaliste pendant I'imagerie.

A l'avenir, des efforts supplémentaires seront consacrés a des simulations plus pré-
cises du tissu, a la simulation du tissu dynamique pendant le cycle cardiaque, ou encore
a de nouvelles modalités d’imagerie (AMRI, optique...). De plus, une réflexion sera a

menée pour enrichir le modéle de considération fonctionnelles.
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General Introduction

Cardiovascular diseases (CVD) remain the leading cause of death and disability in devel-
oped countries and a fast-developing issue in low- and middle-income countries [

]. Advanced and innovative cardiac imaging techniques are capable of re-
vealing both the structural and functional information of the heart to enhance clinical
diagnosis accuracy. Furthermore, a better knowledge of the three-dimensional (3D) ar-
rangement of the structures present in the heart could help to understand the function of
the heart and research on the CVDs [ ]. Therefore, developing
3D models of the heart using anatomical knowledge can be a way to contribute to the

research on the heart.

The heart being a complex, dynamic and deformable functional system, it is valuable
and necessary to build a multiscale heart model with the ability to describe the structure

of the heart and the relationship among different elements at various scales.

On the basis of the background mentioned above and the advantages of the image-
based models, this thesis proposed a 3D multiscale deformable model in my thesis. The
model describes the basic 3D structure along with the geometric shape and features of
major elements of the heart, crossing the scales from the global level (macro-scale) to the
tissue level (micro-scale). The model can be utilised to investigate the 3D structure of
the heart and its elements, generate synthetic volumes for virtual imaging and achieve
other functional applications such as cardiac remodelling or water diffusion inside the
cardiomyocytes, etc. In this thesis, the structure of the multiscale model and the way to

build it is illustrated as well as the validation of it using the virtual imaging technique.

The thesis is organised as follows. In chapter 1, a brief introduction to the cardiac

structure is given, as well as the structure and function of each elementary part, in order
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to help to understand the relationships among them. Then, the development of 3D car-
diac models, multiscale models and deformable models are elaborated. At the end of this
chapter, imaging modalities contributing to cardiac modelling are depicted.

In Chapter 2, the multiscale deformable model is proposed. The overall elaboration
of the proposed multiscale model is given with its hierarchical graph structure of 5 lev-
els and the relationships between its elements. Besides, the objected-oriented modelling
method and voxel-based property of the multiscale model are introduced. The deforma-
tion technology, Free-Form Deformation (FFD), used in my geometric model at each scale
is also introduced.

In Chapter 3, the low-resolution part of the multiscale model at Level 1 is illustrated.
Polarized Light Imaging (PLI) data is utilized as the data source. The low-resolution uses
the superellipsoid model as the coarse data-fitting method and FFD as the fine data-fitting
method. Surface and volume data fitting in the low-resolution model is also demon-
strated as well as the volume registration.

In Chapter 4, the high-resolution part of the multiscale model at Levels 2, 3 and 4
is illustrated. The first synthetic elementary objects and their deformation at the tissue
scale are given involving cardiomyocytes (cellular matrix), the cardiomyocyte bundles
and cleavage planes (extracellular matrix). The dynamic simulations of sheetlets and
cleavage planes are presented based on a qualitative curve of the myocardium thickness
and some simple assumptions.

In Chapter 5, real 3D synchrotron data with parallel-like and branching laminar struc-
tures are presented. Then, morphological features are extracted from the synchrotron
data with parallel-like structures which are used to generate virtual volumes with lami-
nar structures. After that, synthetic X-ray projections of this simple virtual tissue model
are computed and comparisons between the reconstructed virtual volume and experi-
mental data are displayed. Virtual ultrasound imaging is also operated.

At last, a conclusion and perspectives end this PhD manuscript.
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Chapter 1

Cardiac structure and modelling
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1.1. INTRODUCTION

1.1 Introduction

Cardiovascular diseases (CVD) deprive annually the lives of over 17 million people all
over the world, which accounts for one-third of people’s death toll and almost half of
the people’s death toll related to non-communicable diseases [ ]. CVDs
have a wide range of kinds, and most of them do not have symptoms in the early stage.
Thus, early detection and diagnosis can be beneficial. Nevertheless, there is no unified
technique which can diagnose all the diseases [ I

Advanced and innovative cardiac imaging techniques play significant roles in the
diagnosis of CVDs due to their ability to enhance clinical diagnosis accuracy. More-
over, structure and function are inalienable in both healthy and diseased organs [

]. These medical imaging modalities are capable of revealing both the
structural and functional information of the heart. Furthermore, a better knowledge of
the three-dimensional (3D) arrangement of the structures present in the heart could help
to understand the function of the heart and to research the CVDs |

I

Thus, developing 3D models of the heart using anatomical knowledge can be a way to
contribute to the understanding of the relationships between the mechanical and hemo-
dynamical functions as well as the structural changes due to normal and pathological
cardiac remodelling. Meanwhile, the resolutions of medical images are compatible with
most of the scales relevant to cardiac modelling, which makes medical imaging and mod-
elling increasingly linked [ I

In this chapter, a brief introduction to the cardiac structures is given, as well as the

structure and function of each elementary part.

1.2 Cardiac structure

The heart is the main organ of one’s cardiovascular system that pumps blood throughout
the whole body. It is also a highly complex organ composed of several elements at various
scales. These elements, anatomically connected and joined together, enable the heart

to work normally. There are many diseases that cause structural cardiac remodelling,
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CHAPTER 1. CARDIAC STRUCTURE AND MODELLING

such as ventricular geometry deformation and fibre orientation change, so anatomical
knowledge of the heart’s elements is of vital importance [ . In this
section, the cardiac structure will be introduced from the macro-scale to the micro-scale,
starting from the four chambers to the laminar structure of the myocardium, then the

fibre architecture, and at last the basic functional unit, the cardiomyocyte.

1.2.1 Four chambers

The heart has four chambers. The upper chambers are called the left atrium (LA) and
right atrium (RA), and the lower chambers are called the left ventricle (LV) and right

ventricle (RV). A schematic diagram of four chambers is presented in Fig. 1.1.

1.2.1.1 Atria

The atria are the two upper chambers in the heart separated by the septum. They receive
blood from outside the heart. The LA receives the oxygen-rich blood from the lungs and
pumps it into the LV. The RA receives deoxygenated blood from the veins throughout
the body and pumps it over to the RV. The atria are connected via multiple interatrial
bridges embedded in the septum. Both sides of the septum are covered with conduc-
tive myocardium [ ]. The free portion of the RA appendage is usually

triangular, while the LA appendage is generally tubular [ I

1.2.1.2 Ventricles

The ventricles are the two lower chambers, bigger than the atria. They expel blood re-
ceived from the atria. The LV receives blood from the LA and pumps it to the aorta. The
RV receives blood from the RA and pumps it to the main pulmonary artery. The shape
of the LV can roughly be approximated to a cone with the RV hugging it [ ]. The
ventricular walls are more muscled than the atria, especially the LV one, because blood is

pumped out of the ventricles at greater pressure compared to the atria [

, ]. Inrecent years, the LV has received a strong focus due to its importance
for the general pumping performance of the heart [ ].
Zexian WANG 5
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1.2. CARDIAC STRUCTURE

Atrial septum

Endocardium

Endocardium
Myocardium

Epicardium
Ventricular septum

Figure 1.1: Schematic diagram of four chambers with epicardium and endocardium.

1.2.1.3 Endocardium

The endocardium is the innermost lining of the heart, which exists in all four cham-
bers. It is of vital importance in heart development, such as the formation of trabecular
myocardium [ ]. The atrial endocardium is smoother than the ventricular
one because the ventricular endocardium is more complex due to the existence of papil-
lary muscles, which play important roles in the functioning of the valves [

, ]. The LV endocardium is highly corrugated, with surface pro-

trusions extending into the LV cavity [ ]

1.2.1.4 Epicardium

The epicardium is the outermost protective layer of the heart surrounding the two atria

and two ventricles, the roots of the coronary vessels and connecting the myocardium

[ ]. The epicardium exhibits extensive developmental plasticity and
plays a vital role in wall-thickening and wall-motion [ ,

I
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CHAPTER 1. CARDIAC STRUCTURE AND MODELLING

Cleavage plane

Bundle of
Sheetlet cardiomyocytes

Figure 1.2: Schematic diagram of the laminar structure in the myocardium.

1.2.2 Laminar structure of the myocardium
1.2.2.1 Sheetlet

The 3D arrangement of the ventricular muscle cells, the associated extracellular matrix
(ECM) and the laminar structures are complex [ ]. Laminar sheets are groups
of cells organized in layers, which are surrounded by the perimysium ECM and have a
three to four-cell thickness [ , , ], as
shown in Fig. 1.2. Mathematical models have been proposed to describe the organisation
of the myocardium, in which there are ordered laminar structures, separated by ECM,
running radially from the endocardium to the epicardium [ ,

]. Reorientation of the sheetlet during LV thickening has been proposed as the pre-

dominantly associated mechanism [ I

1.2.2.2 Cleavage plane

Cleavage planes are terms used to describe the perimysium ECM. Cleavage planes sep-
arate the sheetlets and provide looser connections and potential spaces for relative slip-

page between adjacent sheetlets [ ].
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1.2. CARDIAC STRUCTURE

Perimysium

Capillary
Cardiomyocyte

Figure 1.3: Schematic diagram of a cardiomyocyte bundle.

1.2.3 Fibre architecture

Similar to skeletal muscles, the myocardium has a fibre architecture [

]. The fibre orientation predominantly determines the electrical activa-
tion pattern of the myocardium because the electrical signal propagates faster in the lon-
gitudinal axis than in the thorganisedrsal one. Meanwhile, the myocardial contraction is
characterised by shrinkages of cardiomyocytes along the longitudinal axis [

I
In previous research, the terminology of the fibre architectures in the heart is complex,
and the definitions of terms, such as the term myofibre or fibre, are confusing [

s ’ Y ] Thus,

in my thesis, I avoid using these terms but use the term cardiomyocyte bundles instead to

describe the fibre architecture.

1.2.3.1 Cardiomyocyte bundle

Cardiomyocytes are elongated, aligned, and grouped into bundles around capillaries,
which is called cardiomyocyte bundles in my thesis [ ], as shown in Fig. 1.3.
Cardiomyocyte bundles are embedded in the sheetlets or appear alone inside the my-

ocardium.
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CHAPTER 1. CARDIAC STRUCTURE AND MODELLING

Intercalated disc

Cardiomyocyte Endomysium

Figure 1.4: Schematic diagram of cardiomyocytes.

1.2.3.2 Perimysium

Perimysium is used to describe the extensive meshwork of connective tissue that sur-
rounds cardiomyocyte bundles. It bears the shearing forces between bundles and its

lateral strands prevent misalignment between bundles [ I

1.2.4 Cardiomyocyte

The ventricular cardiomyocytes are the main structural component of the myocardium,
occupying around 70% of the ventricular wall volume under normal circumstances [

]. Cardiomyocytes resemble elongated ellipsoids with an elliptical section
of about 10 by 20 ym and a length of 80 to 100 ym, as shown in Fig. 1.4. Cardiomyocytes
are bunched and connected end to end by intercalated disks to form a 3D network of
cells [ , ]. Each cardiomyocyte is surrounded by a layer

of endomysium which contributes to its rigidity [ I

1.3 Cardiac Models

Cardiac geometry is a critical feature in the heart research, which can be represented by

3D cardiac models accurately and realistically. Cardiac structure models have evolved in
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1.3. CARDIAC MODELS

recent years. The cardiac muscle was considered as a helical pattern of tissue inside at
first [ ]. It was also regarded as a single helical band of muscle coiling
around the aortic root and the pulmonary trunk [ ]. Later, a dough-
nut model for the LV was proposed [ ] and then extended to the RV as
the pretzel model [ ]. Then, the myolaminae model has been proposed to
delineate the myocardial laminar structure composed of layers of cardiomyocytes [

, , ]. On the basis of these cardiac mod-
els, several 3D models of different elements of the heart have been developed. Besides

that, multiscale models integrating different elements and functions have been proposed.

1.3.1 3D models

As aforementioned, a better knowledge of the 3D arrangement of the heart’s structure
can help to understand the function of the heart and to research CVDs. Developing 3D
models of the heart also contributes to the understanding of the arrangement and remod-
elling of the heart.

In the past years, 3D geometric models of diverse sections of the heart have been
proposed for various but one-fold applications. Moreover, most of them are proposed at
a specific scale.

First, 3D shape models of the heart have been studied from anatomic observations to

describe the structure of the heart, notably, the LV [ ,
, ] accompanied by other parts such as the RV and the two
atria [ ], then to the whole heart | ,

]. The geometric shape models based on the LV and RV are first depicted as ellipsoids

[ ]- The architecture and models of the atria have

also been investigated [ , ]. Nonetheless, some of the

anatomical models lack details because of the poor quality of the data resources, such as
histological slices [ , ].

With the development of imaging techniques such as Magnetic Resonance Imag-

ing (MRI) and Computed Tomography (CT), image-based models have been developed.

They get information from medical images to investigate the heart structure and its de-
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CHAPTER 1. CARDIAC STRUCTURE AND MODELLING

formation | , , ]. Some parametric
models have been proposed for analysing the deformation of the LV [ ]
and tracking its surface in a sequence of 3D cardiac images [ ]. Then,

blended deformable models modelled the generic 3D shape of the heart and the LV with
the RV inside, and they also analysed the cardiac movement and its deformation [
]. To better investigate the heart’s motion, some deformable models are built

for describing irregular and unstructured shapes [ I

Computer-aided design models were proposed to build 3D cardiac models without
data resources. Researchers can directly build the 3D cardiac models using the parame-

ters from references [ 1.

After having a better knowledge of the basic structure, some 3D models have also
been proposed for assisting the reconstruction of the 3D images of the tissue, and 3D

motion modelling [ 1.

Moreover, to take into account the research on the structure and movement of the
heart, functional models have been proposed. Functional models can help to understand
the role of each part of the heart in composing such a complex system, for example, to
analyse the LV diastolic mechanics and consequences of drug-channel interactions in the
human left-ventricular cardiomyocyte with computational models [ ,

I. Then, atrial anatomy modelling could provide a deeper understanding of

the role that the cardiomyocyte architecture plays in normal and abnormal atrial electric

functions [ ]. Functional models also allow cardiac mechanical, electro-
physiological [ , ], hemodynamical analysis
and water diffusion simulation [ ].

Furthermore, with the increasing demand for personalised medical treatment, 3D
models are implemented in personalised and clinic areas [ ,
]. A personalised model has been proposed for integrating and interpreting how
electrophysiology works in the development and progression of atrial fibrillation [

]. How to translate 3D models to clinical care has also been discussed in recent

years [ , l.
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1.3. CARDIAC MODELS

1.3.2 Multiscale models

The heart structure is complex and composed of a series of embedded multiscale elemen-
tary objects working together. Data integration across spatial and functional scales is the
subject of significant research efforts since the simulation of a functional heart is one of the
most intractable problems. Research at the onefold scale studies the myocardium both in
healthy and diseased hearts, from the molecular to whole-body levels [

]. Multiscale modelling fits biological tissue because the ultimate goal of heart
modelling is to generate a model with organs at different levels and the principles to

describe how they are arranged and how they work together.

Initially, various multiscale models have been proposed to study the structural re-
lationships in a heart. An automatic labelling approach of the left coronary tree in X-
ray angiography on the basis of a 3D topological model has been proposed to over-
come the shortcomings of medical diagnosis caused by inter- and intra-clinician vari-
ability [ ]. Some multiscale models are used to quantitatively analyze
structural substrates, such as wall thickness, myofiber orientation, and fibrosis [

I

Besides structural purposes, some research also focused on the integration of func-
tional parts such as cardiac electrophysiology, hemodynamics, and mechanical function
of the heart. A finite element model integrating the electrical, mechanical and biochemi-
cal functions of the heart is proposed to link across spatial scales from subcellular protein
pathways to integrated cell function and then to tissue and organ behaviour [

]. A model focused on the cardiovascular system describes heart cell contraction at

a micro-scale and the cardiac pump at a macro-scale [ I

Then these models involved the clinical treatement as well, for example, to model the
eccentric and concentric cardiac growth at different scales with a computational model
[ ]. For a faster approximation of the behaviour of the heart, a multi-
scale 0D/3D model has been proposed [ ] by a novel coupling method
between an original 3D model and a reduced lumped "0D" version of the same model.
[ ] addressed the numerical modelling of many aspects of heart

function including the ion-cell-muscle electrophysiological behaviour, the sub-cellular
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CHAPTER 1. CARDIAC STRUCTURE AND MODELLING

activation mechanism, the deformation of the tissue, and the ventricular fluid mechan-

ics.

1.3.3 Deformable models

The heart is an elastic kinetic organ. Thus, deformable models are usually applied in
heart motion tracking, cardiac image registration and cardiac image segmentation. De-
formable models are used for describing region boundaries with closed parametric curves

or surfaces, which deform under the effect of internal and external forces [
].

Two dimensional (2D) deformable models were proposed at first to approximate the
locations and shapes of object boundaries in images. 2D deformable models, snakes, were
proposed as 2D active contours based on the reasonable assumption that boundaries are

piece-wise continuous or smooth [ ].

3D deformable surface models were first used in computer vision [

]. A “balloon” model was built to construct a polygonal approximation to a sphere
and it was deformed to conform to the object surface in 3D CT data [ ].
Then, the “balloon” model was improved using the finite element technique and high-
order polynomials [ , ]. The im-
proved “balloon” model provides an analytic surface representation and fewer elements
are required to represent an object accurately. A model using a Fourier parameterisation
to decompose a surface into a weighted sum of sinusoidal basis functions is proposed to

match to 3D medical image data [ ].

Another main kind of deformable model is the superquadric model. Superquadrics
are solid models representing a large variety of standard geometric solids and smooth
shapes with a simple parameterisation [ ]. A para-

metric deformable model using superquadric and FFD was proposed to fit unstructured

3D data [ ]. The superquadric model was also used for representing
an unorganised 3D data points set with a union of superellipsoids [ ]
Zexian WANG 13
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1.4 Image acquisition techniques

3D modelling of the cardiac tissue is influenced to a great extent by the quality of the
imaging techniques because most of the anatomical information is evaluated from ob-
servations or calculations from medical images. Medical image data have been drivers
of cardiac computational modelling because they can capture anatomical information to
run simulations, can provide functional information used to build, adjust, and validate
models and can be used to estimate model parameters [ ].

Although several high-resolution imaging modalities can help understand the anatomy
of the cardiac tissue, cardiac modelling is also influenced by their limitations. Transmis-
sion Electron microscopy (TEM) provides a high resolution of 0.2 nm while Scanning
Electron microscopy (SEM) exhibits a resolution around 50 nm. However, the size of their
sample is limited to around 60 pum [ ]. Confocal microscopy delivers a
high reconstruction resolution of 0.4 pm but is limited in the volume size of 35 um.

Besides the limitation of sample size, most studies are often limited by the anisotropy
and/or the low resolution of data, resulting in not able to provide structure details. Dif-
fusion Tensor Imaging (DTI) can provide the arrangements of the cardiomyocytes at a
resolution of 1.3 x 1.3 x 1.3 mm? | ]. Using Polarized Light Imaging
(PLI), the resolution can be improved at 90 x 90 x 500 um?® due to the crystalline uniaxial
positive birefringence of myosin [ ]. Last high resolution MRI can provide
an even finer resolution of 50 x 50 x 50 um? [ ]. In the last decade, the
Micro-CT (u-CT) imaging technique has been developed and can provide fibre analysis

in the atrial section of canine hearts with a high resolution of 36 x 36 x 36 um? [

I

1.4.1 Dissection and histology

Dissection and histology are the most primordial and widely used techniques. They are
often used in cardiac structure research [ ]. In the laminar structure
study, two populations of sheetlets were found through the quantitative histological anal-
ysis of the ventricles [ , ]. The maximum resolution

of the histological optical image is 0.3 pm.
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CHAPTER 1. CARDIAC STRUCTURE AND MODELLING

1.4.2 Echocardiography

Echocardiography is the most used imaging technique in clinics because of its property
of low cost, safety, quick evaluation and high portability. Echocardiographic images are
useful in the study of tissue deformation [ ]. In recent years, 3D
echocardiography has been developed and is suitable for RV modelling and cardiac valve

modelling [ ].

1.4.3 Computed tomography

CT can provide remarkable spatial resolution, adequate temporal resolution, and rela-
tively poor contrast resolution [ ]. But it has the defect of exposing
patients to ionizing radiation. It is often adopted in cardiac morphological characteris-
tics [ ], functional properties [ ] and perfusion assess-

ment [ ].

1.4.4 Magnetic resonance imaging

MRI is a non-invasive imaging technique which can be used for imaging the heart in vivo.
MRI data can provide a wide range of information such as cardiac anatomy, mechanics
and perfusion [ l. A large number of cardiac models are based on
MRI scans to depict the left and RVs [ ]. Diffusion Tensor MRI
(DT-MRI) exploits the stronger diffusion of water molecules along the cardiomyocyte
direction to obtain the cardiomyocyte orientations [ ], and cardiac mi-

crostructure [ ].

1.4.5 Polarized light imaging

PLI is a contrast-enhancing technique that improves the quality of the image obtained
with birefringent materials [ l. In heart imaging, it allows extracting the
voxel principal orientation, which is the mean orientation of all cardiomyocytes con-
tained in a voxel. The orientation information is expressed by two angles: the azimuth

angle [0°,180°] and the elevation angle [-90°,90°] [ ].
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1.4.6 Phase contrast micro-CT

The contrast in the image obtained by the X-ray p-CT technique is proportional to the
differences in absorption of the locally adjacent tissues that make up the sample. Never-
theless, due to the low absorption contrast in soft tissues such as heart samples, it is hard
to obtain high-quality images. Therefore, phase contrast imaging is used to improve the
u-CT image quality [ I

The recent work of our group provides some 3D X-ray phase contrast u-CT data at
a micrometric isotropic spatial resolution of 3.5 x 3.5 x 3.5 um?®, which includes quan-
titative knowledge about the 3D arrangement of the cellular matrix (CM) and extra-
cellular matrix within fresh human post-mortem heart samples [ ,

, ]. The heart samples were imaged using the synchrotron light
in Synchrotron Radiation Phase micro-Computed Tomography (SR-PCT) imaging at the
European Synchrotron Radiation Facility (ESRF) which is a particle accelerator located
in Grenoble, France. 2499 projections were obtained on each sample, and after phase

retrieval [ ], reconstruction was done using filtered back projection.

1.5 Conclusion

The advancement of imaging techniques has a crucial role in clinical diagnosis. These
medical imaging techniques provide a better knowledge of the 3D structure of the heart
which can be employed to build cardiac models to investigate the relationship between
structures and functions of the heart.

On the basis of this background, the objective of my thesis is to build a 3D multiscale
deformable model to describe the basic 3D structure along with the geometric shape and
features of major elements of the heart. The model can be used to investigate the 3D
structure of the heart and its elements, generate virtual volumes for virtual imaging and
achieve other functional applications.

The proposed 3D multiscale model crosses the scales from the global level (macro-
scale) to the tissue level (micro-scale) integrating several elementary objects of the heart.

Thus, a brief introduction to the cardiac structure has been elaborated, including the
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CHAPTER 1. CARDIAC STRUCTURE AND MODELLING

structure of four chambers, the laminar structure of the myocardium, the fibre architec-
ture and the cardiomyocytes.

To describe the structure and function of these cardiac elements, several 3D mod-
els have been introduced. Being a complex organ, the heart was investigated at several
scales. Multiscale models were introduced, integrating the properties crossing spatial
and functional scales. The heart is also elastic, so some deformable models have been
stated.

Due to the influence of image acquisition techniques on cardiac modelling, the reso-
lutions and limitations of different imaging modalities have been introduced.

Based on these introductions, the proposed 3D multiscale model is presented in the

following chapters.
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Chapter 2

Multiscale Deformable model
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2.1. INTRODUCTION

2.1 Introduction

As described in Chapter 1, the heart is a complex organ composed of several elements
at various scales. These elements connected and joined together anatomically enable the
heart to work normally. So it is essential to focus the studies on multiple elements and
scales when researching the structure and functions of the heart, such as the connectivity
among different elements or how the heart remodels during the cardiac cycle. There-
fore, a multiscale heart model consisting of elements at various scales is necessary and
valuable for research on the heart.

In terms of the basic structure of the heart, I proposed a multiscale model containing
the main anatomical elementary structures of the heart at five levels from the macro-
(cm) to the micro-scale (um). It includes the cavities (ventricles, atria), the CE (sheetlets,
cardiomyocyte bundles, and individual cardiomyocytes), and the ECM (cleavage planes,
endocardium, epicardium, and perimysium).

This chapter introduces the structure and properties of the proposed multiscale de-
formable model. It is a hierarchical, voxel-based, and object-oriented model. Software
structures for every object are built using Matlab MathWorks. Moreover, the deforma-

tion technique is also introduced into the model for attaching the elastic properties.

2.2 Hierarchical structure

According to anatomical and histological knowledge [ ,

, , ], the human heart is a four-chambered mus-
cular organ with vessels, nerves, valves and other complex systems. Three layers of tissue
constitute the heart wall. The outer layer of the heart wall is the epicardium, the middle
layer is the myocardium, and the inner layer is the endocardium. The myocardium con-
sists of cardiomyocytes arranged in overlapping spiral patterns along cleavage planes,
which makes the myocardium have a laminar structure [ ,

I
Therefore, the whole model is divided into five levels at various scales. At each level

scale, there are several elementary structures. Each element of the heart is considered as
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Figure 2.1: Structure of the multiscale model. LA: Left Atrium. RA: Right Atrium. LV: Left

Ventricle. RV: Right Ventricle. L1-L5: Levels corresponding to the scales of the model. Blue
blocks: CE. Yellow blocks: ECM.

an object. The topological structure of the model is presented in Fig. 2.1 as well as the
relationship between these objects and the levels. In the structure, the objects are like
nodes in a net that can be connected (same scale) or nested within another (larger scale).
Each of them is composed of a geometric model (shape imitating the anatomy) to which a
vector of characteristics is attached to store its parameters. 3D volumes can be generated
according to the geometric model while each voxel inside is given a label of the object it

belongs.

Along the vertical direction of Fig. 2.1, an object belonging to level N contains the ob-
jects of level N + 1. Meanwhile, the spatial resolution varies from centimetre to microme-
tre. Along the horizontal direction, all objects belonging to the same level are mutually
connected. This description generates a 3D hierarchical topological graph where the blue

arrows indicate affiliations and the green ones indicate connectivities.
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2.2. HIERARCHICAL STRUCTURE

221 Levell

This level is the root of the model comprising objects of the macroscopic scale. In terms
of histological and functional information about the heart, the objects correspond to the
heart’s four chambers, i.e. two atria and two ventricles. They include anatomical features
such as the epicardium, endocardium, and myocardium of each atrium and ventricle
and the septum separating the four chambers [ ]. This level addresses
functional issues such as global shape deformation or cavities volume changes along the

cardiac cycle.

2.2.2 Level 2

This level focuses on the cardiac tissue, more specifically the cleavage planes belonging
to ECM with the sheetlets. They are related to the laminar structures and the mechanical

properties of the tissue.

2.2.3 Level 3

This level mainly deals with the cardiomyocyte bundles of CM embedded in the perimy-
sium of the ECM. The local twist and sliding of the ECM and CM arising at levels 2 and

3 contribute to the global deformation of the myocardium.

224 Level4

This level concerns the cellular level with individual cardiomyocytes as basic functional
units in the heart. The objects at this level are parts of a cardiomyocyte module includ-
ing the cardiomyocyte, the endomysium, and the intercalated disk. The cardiomyocyte

modules along with the capillary compose a cardiomyocyte bundle.

2.2.5 Level 5

This level corresponds to the leaves of the graph model described by voxels at a micro-

scopic scale. It is the basic unit of our multiscale model while its size affects the resolution
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Figure 2.2: Structure of each elementary object. Each object is given a geometric model and a
feature vector.

of the whole model. Each voxel is attached with a label indicating an affiliated object and

also a parameter vector.

2.3 Voxel-based model and software structure

2.3.1 Object-oriented description

Object-oriented approaches are implemented on our multiscale model because of their
capability of representing related and affiliated objects in a compact and coherent form.
It allows a hierarchical decomposition of the heart by inheritance in programming which
is the basis for effective, correct, and reuse of knowledge [ ]. With
this approach, each object possesses its class of properties which is coded separately, but
across different levels, the classes are mutually related and have an inheritance relation-
ship. A class can store the information and status of one object. The procedure in the
class can be operated on the object itself and can be used to generate a new object.

In our model, each level N contains a series of objects mainly described by a feature
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2.3. VOXEL-BASED MODEL AND SOFTWARE STRUCTURE

vector V of parameters, while this vector is saved in classes as shown in Fig. 2.2. The
feature vector stores parameters of intrinsic, physical, functional, and extrinsic fields,
inspired by anatomical knowledge and statistical measurements. In Eq. (2.1), I give a
genetic description of all objects including the four sides of parameters. Among these
features, geometric information such as dimension and orientation is included as intrin-
sic parameters Viy describing an object’s configurations. The relationships such as con-
nectivity and affiliation are included as extrinsic parameters Vgx describing the position
in the hierarchical network. The physical information Vpy such as electrical or acousti-
cal impedance is included as physical parameters which are involved in diverse imaging
techniques. Some objects play roles in heart functions, so functional parameters Vry

should also take into account. Then, the feature vector could be considered as:

T

Vovjeet = |Vin Ve Ven  VEx (2.1)

According to each specific object, the feature vector includes various content. Taking
the cardiomyocyte bundle as an example, according to the description in Chapter 1.2, a

detailed feature vector has the form:

( - T
Vin. = |POS Rx Ry R: Vepp
- T
VP H = _Vlmg VMdl}
i T (2.2)
VEn = }
- T
Vex = Vi, Vi - Vé\’M]
with :
Vimg = {VXRay Vus  Vmrr }
T (2.3)
Vmar = {VDW Vieh }

The intrinsic vector, Viy is used to describe the geometric shape, where POS denotes
the position of its centre, Ry, R, and R; is the axis of the initial cylinder along the x, y,

and z axis, Vrrp describe the control points for deforming the initial cylinder (details in
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Figure 2.3: General class diagram illustrating the relationships among classes for all the objects.

Chapter 4). The physical vector, Vpp is divided into two parts: Vi, and Vi, where Viy,g
consists of parameters for virtual imaging such as X-ray, Ultrasound, and MRI while Vj
consists of parameters of different models. The extrinsic vector, Vgx, is composed of the

subordinated cardiomyocyte objects.

2.3.2 Software structure

Fig. 2.3 illustrates the class diagram showing the relationships among the objects of the
whole multiscale model. I also give one example of the software structure for one object
at each level, where Fig. 2.4 represents the "LV myocardium" at L1, Fig. 2.5 represents
the "sheetlet" at L2, Fig. 2.6 represents the "cardiomyocyte bundle" at L3 and Fig. 2.7
represents the "cardiomyocyte" at L4 (the class diagrams of other objects in our model
can be found in Appendix A). In each object, besides the attributes, functions can be
called to achieve different purposes. Each object at level N inherits the attributes from its

parents of level N — 1 to achieve the object-oriented description.
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Figure 2.7: Class diagram of object "cardiomyocyte”.
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2.4. DEFORMATION PROPERTY

2.3.3 Voxel-based model

Voxels are used as basic units in our model. Indeed, voxel-based models are well adapted
to represent the complex structures of the human anatomy as they are designed from real
anatomy. Moreover, they are flexible and can be scaled in size to match any required
dimension or deformation | ]. To set up voxel-based models, I first need to
identify the boundaries between the objects contained in the model. Second, I need to
label all of the voxels belonging to the same organ with a unique identification. Thus,
each voxel is identified, distinguished and different from the others through labelling
and indexing. Voxels of the same object belong to the same class. Since voxels are the
basic units of our model, their resolution represents the lowest scale of the whole model.
They are also the basic units for virtual imaging, so they are the main and actual carriers

of the physical parameters.

2.4 Deformation property

The first goal of our model is to describe the geometric shape constituting the objects in
the heart. However, the heart is a functional elastic organ, where the deformation and
subtle rearrangements of the tissue constantly happen during the cardiac cycles. Thus,
deformations must be taken into account in our geometric models for each elementary
object. Therefore, after descriptions of the basic structures and properties of the objects, I

introduce some deformation properties into the model.

Deformable models are capable of simulating diverse morphology for the same object
at different moments and across different individuals. They are widely used for describ-
ing biological shapes because of their ability to segment, match, and track images of
anatomic structures by exploiting constraints derived from the image data together with

prior knowledge about the location, size, and shape of these structures [

]
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CHAPTER 2. MULTISCALE DEFORMABLE MODEL

2.4.1 Deformation method - free-form deformation

To deform the objects, an appropriate deformation method is necessary. The deforma-
tion process is a kind of shape optimization problem. In recent years, several shape
optimization techniques have been proposed and can be grouped into 3 classes: Finite
Element Method (FEM) based methods, IsoGeometric Analysis (IGA) based methods,
and Meshless Methods (MM) [ ]. FEM-based methods are a bunch
of dominating methods such as extended FEM with level sets [ ], fixed
grid FEM/Eulerian approach [ ], interface enriched generalized
FEM | ] and finite cell method [ ]. IGA methods
are strategies to mitigate issues related to inconsistent geometry description [
, , ]. MMs mainly contain parametric [

] and free-form techniques [ ].

Among the above various possible approaches, Free-Form Deformation (FFD) tech-
nique has been selected to deform the geometric shapes in our model. FFD is introduced

at each level of the model.

FFD is a mature shape deformation technique originally proposed by Thomas W.
Sederberg to deform solid geometric models [ ]. FFD firstly
re-defines the location of a geometric object in a local coordinate system and then de-
fines a grid enveloping the object where the intersections of the grid are called control
points. Next, FFD uses a set of equivalent dimensional Bernstein polynomials to build
a reflection between the object and the control points. This reflection is represented by
a tri-variate tensor product of polynomials which is an important notion in approxima-
tion theory and guarantees the smoothness in the deformation. When the locations of
the control points shift, the coordinates of the object are transformed as well. Thus, the

free-form movements of the control points result in the deformation of the shape.

FFD does not have restrictions on the types, shapes, or scales of the objects and it can
be applied at any scale in our model. Moreover, the parametric objects remain parametric
after FFD which is valuable during shape modelling. Besides that, it is possible to control
the volume of the objects during the FFD process, which makes us able to control the

volume of tissue during the deformation. Moreover, several FFDs can be operated piece-
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2.4. DEFORMATION PROPERTY

wisely on the same object.

On the basis of these properties of FFD, and its suitability for our multiscale model,
I use the FFD technique to fit the model to the real data such as the data-fitting of the
membranes in the ECM, and deform the shapes of each elementary object composing
the heart from the macro- to the micro-scale, such as the twisting of the cardiomyocyte
bundle during the heart cycling, the curved and merged structures of objects and the

simulations of different parts of the tissues using a universal template.

2.4.2 Principle

To implement FFD, a local coordinate system (S, T, U) € R? is first defined with the origin
situated on one of the vertexes of the smallest rectangular box containing the data. The
dimension of the domain is defined by the coordinate range (min-max) in the three direc-
tions. In this local coordinate system, the original coordinates of the data to be processed

X within the domain can be expressed as:

X =0 455+ T +ul (2.4)

where Oy, states for the origin of the local coordinates system and the local coordinates

(s,t,u) of any point inside the data can be calculated by:

TxU-(X-0y) SxU-(X—0) Sx T-(x-oL)>

(S,t,u):< — — — 7 — — 7 — — —
TxU-S SxUu-T SxT-U

(2.5)

with s € [0,1], t € [0,1], u € [0,1], where "x" and "-" denote the outer and inner products
of vectors, respectively.

The second step is to immerse the unprocessed data into a 3D grid of control points
P of size (I +1) x (m +1) x (n+ 1). Then, the coordinates of each control point Pyj are
given by:

—

Py = O+ 15+ LT+ -0 (2.6)

" m
with i, j, k being the index of each control point along the S, T and U directions in the

local coordinates system, respectively.
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CHAPTER 2. MULTISCALE DEFORMABLE MODEL

The displacements of the control points result in the deformation of the object, while
the trivariate tensor product Bernstein polynomial defines the deformation function be-

tween them:

Xepp = Y3 Y Cill = 8)siChy (1 — 0" THCK (1 — u)" *ub P 2.7)
i=0j=0k=0

with Pi*jk being the moving control points.

2.4.3 FFD on simple shapes

For a more intuitive illustration, I give some examples of FFD on some simple geometric
shapes. To show the universality of FFD, I use 4 usual shapes to deform, including an
ellipsoid, a cuboid, a cylinder, and a cube. As Fig. 2.8 shows, I design a 3 x 3 x 3 grid
of control points with homogeneous interval distances at each axis. By displacing the
control point, after FFD, I get the deformed shapes. In the first experiment, the ellipsoid
is increased by 1.5 times by amplifying the coordinates of control points. In the second
one, the cuboid is shrunk to half of it using the same strategy. In the third experiment,
I displaced the control points in different layers by different distances to create a curved
structure. In the last experiment, the control points are moved at random lengths and

directions to get a randomly deformed shape.

2.5 Conclusion

In this chapter, I propose a multiscale model of the heart. I design the hierarchical struc-
ture of the model with 5 levels to describe the heart from the macro- to the micro-scale.
The model is object-oriented as it allows a hierarchical decomposition of the heart and
better reuse of knowledge at each level. Then, I give examples of the software structures
for a general fabric of the model and one object on each level. It is also a voxel-based
model because voxels are the basic units of our model and the voxel-based model is
more flexible to scale in size and deform. Moreover, virtual imaging usually depends on
a voxel-based model. For a better description of the geometric shapes of the objects in the

heart, I introduce the deformation process into our model. Among several deformation
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Figure 2.8: FFD on simple geometric shapes. (a), (d), (g), and (j) are original shapes. (b), (e), (h),
and (k) are the displacements of control points. Red points are the original control points while
the green ones are the displaced ones. (c), (f), (i), and (1) are the deformed shapes.
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CHAPTER 2. MULTISCALE DEFORMABLE MODEL

techniques, I selected FFD to deform the shapes of the objects because it does not have
restrictions on shapes and it can be utilized at each level of our model. I introduce its

principle of it and give some examples of deformation of some basic geometric shapes.
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3.1. INTRODUCTION

3.1 Introduction

Since our model goes from macro- to micro-scale (see Fig. 2.1), I divide the whole model
into two parts: (i) the low-resolution model, which is L1 at a resolution around 1000 pum,
and (ii) the high-resolution model (L2, L3 and L4) with resolutions 100 pm. In this chap-
ter, I introduce how to build the low-resolution model focusing on the LV epicardium
and LV endocardium. For compatibility with the resolution of L1, I use the cardiac PLI
data whose resolution is 90 x 90 x 500 um? as a data resource to simulate the geometric
shapes of the two objects: partial epicardium and LV endocardium. According to the
anatomical knowledge described in section 1.2, the epicardium is the outermost protec-
tive layer of the heart, and the endocardium is the innermost layer that lines the heart
chambers, which means that during the heart cycle, they are both remodelled. A surface
model with deformation properties is then necessary when building the geometric shape.
Therefore, I adapt the method proposed in [ ] to build a deformable

surface model to simulate the shapes of the partial epicardium and LV endocardium.

3.2 Superquadric model with FFD

The superquadric model is one of the parametric deformable templates with the ability
to represent a shape with a small number of parameters [ ]. It was first used to
coarsely describe the shape of the LV [ , ]. It was also applied
with tapering and bending deformations to model the LV for shape analysis [

]. Then, superquadrics became a commonly basic surface model in cardiac mod-
elling. A superquadric-based thorax phantom is used for simulations of CT [

]. The superellipsoid model was used as the basic surface model for epicardium to
perform the 4D segmentation of the LV [ ]. Because of its ability to de-
scribe the surfaces in LV, a superquadric model is adopted as the primary model for my
low-resolution model. Among all the superquadrics, the superellipsoid is used as the
initial superquadric shape because it is the only one that defines a closed surface [

] and the shape of the LV resembles an ellipsoid as well. However, the superellip-

soid model is highly symmetric, which is insufficient to mimic the complicated shapes
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CHAPTER 3. LOW-RESOLUTION MODEL

of the LV epicardium and endocardium. So, after a coarse data-fitting of the shape, de-
formation is usually considered in the model to refine the data-fitting [
, , , ]. In this chapter, FFD is used as

a deformation technique to accomplish fine data fitting.

3.2.1 Superellipsoid

A superellipsoid is usually defined by an implicit equation:

2 2\ & 2
X 1 y 1 zZ 1
_((x ¥ z 1
fap.2) (() +(4) ) +(2) 61

where (x,y,z) are the coordinates for each point, a1, a2, and a3 are scaling factors along x,
y, and z controlling the size of the ellipsoid, and €1, €; are two constraint factors control-
ling the curvatures of the shape: €; controls the squareness of the vertical planes along z
direction and e, controls the squareness of the planes parallel to x — y plane. The impact
of &1 and &, on the shapes is highlighted in Fig. 3.1.

Using Eq. (3.1), the relative position between points and the superellipsoid can be

determined by the valuence of f(x,y,z). The rules are:
e f(x,y,z) =1, when the point is exactly on the superellipsoid surface;
* f(x,y,z) <1, when the point is inside the superellipsoid;

* f(x,y,z) > 1 when the point is outside the superellipsoid.

3.2.2 Coarse data-fitting using a superellipsoid model

According to the basic superellipsoid in Eq. (3.1), I adapt the proposed model and method

presented in [ ]. The initial superellipsoid model is:

B\ o y—t 2\ £ G
. x — Iy 21 —_ y 81 Z — 1y 81
8(35/]/;2) - (( a ) + < ap ) ) + ( as ) (32)

where ty, t, and t, are the translation of the center of the superellipsoid. In [

], the superellipsoid is determined by 11 parameters which include three more
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3.2. SUPERQUADRIC MODEL WITH FFD

€1=0.5, €2=3 €1=1, €2=3 €1=2, €23 €1=3, €2=3
2 2. 2 2
’ f
0 ‘ 0 0 ‘ 0 ‘
2 2 2 2
2 2 2 2
0 0 2 0 o 2 0 0 2 0 o 2
2 2 2 2 2 2 2 2
(@) (b) (c) (d)
€1=0.5, €2=2 €1=1, €2=2 €1=2, €2=2 €1=3, €2=2
2 2 2 2
| | @9 W
2 2 2 2
N / 2N ) 2\ e 2 -
N - 2 N 2 A 2 A — 2
2 2 2 2 2
(e) ®) (8) (h)
€1=0.5, €2=1 €1=1, €x=1 €1=2, €2=1 €1=3, €2=1
2 2 2 2
2 2 2 2
2 2 2 2
0 0 ? 0 0 : o 0 : 0 0 ’
B 2 2 2 2 2 2
@ () (k) ®
€1=0.5, €,=0.5 €1=1, €,=0.5 €1=2, €,=0.5 €1=3, €,=0.5
2 24 2 24
2. 2 2 2
2 : 2 2 2
0 0 2 0 o 2 0 Y 2 0 o 2
2 2 2 2 2 2 2 2
(m) () (0) (p)

Figure 3.1: Superellipsoid varies with its parameters 1 and €5. In each row, the squareness of the
longitudinal plane changes along with €1. In each column, the squareness of the latitudinal plane
changes along with e;.

38 Zexian WANG

Cette these est accessible a I'adresse : https://theses.insa-lyon.fr/publication/2022ISAL0114/these.pdf
© [Z. Wang], [2022], INSA Lyon, tous droits réservés



CHAPTER 3. LOW-RESOLUTION MODEL

parameters to control the rotation of the object. However, the shapes of the epicardium
and endocardium are closed surfaces without very distinct extremes. And in the next
section, fine data-fitting, FFD is capable of fitting the model to the data well without
rotating the superellipsoid. For these reasons, I eliminated the three rotation parameters
reducing the 11 parameters into 8 parameters. Then, using a set of 8 parameters: pg =

(a1,ap,a3,€1,€2,ty, ty, t,), an ellipsoid which fits to the data can be determined.

Generally, it does not exist a pg vector making the superellipsoid perfectly fit the
data because the real shapes are more irregular than the highly symmetric superellip-
soid. Therefore, to fit the data, the problem is formulated and solved as a least-squares
problem [ ]. Let D € RNo*3 be the data matrix containing Np coordi-
nates d = (x4,Y4,24). Then the problem is to find the best set of parameters by solving the

minimization problem as:

1
argmin)_(1—g(D, ps))?. (3.3)
psER N

From Fig. 3.1, it can be observed that even with the eight parameters, the shape of
the superellipsoid is highly symmetric. Thus, the superellipsoid model alone is insuf-
ficient to describe the geometric shape of the objects in the heart since their shapes are
usually irregular. It is then necessary to introduce a deformation technique to enable the
superellipsoid to better fit real shapes. On the basis of the description in Section 2.4.1,
FFD can deform the superellipsoid with only a small set of control points. Therefore,

FFD is introduced into the superellipsoid model.

3.2.3 Fine data-fitting using FFD

According to the introduction in section 2.4.2, FFD can be used to fit the superellipsoid to
the data finely. On the basis of Eq. (2.7), the relationship between X and P can be written

as:
X=B-P (3.4)
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3.2. SUPERQUADRIC MODEL WITH FFD

where X € RNx*3 is the matrix of the coordinates of the Nx superellipsoid points, P € RNr*3
is the matrix of the coordinates of Np control points generated according to X, and B €

RNx*Np ig the transformation matrix.

Using the same transformation matrix B, when the control points P are displaced,
the position of the superellipsoid points will be moved, which means the shape of the
superellipsoid is deformed. Thus, the goal is to find an ideal set of control points P*, by

which the simulated shape X* can be calculated.

Using the Singular Value Decomposition, the Moore-Penrose inverse matrix of B can
be calculated, denoted by B[ ]. In an ideal situation, matched set of control

points P* can be calculated by:

P*=B'.D. (3.5)

However, the sizes of D and X are different, with considerable quantity (million level),
making it usually impossible to calculate directly. Therefore the problem is transformed

into a least-square minimization problem defined as:

argminHD—B-PH2. (3.6)
P

Finally, the procedure described in Algorithm 1 is used to calculate the relative ideal

control points P*.

Algorithm 1 Data-fitting of the low-resolution model.

Input:
D,P,B,Xc¢;
Output:
P*, X*;
PO « P;
X0 X;
n<+0;
repeat
Calculate P("+1) by solving the minimazation problem in Eq. (3.6)
X(n+1) —B- P(n+1)
n=n-+1

until Hx<ﬂ+l> x| <e
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CHAPTER 3. LOW-RESOLUTION MODEL

In this procedure, the input matrix X is used to design matrix P and to calculate the
FFD transformation matrix B. They are used as the initialization of the iterators X") and
P(") which are updated at each iteration to get the ideal control points P*. Because the
data has a huge amount of points, in each iteration, the KD-tree method [

] is adopted to calculate the matrix A&n) saving the distances between
the superellipsoid points and the most adjacent data point. Then, using Eq. (3.5), the

displacements Ag,") can be calculated. With the displacements and Eq. (3.4), the new

n+1) n+1)

control points P( can be obtained coupled with model points X( . The stopping
criterion € is set as the norm of the difference between X("*t1) and X, ¢ is selected
empirically from the visual effect and it is depending on the applications. Finally, the

output will be the relative ideal control points P* and ideal model points X*.

For a better demonstration of the displacements of the control points and inferring
quantitative information on the deformation, the Singular Value Decomposition (SVD)
method [ , ] is introduced as a regularization into the
FFD procedure because of its easiness of operation. When calculating the Moore-Penrose

inverse matrix BY, it is necessary to calculate the SVD of matrix B with:

B=U-W.VT, (3.7)

where U and V are orthogonal matrices, and W is diagonal with the diagonal elements

being the singular value of B. And then, B' is calculated by:

Bf=v.wl.ul. (3.8)

By only using the largest singular value in W, it is possible to control the norm of Eq. (3.6)

to operate the regularization.

Therefore, by combining the 8 parameters of the superellipsoid pg and a set of control

points P*, the shape in the low-resolution model can be described.
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Figure 3.2: Sections of PLI data that show (a) azimuth angle and (b) elevation angle.

3.3 Low-resolution surface model

3.3.1 Polarized light imaging data

Polarized Light Imaging (PLI) is a contrast-enhancing technique that improves the qual-
ity of the image obtained with birefringent materials [Carlton, 2011]. It allows extract-
ing the voxel principal orientation, which is the mean orientation of all cardiomyocytes
contained in a voxel with a resolution of 90 x 90 x 500 um. The orientation informa-
tion is expressed by two angles: the azimuth angle [0°,180°] and the elevation angle

[—90°,90°] [Jouk et al., 2018].

Because the resolution of PLI data approximates the resolution of the proposed low-
resolution model and contains the orientation information of tissue, I adopt PLI data
as the data source in the simulations of the low-resolution model. Benefitting from the
work of Pierre-Simon Jouk, Gabrielle Michalowicz and Yves Usson(in Equipe DyCTim,
Laboratoire TIMC-IMAG), I obtained a set of PLI data with a size of 42.3 mm x 28.6 mm X
17 mm. Fig. 3.2 shows one section of azimuth and elevation volumes in PLI data along
the z axis [Jouk et al., 2018]. This dataset contains the two ventricles. The outside borders

are the epicardium, and the inside ones are the endocardium of the ventricles.
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CHAPTER 3. LOW-RESOLUTION MODEL

3.3.2 Surface model data-fitting

The first step of the simulations consists of the extraction of the epicardium and the en-
docardium. Since the PLI data contains a part of the myocardium from the apex to the
valvule position, the partial epicardium is the part surrounding the ventricles. I extract
the borders of each layer of the PLI data to get the surface of the partial epicardium and
the LV endocardium. Then, I elongate them along the z axis to have an isotropic resolu-
tion along each axis of 90 um. The homogeneous partial epicardium and LV endocardium

surface are shown in Fig. 3.3a and Fig. 3.4a, respectively.

Taking the partial epicardium as the first set of shapes, using the previously described
method in section 3.2.2, I build the superellipsoid models and get the pg for them, sum-

marized in Tab. 3.1.

Since the epicardium in the PLI data is partial with an open surface, the top part of
the superellipsoid is removed. A 5 x 5 x 5 grid of control points is defined and used with
the procedure described in Algorithm 1 that operates the FFD. The stopping standard for
iteration, ¢, is set as 10 here. The superellipsoid model with the data points of partial
epicardium is displayed in Fig. 3.3c. Fig. 3.3d contrasts the partial epicardium surface
data points and the resulting model points. It shows that most of the points are highly
fitted, which validates that the proposed methodology can simulate the shape of the par-
tial epicardium. As shown in Fig. 3.3e, I calculate the distances between the data points
and their corresponding result model points. It shows that, only at the apex part, a few
points have not been well fitted to the data. In most parts of the volume, the errors are
near 0 pum. The maximum and minimum values of the errors are summarised in Table.

3.2.

Similarly, the LV endocardium results are shown in Fig. 3.4. The results are close to
the partial epicardium, while the distances in Fig. 3.4e show the model has fitted to the
data in most of the areas, except that around the apex part which has a relatively high

shift. The maximum and minimum values of the errors are summarised in Table. 3.2.
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Figure 3.3: Simulation of the partial epicardium. (a) Partial epicardium surface. (b) Superellip-
soid. (c) Truncated superellipsoid with control points. (d) Contrast between the partial epicardium
surface (blue points) and the simulation (brown points). (e) Error between each pair of data points
and model points.

44 Zexian WANG

Cette these est accessible a I'adresse : https://theses.insa-lyon.fr/publication/2022ISAL0114/these.pdf
© [Z. Wang], [2022], INSA Lyon, tous droits réservés



CHAPTER 3. LOW-RESOLUTION MODEL

©)

Figure 3.4: Simulation of the LV endocardium. (a) LV endocardium surface. (b) Superellipsoid.
(c) Truncated superellipsoid with control points. (d) Contrast between the LV endocardium surface
(blue points) and the simulation (brown points). (e) Error between each pair of data points and
model points.
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3.4. LOW-RESOLUTION VOLUME MODEL

Table 3.1: pg of the superellipsoid models

ps ai a as €1 € tx ty t

Partial Epicardium | 184.22 | 154.72 | 162.40 | 0.96 | 1.02 | 248.67 | 188.01 | 165.07

LV Endocardium | 7223 | 7279 | 71.55 | 0.98 | 1.03 | 320.76 | 192.10 | 84.44

Table 3.2: Errors of the superellipsoid models

Max Error (mm) | Mean Error (mm)
Partial Epicardium 2,51 0.24
LV Endocardium 1.58 0.17

3.4 Low-resolution volume model

The myocardium is situated between the epicardium, the outermost protective layer of
the heart, and the endocardium, the innermost layer lining the chambers. Provided that
I have got the geometric model for the partial epicardium and LV endocardium and the
PLI data are volumetric data, the same strategy stated in section 3.2 can be utilized in
building the geometric model on the myocardium. Besides that, volume registration can

also be operated using a reverse procedure.

3.4.1 Volume model data-fitting

As the procedure of building the surface model, I start with an initial volumetric shape.
Since the pg of the partial epicardium and LV endocardium are known, the initial my-
ocardium shape of the ventricles can be generated by using the two superellipsoids as
borders. According to several references about the anatomy of the heart [

, , , ] and sections of PLI data
in Fig. 3.2, a schematic section of two ventricles can be an ellipse with the septum inside
curing to the RV side, as shown in Fig. 3.5.

I adopt the elevation angle volume in the PLI data as a data resource with only the
shape of the data being used, as shown in Fig. 3.6a. Fig. 3.6b shows the initial model
volume whose section is shown in Fig. 3.6¢c. The red outer line of the section is generated

using the pg of the partial epicardium in Tab. 3.1 while the red inner line is generated
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CHAPTER 3. LOW-RESOLUTION MODEL

RV Myocardium Ventricular Septum LV Myocardium

Figure 3.5: Schematic section of the two ventricles.

using the pg of the LV endocardium. The free wall of the myocardium is generated by
shrinking the outer line and the septum is generated by enlarging the inner line. Then,
taking the same method in Algorithm. 1, FFD ca be performed on the initial model vol-
ume to fit the data. The result shown in Fig. 3.6d can schematically describe the ventric-

ular myocardium.

3.4.2 Volume registration

During FFD, the same transformation matrix is used for deformations of the volumes by
the displacements of the control points. It is possible to deform the model volume to
the data which means that by displacing back the control points it is possible to deform
the data to the model volume. Then, different sets of data can be deformed to the same
model volume, which is a registration.

Since it is possible to operate this bidirectional deformation on the geometric shapes
of the data and the model volume, the information in the data, such as the azimuth angle
and elevation angles of each point, can be transferred into the model volume as well.

Therefore, a uniform model volume can be used to build this relationship between it and
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Figure 3.6: Low-resolution volume model data-fitting. (a) Ventricular myocardium from PLI
data. (b) Model volume. (c) A section of the model volume. (d) Virtual ventricular myocardium
after FFD.
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CHAPTER 3. LOW-RESOLUTION MODEL

various datasets, which means individual medical information about the myocardium
can be compared on the same uniform model volume.

Fig. 3.7a and Fig. 3.7b show the azimuth angle and elevation angle in the PLI data,
respectively. Using the method in section 3.4.1, and the backwards procedure stated
above, I generated the model volume as in Fig. 3.7c and Fig. 3.7d and transferred the
angles into the model volume. From the results, there are similarities between the PLI
data and the uniform model volume.

For more detailed comparisons, I extracted sections of the PLI azimuth and elevation
volume along the longitudinal axis and the sections in the model volumes at top, middle
and bottom part the ventricular myocardium, as shown in Fig. 3.8c and Fig. 3.8d, Fig. 3.9c
and Fig. 3.9d, and Fig. 3.10c and Fig. 3.10d, respectively. There are some similarities
between each pair of them, but it exists some "stairstep" shape in some areas, as shown
in the red ROI, because the centre of each layer of PLI data along the z axis is not situated
on the same vertical line. This causes a shift between the centre of the data and the centre
of the uniform model at each layer, which leads to a data loss in the uniform volume.

To fix that problem, a layer-by-layer way is employed along the z axis to operate the
FFD. On each layer of the data along the z axis, the centre of the data is calculated and
shifted to the centre of the uniform model in order to eliminate the "stairstep" shapes.
The sections extracted from the PLI data and the registered results are shown in Fig. 3.8e
and Fig. 3.8f, Fig. 3.9e and Fig. 3.9f, and Fig. 3.10e and Fig. 3.10f, which are situated at
the top, middle and bottom parts of the ventricular myocardium, respectively. There are
some radial stripes at the border which is normal because of the difference in the amount
of points between the data and the uniform model. However, since the centres of the
PLI data and the uniform volume have registered at each layer, the data points are better

conserved than the way of direct volume registration.

3.5 Conclusion

This chapter introduces the low-resolution of my multiscale model. The low-resolution
model focus on Level 1 in Fig. 2.1 including mainly the myocardium and related surfaces.

It is based on a superellipsoid model coupled with FFD to adjust it to a real shape. The

Zexian WANG 49

Cette thése est accessible a I'adresse : https://theses.insa-lyon.fr/publication/2022ISAL0114/these.pdf
© [Z. Wang], [2022], INSA Lyon, tous droits réservés



3.5. CONCLUSION

20 <
30

©)

180"

150"

120°

90"

60"

1807

20

90"

60"

30"

300

. 30 .
20 -60

90

90"
60"

307

60

90

90"

60"

30

300

60

90

(®)

Figure 3.7: Volume registration. (a) Azimuth and (b) elevation angle volume in PLI data. uni-
form model volume carrying the (c) azimuth and (d) elevation angle. Uniform model volume
carrying the (e) azimuth and (f) elevation angle using a layer-by-layer method.
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Figure 3.8: Sections at the top part of the ventricular myocardium in the PLI data and the reg-
istration volumes. Sections of (a) azimuth angle volume and (b) elevation angle volume in PLI
data. Sections of (c) azimuth angle volume and (d) elevation angle volume in uniform model with
the "stairstep” shapes. Sections of (c) azimuth angle volume and (d) elevation angle volume in

uniform model using a the layer-by-layer method.
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Figure 3.9: Sections at the middle part of the ventricular myocardium in the PLI data and the
registration volumes. Sections of (a) azimuth angle volume and (b) elevation angle volume in PLI
data. Sections of (c) azimuth angle volume and (d) elevation angle volume in uniform model with
the "stairstep” shapes. Sections of (c) azimuth angle volume and (d) elevation angle volume in
uniform model using a the layer-by-layer method.
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Figure 3.10: Sections at the middle part of the ventricular myocardium in the PLI data and the
registration volumes. Sections of (a) azimuth angle volume and (b) elevation angle volume in PLI
data. Sections of (c) azimuth angle volume and (d) elevation angle volume in uniform model with
the "stairstep” shapes. Sections of (c) azimuth angle volume and (d) elevation angle volume in
uniform model using a the layer-by-layer method.
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superellipsoid model is used in the coarse data-fitting part in which I got eight parame-
ters pg for building this model, including three radii of the superellipsoid along x, y, and
z axis, two exponent parameters controlling squareness of the longitudinal and latitudi-
nal plane, and three translation parameters. Then, FFD is used in the fine data-fitting part
to refine the effect in which I get a grid of control points that deform the superellipsoid
into an ideal result surface. Therefore, my low-resolution model is composed of a set of
8 parameters pg and a grid of control points P* which is used to simulate the geometric
shapes of myocardial surfaces.

By means of the low-resolution surface model, simulations of a partial epicardium
and LV endocardium are operated using the PLI data because the PLI data has a similar
resolution to our low-resolution model. Between the epicardium, the outermost layer,
and the endocardium, the innermost layer, the low-resolution volume model has been
built, and the virtual ventricular myocardium is generated. The results show that my
low-resolution model has the ability to reasonably simulate the surfaces, the partial epi-
cardium and LV endocardium and the volume, ventricular myocardium at Level 1, with
acceptable low errors.

Through FFD, the bidirectional deformation of the geometric shapes of the data and
the model volume can be operated. Thus, using the inverse procedure, volume regis-
trations are carried out, transferring the information of real data into a uniform model
volume that qualitatively describes the data. The volume registration between the az-
imuth and elevation angle volume in PLI data and the uniform model volume has been
performed. However, direct registration between the volumes will generate "stairstep"
shapes in some areas of the model, so a layer-by-layer way is employed to fulfil the regis-
tration. The results show that the uniform model can quantitatively describe the azimuth
and elevation angle information from the PLI data. Therefore, comparisons of myocardial

information from various individuals can be accomplished on this uniform volume.
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4.1. INTRODUCTION

4.1 Introduction

After building the low-resolution model at Level 1, I continue to generate the high-
resolution geometric model of elementary objects at Levels 2, 3, and 4. The relationship
among the various elementary objects in the heart depends on the multiscale structure
as shown in Fig. 2.1. Meanwhile, the shapes and sizes of the objects are inspired by the
observation of human cardiac tissue data, as stated above in Chapter 1. In my multi-
scale cardiac tissue model, the cardiomyocyte is considered the basic functional object.
The shape of each cardiomyocyte is represented by a cylinder. From histological stud-
ies [ ] and synchrotron data observation [ ,

, ] it is known that, in the myocardium, several cardiomyocytes are
organised in a "bundle” containing a limited number of cardiomyocytes with a layer of
perimysium constraining it and a capillary in the centre. I define the "bundle" as a geo-
metric object containing a limited series of cardiomyocytes while its general shape is also
a cylinder. From the definition of the sheetlet in section 1.2.2.1, generally, the sheetlet
module contains several cleavage planes and cardiomyocyte bundles between them.

In this chapter, I simulate the basic geometric shapes of the cardiomyocyte module,
the cardiomyocyte bundle module and the sheetlet module. In the cardiomyocyte bundle
module, using FFD, I deform the basic shape to simulate the twisting structure of the real
shape and the shape variation during the cardiac cycle. In the sheetlet module, the basic

shape is also deformed to simulate the real curved structure.

4.2 Cardiomyocyte module

The high-resolution model starts with the cardiomyocyte at Level 4, as it is the basic
functional tissue unit in my multiscale model. As shown in Fig. 4.1, the cardiomyocyte
is not isolated. It always exists with an endomysium surrounding it and an intercalated
disc for connections between cardiomyocytes. Thus, a cardiomyocyte module including
these three parts is simulated at Level 4. When describing the geometric shapes, a static
cardiomyocyte is considered simply as a cylinder with a section of an ellipse, while the

endomysium is considered as the side surface of the cylinder, and the intercalated disc is
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CHAPTER 4. HIGH-RESOLUTION MODEL

Cardiomyocyte

Endomysium

Figure 4.1: Histological image of cardiac tissue with a Region Of Interest (ROI) of cardiomyocytes
and endomysium.

considered as an elliptic disc for end-to-end cardiomyocytes’ connection along their long
side.

In the simulation of a static cardiomyocyte, the geometric parameters of the cylinder
are defined according to [Dejea et al., 2017]. The length of the cylinder is set to L;,c =
100 um. The semi-major axis of the elliptic section, Ry, is set to 18 um and the semi-
minor axis, Ry, is set to 9 um. I create a 3D voxel-based model for cardiomyocytes with a
resolution of 0.25 pm/voxel. Inside a cardiomyocyte module, each part can be processed
separately and combined afterwards to compose a complete basic functional unit. The

generated shapes of them are shown in Fig. 4.2.

4.3 Cardiomyocyte bundle module

4.3.1 Basic shape

Several cardiomyocytes usually unite around a capillary with the perimysium surround-
ing them to make a cardiomyocyte bundle, as shown in Fig. 4.3. In its simulation, the
geometric shape of a cardiomyocyte bundle module is also regarded as a cylinder com-
posed of a bundle with six cardiomyocytes, one capillary inside, and the perimysium

around the bundle.
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@

(b) (© (d)

Figure 4.2: Virtual cardiomyocyte in the ECM: (a) Cardiomyocyte module. (b) Endomysium. (c)
Cardiomyocyte. (d) Intercalated disc.
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Bundle of cardiomyocytes

Perimysium

Figure 4.3: Histological image of cardiac tissue with ROI of a cardiomyocyte bundle.

I adopt the idea of distance transform [Breu et al., 1995] and the watershed algorithm
[Bieniek and Moga, 2000] to design the compact arrangement of the cardiomyocytes and
the capillary on the section of the bundle. As shown in Fig. 4.4a, six points representing
the six cardiomyocytes’ centres and one point representing the capillary centre are first
generated. For compact arrangement, they are situated at the vertex and the centre of a
hexagon. Then, a distance transform is operated to calculate the distance between each
pixel and its nearest centre, as shown in Fig. 4.4b. After that, I employed the watershed
algorithm to segment the seven areas, as shown in Fig. 4.4c. Last, an erosion with a disc
structure element is used to get a compact arrangement of the six cardiomyocytes and

the capillary, as shown in Fig. 4.4d.

Using the section in Fig. 4.4d, I generated a 3D image with a resolution of 0.25 um /pixel
in each direction and a basic shape of a cardiomyocyte bundle module inside, which is a
cylinder. The radius of this cylinder, R;, is set to 30 um and its length, L;, is set to 180 pm.

The results are shown in Fig. 4.5.
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(a) (b)
(©) ()

Figure 4.4: Section generation of a virtual cardiomyocyte bundle. (a) Centres of the six cardiomy-
ocytes and a capillary. (b) Distance field generated according to (a). (c) Area division by watershed
algorithm. (d) Final section.
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Figure 4.5: Virtual cardiomyocyte bundle in the ECM. (a) cardiomyocyte bundle module. (b)
Perimysium. (c) 6 cardiomyocytes. (d) Capillary.

(b) (d)
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4.3. CARDIOMYOCYTE BUNDLE MODULE

4.3.2 FFD on the cardiomyocyte bundle
4.3.2.1 Refinement of the basic shape of the cardiomyocyte bundle

The shape of a cardiomyocyte bundle in a biological tissue could be compared to a
"rugby" ball truncated with a thinner section at its extremities. To build such a real car-
diomyocyte bundle, I use the cylinder in Fig. 4.5a as an initial shape and define a morph-
ing transform to go from this initial shape to the final objective ellipsoidal shape [
I

The initial shape to simulate an object of the cardiomyocyte bundle which is a cylinder

in Fig. 4.5a with a radius of R, > 0 and length of L, > 0, is defined by:
2P L

1<, Ll
+ 55 < |z\<2

(4.1)
R} R}

From a histological view, the objective shape of a cardiomyocyte bundle is supposed

to be a truncated ellipsoid, where the original equation of the ellipsoid is defined by:

2 2 2

X z

LS+ =<1 (4.2)
(R«)  (Ry) (Rz)

with the circular section of the cylinder lying parallel to the (x,y) plane and the height

in the z direction, where Ry >0, Ry, > 0, and R, > 0 are the radius along x, y, and z
directions, respectively. Given this structure, I decide to deform the initial cylinder layer
by layer along the z direction. This strategy allows precise control of the parameters of
the output truncated ellipsoid. Therefore, the deformation of one layer of height z can be

defined as from a circle with a radius of R, towards an ellipse of an equation:

2 2 2

X z

y

4L =1 = 4.3)
R: R} R?
this equation can be rewritten as:
x2 2
+— =1 (4.4)

(Re)  (Ryc)

where ¢ = /1 — z2/RZ is the weighting coefficient of the radius along the x and y direc-
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CHAPTER 4. HIGH-RESOLUTION MODEL

tions. It means that the radius of the layer of height z is ¢ times the radius of the layer
of height 0. Thus, the deformation weighting parameters g, and g,, which are used to
modify the original radius of the circle as well as the coordinates of the control points

along the x and y direction, can be calculated by:

=, = (45)

In a real situation, besides the outline of the cardiomyocyte bundle being a truncated
ellipsoid, the cardiomyocytes inside are shaped as twisted cylinders instead of simply
paralleled cylinders. Thus, the shape of a cardiomyocyte bundle approximates a twisted
noisy truncated ellipsoid for the compressional deformation during the cardiac cycle. I
adapt my model to simulate this shape. Retaining a layer-by-layer process, I define a

rotation on the control points to rotate each layer. The rotation degree, A, is a function

of z and is defined as:

Az = Arotution Xz (46)

where A,y4ti0n is an arbitrary angle varied between two consecutive layers.
I define a Gaussian noise model with the mean of ( Hx, yy) and standard deviation of
(0x,0y) to perturb the location of each control point belonging to the layer (x,y)cp. The

noisy locations of the control point (x,y).p, are given by:

(%, Y)epn = (x/y)crf + (Gx<VXI‘7x)rGy(Vyr‘7y)) (4.7)

where Gy (jty,0x) and Gy (py,0y) are two independent Gaussian noise with mean value i

and y,, and standard deviation oy and ¢, whose probability density function pg is given

by

pols) = - 2716%(0)2' 4.8)

Through the pipeline of FFD, as described above, a layer-by-layer strategy is imposed
to deform the cylinder along the z direction. At each layer of the cylinder, I impose a

grid of 7 x 7 control points and calculate the local coordinates of the control points. I
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v
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Figure 4.6: Deformation from a bundle to a twisted truncated ellipsoid with noise. (a) Original
bundle with 6 cardiomyocytes and 1 capillary. (b) Result of the deformation which is a twisted
truncated ellipsoid with noise. (c) Initial 40th layer of the cylinder with the 7 x7 control points.
(d) Deformed 40th layer with the moved, rotated, and noisy control points.
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CHAPTER 4. HIGH-RESOLUTION MODEL

use the shape presented in Fig. 4.5a, as the initial shape with the same parameters. The
objective shape, as explained above, is a truncated ellipsoid with a length of L radius
of R, = Ry, =30 um, and R, = 87 um along x, y, and z direction, respectively. And after
the truncation, the length of the objective shape along the z direction is Ly, = 168 pm. I
also add a rotation according to Eq. (4.6) and a Gaussian noise according to Eq. (4.8) on
each layer of the bundle with Ay,ti0n = 0.15°/um, p = 0 pm, p, = 0 um, 0 = 3 um, and
oy =3 pm.

The results are shown in Fig. 4.6 which shows the contrast between the initial and
final volume. From Fig. 4.6a and Fig. 4.6b, it is obvious that the bundle is deformed from
a cylinder to an ellipsoid, and meanwhile, twisted and truncated at its two extremities.
Fig. 4.6c and Fig. 4.6d show how the section at each layer is transformed and rotated to
achieve the twist and ellipsoid shape in the 3D view. The control points in Fig. 4.6d are
not on a regular grid because of the Gaussian noise I impose on the control points. the
deformed volume has the expected shape and the FFD keeps the gaps that separate the

cardiomyocytes and the capillary.

4.3.2.2 Dynamic cardiomyocyte bundle during the cardiac cycle

The tissue in the myocardium rearranges and deforms during the cardiac cycle. For sim-
ulating various states in the cardiac cycle, I generated dynamic sequences of a cardiomy-
ocyte bundle. Before the simulation, I draw a qualitative curve of myocardial thickness
variation inspired by [ ], which is shown in Fig. 4.7a, which shows that
the thickness of the myocardial wall increases during the systole and decreases during
the diastole and a whole cardiac cycle is around 1000 ms. During the systole, the wall
thickness increases by the range 35% to 40% and the lengths of cardiomyocytes decrease
by about 15% [ ]. I assumed that the radius of a bundle qualitatively
varies according to the myocardial thickness. For simulation, I selected 9 time points dur-
ing the cycle (t; to t9 at around 0 ms, 62.5 ms, 125 ms, 187.5 ms, 250 ms, 313 ms, 375 ms,
485 ms, and 1000 ms, respectively). During the systole, the five time points (f; to t5) di-
vide the systole evenly. During the diastole, at the four time points (fs to t9), the radius of

a bundle (wall thickness) is equal to those from t4 to ¢;. I assumed that at the time points
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Myocardial Thickness Variation during Cycling
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Figure 4.7: Dynamic sequences of a cardiomyocyte bundle during the cardiac cycle. (a) Variation
of the myocardial wall thickness inspired from [Ferreira et al., 2015]. (b) Variation of the radius

and length of the bundle. (c) Variation of the total volume of the bundle and corresponding 3D
rendering.
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CHAPTER 4. HIGH-RESOLUTION MODEL

with the same radius, the cardiomyocyte bundle has the same volume, which is accom-
plished by the volume control method in [ ] and the length of
the cardiomyocyte bundle varies linearly as shown in Fig. 4.7b and Fig. 4.7c. Therefore, I
generated a cardiomyocyte bundle at these nine time points of the cardiac cycle. The ra-
dius of the equator plane R, increases from 30 pm to 42 um during systole and increases
back to 32 um during diastole and the length decreases from 180 um to 153 pm during
systole and increases back to 180 um during diastole. Fig. 4.7c shows the simulations of
cardiomyocyte bundle at selected time points t, t3, t5, ty and t9. The results show that the
volume change and the dimension of a bundle can be controlled during the cardiac cycle
by FFD. In future research, given more quantitative geometric parameters of a bundle,
such as the precise variation of the diameter, length and volume, the simulations during

the cardiac cycle can be more accurate.

4.4 Sheetlet module

4.4.1 Basicshape

The myocardium is a complex structural hierarchy [ ]. Laminar struc-
tures play essential roles in heart mechanics. As Fig. 4.8 shows, several adjacent car-
diomyocytes organize together into layers (sheetlets) [ ,

]. At the same time, cleavage planes connect the sheetlets and enable the
slippages of them. Thus, for simulations of the laminar structures, I simulate the sheetlet
module composed of three layers of cleavage planes and two groups of cardiomyocyte
bundles in between. I started by simulating cleavage planes as some parallel planes with
thickness and then interposed several bundles between them, as shown in Fig. 4.9a. Be-
tween each pair of cleavage planes, each group of cardiomyocyte bundles has the same

orientation.
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Cleavage plane

Sheetlet

Figure 4.8: Histological image of cardiac tissue with ROI of sheetlets and cleavage planes.

(©

Figure 4.9: Sheetlets and deformation: (a) original sheetlets with parallel laminar structure, (b)
deformed sheetlets with curved laminar structure, and (c) deformed sheetlets embedded with car-
diomyocytes.
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4.4.2 FFD on the sheetlet
4.4.2.1 Refinement of the basic shape of the sheetlet

I also used FFD to deform the sheetlets to imitate the real tissue in the myocardium, as
shown in Fig. 4.9. Through FFD, the cleavage planes are curved as well as the bundles
between them while keeping the gaps among different parts like in Fig. 4.9b. For more
convincing evidence and demonstration of the interest in our object-oriented multiscale
model, I embedded several cardiomyocytes inside each bundle between cleavage planes
as in Fig. 4.9c. It shows that after FFD, the gaps among the cardiomyocytes also remain.
From these preliminary results, we confirmed that the FFD is a suitable technique for our
model which is capable of effectively deforming the cleavage planes and manipulating

such complex biological shapes.

4.4.2.2 Dynamic sheetlet during the cardiac cycle

As aforementioned in section 4.3.2.2, the cardiomyocyte bundles in the myocardium re-
arrange during the cardiac cycle. Meanwhile, the cleavage planes in ECM also deform
along with the cardiomyocyte bundles to help the slippages among the tissues in CM and
ECM. Nevertheless, it is not quantitatively clear how the cleavage planes deform during
the cardiac cycle. Thus, in this section, I generated two sequences of dynamic sheetlets
on the basis of the qualitative curve of myocardial thickness variation inspired from [

], the dynamic sequence in Fig 4.7 and two very simple assumptions.

In the first dynamic sheetlets sequence, it is simply assumed that the thickness of the
cleavage planes varies according to the qualitative curve of myocardial thickness vari-
ation as in Fig 4.10 (a). As in Fig 4.10 (b), the thickness of cleavage planes from time
points t; to t9 (the same time points of Fig 4.7) are assumed to be 20 pm, 21 um, 24 pum,
27 um, 28 pm, 27 um, 24 pm, 21 um and 20 pm, respectively. The volume variation of the
cleavage planes is presented in Fig 4.10 (c), as well as the generated virtual sheetlets.

In the second sequence, it is assumed that the thickness of the cleavage planes de-
creases as in Fig 4.11 (b), because according to the references [ ,

, , ], the wall thickness mainly accounts for

the thickening and the re-orientation of the cardiomyocytes while the ECM gets thinner.
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Myocardial Thickness Variation during A Cardiac Cycle
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Figure 4.10: Dynamic sequences of sheetlets during the cardiac cycle. (a) Variation of the my-
ocardial wall thickness inspired from [Ferreira ef al., 2015]. (b) Variation of the thickness of the
cleavage planes. (c) Variation of the volume of the cleavage planes and corresponding 3D render-
ing of virtual sheetlets.
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Myocardial Thickness Variation during A Cardiac Cycle
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Figure 4.11: Dynamic sequences of a cardiomyocyte bundle during the cardiac cycle. (a) Variation
of the myocardial wall thickness inspired from [Ferreira et al., 2015]. (b) Variation of the thickness
of the cleavage planes. (c) Variation of the volume of the cleavage planes and corresponding 3D
rendering of virtual sheetlets.

The thickness from t; to t9 are assumed to 20 um, 19 um, 17 um, 15 um, 14 um, 15 um,
17 pm, 19 um and 20 um, respectively. The volume variation of the cleavage planes is

presented in Fig 4.11 (c), as well as the generated virtual sheetlets.
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4.5 Conclusion

In this chapter, the high-resolution part of the multiscale model has been developed. The
simulation started with the basic functional unit of the heart, the cardiomyocyte module,
at Level 4. A cardiomyocyte module is composed of a cardiomyocyte, an endomysium
surrounding it and an intercalated disc connecting the cardiomyocytes end-to-end along
the long side. According to the histological observations, the cardiomyocyte’s shape is
simulated as a long cylinder with a section of an ellipse, while the endomysium’s shape
is simulated as the side surface of the cylinder and the intercalated disc’s shape is sim-
ulated as the undersurface. Inside a cardiomyocyte module, each part can be processed
separately and combined afterwards to compose a complete basic functional unit, which
can be embedded inside the cardiomyocyte bundle module and sheetlet module.

Then, a cardiomyocyte bundle module was built including six cardiomyocytes, a cap-
illary and a layer of perimysium around them. The whole module’s shape is also sim-
ulated as a cylinder with the capillary being a small cylinder in the centre and the car-
diomyocytes being small cylinders around the capillary. The simulation requires design-
ing the compact arrangement of the capillary and six cardiomyocytes in the section of the
cardiomyocyte bundle. I employed a distance transform and the watershed algorithm to
design it. After building the basic shape of the cardiomyocyte bundle module, I use FFD
to refine the shape from a cylinder to a noisy truncated twisted ellipsoid to simulate the
real shape in the biological tissues. For simulating various states in the cardiac cycle, I
generated dynamic sequences of a cardiomyocyte bundle. Inspired from [

]and [ ], I drew a curve of myocardial thickness variation and the
curves of radius, length and volume variations. Simulations of a cardiomyocyte bundle
are operated to show a qualitative shape variation at nine states during the cardiac cycle.

After that, a sheetlet module is built to simulate the laminar structure. The sheet-
let module is composed of three parallel cleavage planes and two groups of cardiomy-
ocyte bundles in between. The cardiomyocyte bundles between the same pair of cleavage
planes have the same orientations while the two groups have crossing orientations. For
a more realistic simulation, I use FFD to deform the shape of the sheetlet module to a

curved shape. For more convincing evidence and demonstration of the interest in our

72 Zexian WANG

Cette thése est accessible a I'adresse : https://theses.insa-lyon.fr/publication/2022ISAL0114/these.pdf
© [Z. Wang], [2022], INSA Lyon, tous droits réservés
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object-oriented multiscale model, I embedded several cardiomyocytes inside each car-
diomyocyte bundle. The virtual dynamic sheetlets are also generated according to the
curve of myocardial thickness variation and two simple assumptions.

The simulations of the shapes validate that our high-resolution model can generate
virtual data at Levels 2, 3 and 4. Through FFD, the virtual data can simulate the real

tissue and various states during the cardiac cycle.
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Chapter 5

Virtual imaging simulation from real

data
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5.1. INTRODUCTION

5.1 Introduction

After building the low-resolution and high-resolution models, it is validated that our
multiscale model has the capability of generating basic virtual shapes of the heart’s ob-
jects at various scales. Thus, it is necessary to involve real data and use their information
to generate virtual volumes.

In this chapter, using the two sets of synchrotron data, I estimated their geometric
parameters. They were used to simulate some specific detailed structures in the my-
ocardium, such as the parallel-like laminar structure and bifurcated laminar structure.

For evaluation of the generated virtual volumes, virtual CT imaging simulation is
implemented on the generated virtual volumes with a parallel-like structure. A brief in-
troduction of the Reconstruction ToolKit (RTK) for virtual CT imaging is given, followed
by the projection geometry of our simulation. For a more robust validation, Virtual imag-
ing under various noisy situations is implemented. The generated virtual volumes and
the reconstructed volumes from them are estimated qualitatively and quantitatively to
validate the model.

Ultrasound imaging simulation is also implemented using the Fieldll software [

]. The results are also evaluated by calculating the orientations of the

tissues inside.

5.2 Real data estimation

5.2.1 Synchrotron data

Benefiting from the previous work in CREATIS lab [ , ],
two sets of synchrotron phase-contrast data of two human heart samples were obtained.
These human heart samples were supplied by the Medico-Legal Institute of Lyon IML
HCL (n° DC - 2012 - 1588), extracted from two healthy adult hearts aged 32 and 35
years. They are projected with the synchrotron beam at the ESRF in Grenoble. For bet-
ter absorption contrast, phase contrast is applied during the imaging [

. 2499 projections were obtained to accomplish the 3D reconstruction of the tis-
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CHAPTER 5. VIRTUAL IMAGING SIMULATION FROM REAL DATA

sue [ ]. Each sample is reconstructed in 3D with an isotropic voxel

size of 3.5 x 3.5 x 3.5 um3. More details can be found in [ ,

I

5.2.1.1 Reconstructed data 1

The first set of synchrotron data is from the tissue sample situated in the posterior area of
the LV with a size of 1753 x 5600 x 1050 um?. It is shown in Fig. 5.1a with the blue box
showing the borders. The cleavage planes inside exhibit a similar orientation but with

subtle and smooth differences, which forms a parallel-like structure.

A RO], corresponding to the solid red rectangular in Fig. 5.1c, is extracted from the
sample for simulation with a size of 444.5 x 5600 x 444.5 um3. One frame from the ROI
is taken with a bunch of cleavage planes in it, as shown in the black rectangle inside. It is

used to calculate the orientation of the tissues between the cleavage planes.

For calculating the thickness of cleavage planes and the interval distance in between,
only the cleavage planes are extracted from synchrotron reconstructed data 1 and made
to a binary volume as Fig. 5.1b shows. The corresponding ROI and frame in binary data
are shown in Fig. 5.1d and Fig. 5.1f. The binary frame in Fig. 5.1f is also used to calculate

the orientations of cleavage planes.

5.2.1.2 Reconstructed data 2

The second set of synchrotron data is from a tissue sample located in the anterior area
of the LV, shown in Fig. 5.2a. This data is situated in the middle part along the radial
direction, where the laminar structure has some branching cleavage planes. These ar-
rangements play roles in the slippage of the sheetlets during the cardiac cycle.

The ROI showing a distinct branching structure is shown in Fig. 5.2¢, corresponding
to the red box in Fig. 5.2a. For more intuitive observation, the extracted binary data and
ROI are shown in Fig. 5.2b and Fig. 5.2d, where the branching structure can be observed
clearly.
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Figure 5.1: Synchrontron with parallel-like structure. (a) Raw data. (b) Binary data. (c) ROI

extracted from (a). (d) ROI extracted from (b). (e) Section extracted from (c). (f) Section extracted
from (d).
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(d)

Figure 5.2: Synchrotron data with a branching structure. (a) Raw data. (b) Binary data. (c) ROI
extracted from (a). (d) ROI extracted from (b).

5.2.2 Estimation of synchrotron data

On the basis of the ROI of the synchrotron data presented in Fig. 5.1c, I wanted to generate
a virtual volume with a similar parallel-like structure in terms of the dimension, density,
and orientations of cleavage planes and the orientations of the cardiomyocyte bundles
between them. The orientations include helix and transverse angles (® and ) defined in
[Varray et al., 2017], as shown in Fig. 5.3. Thus, it is necessary to estimate these geometric
parameters in the ROI. In the synchrotron data section related to the ROI in Fig. 5.1c, as
shown in Fig. 5.4a, it is easy to observe the clear cleavage planes in the dark grey areas.
So I extracted the binary data section only including the cleavage planes related to the
ROl in Fig. 5.1d, as shown in Fig. 5.4b.

A blue line along the radial axis is first drawn in Fig. 5.4b for estimating the param-
eters. 12 pairs of intersection points between the blue line and the cleavage planes are
obtained. At each pair of intersection points, the thickness of the cleavage planes is cal-

culated and displayed in Fig. 5.4c. Then, using the first points of every adjacent pair of
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Figure 5.3: Definition of angle 6 and ®. Angle 0 is the angle between tissue and x — y plane
and angle ® is the angle between tissue and x — z plane, as helix and transverse angle defined

in [ 1. This figure is adapted from [ 1.

intersection points, the interval distance of each pair of cleavage planes is also calculated

and displayed in Fig. 5.4d.

In [ ], a methodology is proposed to extract the orientations of car-
diomyocytes in 3D phase-contrast synchrotron data using 3D Fourier Transform. The
Fourier spectrum of a cardiomyocyte exhibits an ellipsoidal shape, while the low-frequency
direction represents the direction along the length of the cardiomyocyte. Through prin-
cipal component analysis, the orientation of a cardiomyocyte can be obtained. Thus,
by means of this method, the orientations of each cleavage plane can be estimated in
the binary frame in Fig. 5.4b. After knowing the positions of the intersection points, I
introduced them to Fig. 5.4a. I used the same method to calculate the orientations of
cardiomyocyte bundles between each pair of adjacent cleavage planes. The orientation

results are shown in Fig. 5.4e and Fig. 5.4f.
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Figure 5.4: Estimations of geometric parameters in synchrotron data. Sections of (a) synchrotron
data and (b) binary data. The curves are the estimations of (c) thickness of cleavage planes, (d)
interval distance between each pair of adjacent cleavage planes, (e) @ angle of cleavage planes and
(f) 0 angle of cardiomyocyte bundles between each pair of adjacent cleavage planes, respectively.
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5.3 Real data simulation

Using the strategy presented in Section 4.4, ideal virtual volumes are generated with

parallel-like and branching cleavage planes.

5.3.1 Simulation of data with parallel-like laminar structure

As Fig. 5.1 shows, there are some parallel-like structures inside the real synchrotron data.
For simulation of the synchrotron datal, taking advantage of the estimations of thickness
and inter cleavage plane distances in Fig. 5.4, a set of virtual parallel cleavage planes is
tirst generated, as shown in Fig. 5.5a. Then, using the estimations of the 6 angle, the
cardiomyocyte bundles are generated, while the 6 angle of each cardiomyocyte bundle is
the same between the same pair of cleavage planes and varies among different pairs, as
shown in Fig. 5.5b. After that, using the estimations of the ® angle and FFD, the whole
virtual volume in Fig. 5.5b is deformed so that the ® angles are applied in the cleavage
planes and the cardiomyocyte bundles inside, as shown in Fig. 5.5¢c. As in the synchrotron
data, the cleavage planes seem parallel but have a subtle difference. The amplitudes of

cleavage planes, background, and bundles are set as 100, 180, and 200, respectively.

5.3.2 Simulation of data with branching laminar structure

As Fig. 5.2 shows, there are also branching structures in the real data. A virtual volume
with a branching structure is generated for the simulation of the synchrotron data 2. I
utilized the sheetlets with paralleled cleavage planes to simulate the branching structure
with FFD, which can make the cleavage planes merge. As the results in Fig. 5.6 show,
the cleavage planes merge and the tissue inside remains separated after the deformation.
However, because the branching structure in the virtual volume is generated using FFD,
at the merging part, the cardiomyocyte bundles join together. I will continue to refine

this in the future.

82 Zexian WANG

Cette thése est accessible a I'adresse : https://theses.insa-lyon.fr/publication/2022ISAL0114/these.pdf
© [Z. Wang], [2022], INSA Lyon, tous droits réservés



CHAPTER 5. VIRTUAL IMAGING SIMULATION FROM REAL DATA
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Figure 5.5: Ideal virtual volume generation. (a) Virtual parallel cleavage planes. (b) Vvirtual
volume with cardiomyocyte bundles oriented according to 0 angle. (c) Ideal virtual volume with
orientations according to real synchrotron data.

(2) (b)

Figure 5.6: Simulation of the branching laminar structure. (a) Binary data same as Fig. 5.2d .
(b) Virtual volume generated by our model coarsely simulating the branching laminar structure.
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5.4 Virtual X-Rays imaging

The synchrotron data used to get the structure of the tissue come from X-ray phase-
contrast imaging acquisitions carried out at the ESRF. For validation of the generated
virtual volume, in terms of structure and orientation, virtual X-Rays imaging of our syn-
thetic model is performed, but for simplicity, I omitted the phase information and focused
on the absorption information only and us the ideal virtual volume with parallel-like

structures.

5.4.1 Principle of virtual X-Ray imaging

The Reconstruction ToolKit (RTK) [ ] is used to simulate the cone-beam
CT imaging procedure and to get the reconstructed volume of the virtual volume using
the Feldkamp-David-Kress (FDK) algorithm [ ]. The illustration of
the projection geometry used in RTK is highlighted in Fig. 5.7. In the geometry of this
simulation, all sources during the rotation (indicated by red spots) are located in the
same plane. The blue curve arrow, at the centre, demonstrates that the data rotates in the
anticlockwise direction. Meanwhile, the distance from the source to the isocenter (SID)
is fixed at 10 meters, and the distance from the source to the detector (SDD) is fixed at
10.3 meters, which means that the distance from the isocenter to the detector is set at
0.3 meters to simulate a quasi-parallel light beam close to that of the ESRF and to create
projections similar to the acquired data. The data are placed as in Fig. 5.7d, where the
transmural direction of the data is perpendicular to the horizontal plane. The central line
is passed from source to isocenter and then to the detector origin. In the RTK tool, 256

projections are generated before the reconstruction of the volume.

5.4.2 Virtual imaging

The virtual imaging is performed on the generated ideal virtual volume in Fig. 5.5c. The
ideal virtual volume is put into RTK to simulate the cone-beam CT imaging procedure
where the virtual volume projections are obtained, and then, as well as the reconstructed

volume from the projections of the virtual volume, by the FDK algorithm. 256 projections
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Figure 5.7: RTK 3D projection geometry. (a) Top view of the system. (b) Zoomed-in view around
the detector part in (a). (c) Side view of the system. (d) Zoomed-in view around the detector
part in (c). The green arrow lines denote the ray. Det.Origin: Detector Origin. SID: source to
isocenter distance. SDD: source to detector distance.

are generated in each simulation, and three projections are displayed in Fig. 5.8 during

the virtual imaging from three distinct source positions.

For a 3D viewing of the reconstruction result, Fig. 5.9a demonstrates the ideal virtual
volume generated from our model, while the cleavage planes and the cardiomyocyte
bundles are oriented according to the parameters estimated. The cardiomyocyte bundles
are separated clearly. Fig. 5.9d shows the reconstructed volume from the ideal volume
after virtual imaging in RTK. The reconstructed volume has some blurring, which is toler-
able, but justifies that our model can be used to simulate the synchrotron data. Moreover,
after the virtual imaging process, the reconstructed result exhibits a similar geometric

shape with a tolerable blurring.

After this first virtual imaging, the cardiomyocytes are embedded inside the car-
diomyocyte bundles in a partial section of cleavage planes, and virtual imaging is also
operated on them. The results shown in Fig. 5.9b and Fig. 5.9e demonstrate that after the

RTK tool, the volume keeps an ideal geometric shape and the gaps between cardiomy-

Zexian WANG 85

Cette thése est accessible a I'adresse : https://theses.insa-lyon.fr/publication/2022ISAL0114/these.pdf
© [Z. Wang], [2022], INSA Lyon, tous droits réservés
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Figure 5.8: Synthetic projections of the ideal virtual volume calculated by the virtual X-rays

imaging device. (a) Projection n°l1: projection angle equals 0°. (b) Projection n°42: projection
angle equals 42°. (c) Projection n°85: projection angle equals 119.5°.
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CHAPTER 5. VIRTUAL IMAGING SIMULATION FROM REAL DATA

ocytes remain. The results shown in Fig. 5.9c and Fig. 5.9f demonstrate that the orienta-
tions of the tissues vary as expected, which is correct according to the real situation, and

after the reconstruction, the variation of orientations remains.

5.4.3 Virtual imaging under noisy situations

For the comprehensiveness of validation, the virtual imaging simulations under noisy
situations are also performed at various noise levels. Different Gaussian noise levels are
imposed onto the 3D ideal virtual volumes and the virtual X-ray image simulations are
performed. I compared the data generated from our model with /without noise.

The probability density function pg of the Gaussian noise G(y, o) is given by Eq. (4.8)
in section 4.3.2 (Page 62). Signal-to-Noise Ratio (SNR) is adopted to represent the noise
level according to:

(5.1)

821 k
SNRyp = 10logy, (2”* (i )>

where S(i,j,k) and N(i,],k) are the values of voxels at (i, ], k) position in the ideal virtual
volume and the noisy one, respectively.

Centered Gaussian noises G(0,0) are imposed to the ideal virtual volume where o
equal to 5 and 10, while the SNR equal to 31.03 dB and 25.01 dB, respectively. After the
simulations under noisy situations at various noise levels, the reconstructed volumes are
obtained, and the 2D partial sections of them are displayed in Fig. 5.10. The blurry effect
of reconstructed volumes increases along with the increment of the level of noise.

The results in these figures validate that our model can generate experimental data
which can be used as input for a virtual imaging system and get the expected visual result

with an appropriate arrangement of tissues.

5.4.4 Quantitative evaluation

To quantitatively evaluate the results, Maximum Local Error (MLE), Root Mean Square
Error (RMSE) and Bhattacharyya distance [ ] are used. To estimate
the reconstruction effect, RMSE is calculated on the amplitudes of the voxels and the

orientations of the tissues, which is defined as:
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(e ()

Figure 5.9: Reconstruction of the ideal virtual volume and detailed structure comparisons. (a)
Ideal virtual volume. Sub-volumes of ideal volume embedded with cardiomyocytes are shown in
(b) with ROI in the black box and (c) ROl in the blue box. (d) Reconstructed volume from (a) after
RTK. Sub-volumes of reconstructed volume embedded with cardiomyocytes are shown in (e) with
ROI in the black box and (f) ROI in the blue box. The cardiomyocyte bundles are separated after
virtual imaging as well as the cardiomyocytes embedded.
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Figure 5.10: Illustration of the contrast evolution under different noisy situations. For the ROI
shown by the black box in Fig. 5.9, various sections are extracted from (a) ideal virtual volume,
and noisy virtual volumes (b) o =5, (c) o = 10. Sections of the reconstructed volumes: (d) from
(a), (e) from (b) and (f) from (c). (g) Histograms of the virtual volumes under different noise
situations. (h) Histogram of reconstructed virtual volumes. The blurry effect in reconstructed
volumes increases along with the noise level. The peaks in the histograms become larger with the

noise level.
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5.4. VIRTUAL X-RAYS IMAGING

N )2
RMSE = Z_l(yNy) (5.2)

where y; is the i’ element of the sample to be evaluated and 7 is the set real value.

I also used Bhattacharyya distance, which is usually used in statistics to measure the
similarity of two probability distributions, in order to evaluate the similarity between the
volumes generated by our model and the reconstructed volumes from them. For two
probability distributions p and g over the same domain Dpg, the Bhattacharyya distance

Dg is defined as

Dp=—In ( Y p(x)q(x)) , (5.3)

xeDpp
with Dp € R and 0 < Dp < oo. The increase of Dg means a decrease in the similarity
between the two distributions.

To globally and quantitatively evaluate the generated volumes, RMSE and Bhattacharyya
distance (Djp) are calculated. I calculated the RMSE of the reconstructed volumes from
the virtual volumes at various noise levels to estimate the reconstruction effect. To evalu-
ate the similarity between the virtual volumes and the reconstructed volumes from them
as well as the influence of the noise, I calculated Dg, which is between the normalized
histogram of a virtual volume and the reconstructed volume from it. The domain Dpp
in Eq. (5.3) is set as [60,240] according to the maximum range of the amplitude of the

volumes. The global RMSE and the Bhattacharyya distances are summarized in Tab. 5.1.
Table 5.1: Global evaluation - RMSE and Bhattacharyya distance

o | SNR (dB) | RMSE | Dg
0 o0 3.84 | 048
5| 3103 | 662 |0.08
10| 2501 | 1145 | 0.07

To locally and quantitatively evaluate the results, the RMSE and MLE are calculated
in two parts in the volume: cleavage planes and cardiomyocyte bundles. The MLE is
defined as the maximum value of the absolute error on a restricted volume, here the
cleavage planes or cardiomyocyte bundles. The RMSE and MLE at various noise levels

are summarized in Tab. 5.2.
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CHAPTER 5. VIRTUAL IMAGING SIMULATION FROM REAL DATA

Table 5.2: Local evaluation - RMSE and MLE

. Cleavage planes Cardiomyocyte bundles
RMSE MLE RMSE MLE
0.28 6.77 (6.77%) 0.19 5.88 (2.94%)
5 1.52 12.80 (12.80%) 1.76 11.19 ( 5.60%)
10 | 3.01 24.02 (24.02%) 3.51 20.72 (10.36%)

Then I calculated the orientation of the tissue in the ideal virtual volume with the
method introduced in [ ] and evaluated the RMSE of 6 and ® angle at

various noise levels compared to the set angle. The results are given in Tab. 5.3.

Table 5.3: RMSE of the angle 0 and ® at different noise levels

o | SNR(dB) | RMSE 6 (°) | RMSE @ (°)
0 0o 0.50 0.47
5 31.03 0.52 0.46
10 | 25.01 1.03 0.88

For the global evaluations, the RMSE on the volumes increases along with the noise
level. Concerning the interpretation of the Bhattacharyya distance, the case without noise
has to be carefully studied. Indeed, the amplitudes of the ideal volume are only com-
posed of the three values set, leading to a histogram with only these three peaks. Thus
Dg, in the situation without noise is much larger than in the noisy situations, while it
decreases in the noisy situations along with the increase of the noise level. For the local
evaluations, the local RMSE and MLE showed an increasing trend along with the noise
level. These trends caused by the various noise are logical and realistic.

The RMSE of the angles 6 and ® have very subtle changes along with increasing noise
and keep a low value for each noise level, which validates that noise level does not have
much influence on estimating the orientation and the volume remains the orientation of
the tissue after virtual imaging.

In general, the computed quantitative evaluations demonstrate a logical behaviour
with the noise level in the virtual imaging, as what occurs in the realistic situation. These
results validate that the proposed model has the ability to generate volumes simulating
realistic data, that can be set as the input of the virtual imaging. The measure parameters

after the virtual imaging remain coherent with their initial values.
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Figure 5.11: Schematic 3D geometry of virtual US imaging. (a) 3d view. (b) Top view with the
cardiomyocyte bundle and the illustration of helix angle.

5.5 Virtual ultrasound imaging

For the ultrasound (US) imaging simulation, the standard approach is to use the FieldIl
software which computes the ultrasound field depending on the initial probe parameters
and the transmitted signal [ ]. Then, while scatters are added
to the medium, the backscattered signal is generated and recorded by the probe. The
3D geometry of the virtual US imaging is displayed in Fig. 5.11. The first step is to use
the initial virtual model to generate scatters consistent with the bundle and the cleavage
planes. For the US simulation, I define a 2D array composed of 32 by 32 elements (1024
in total). 3 steering angles (-10°, 0°, 10°) are set in transmission for each direction leading
to a total of 9 steered 2D plane waves. Using the generated scatters of the model, I get
9 raw signal volumes from Fieldll. First, the volumes are beamformed. Then, the local
coherence is evaluated in order to extract the local orientation of the bundle, using the

method previously validated [ I

To test the proposed model, 3 sets of simulations are performed. Three sets of virtual
volume scatters are generated at first with cardiomyocyte bundles simplified as lines

inside, as the model flexibility allows to define it.

In the first set of simulations, 18 virtual volumes are generated in each of which the
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Figure 5.12: Estimations of 8 angle of cardiomyocyte bundles after virtual US imaging.

8 angle of the cardiomyocyte bundles is mono-oriented. The 6 angle in each simulation
is set from —80° to 90° with an interval of 10°. After the procedure aforementioned, 0,
estimations of the 6 angle, in each volume are obtained at several depths (radial direc-
tion). The mean value and standard deviation of each volume after virtual US imaging
are calculated and summarized in Fig. 5.12. The mean value of the § angles in each sim-
ulation is very close to the set 6 values while the standard deviation remains low, which
validates that the mono-oriented virtual volume can be used as the input data of virtual

US imaging. The RMSE of § is 2.51° which remains low.

In the second simulation, after validation of the mono-oriented situation, I generate 2
groups of cardiomyocyte bundles in the same virtual volume with 6 angles set as —40°
and 50°, respectively. The estimations, 0, in the volume along its transmural direction are
summarized in Fig. 5.13. From the result, the estimated f angle is mostly according to the
set of 6 values, except that at the joining part of 2 groups of cardiomyocyte bundles. It
can be explained by the way of computing the local anisotropy that investigates signals at

several wavelengths in the radial direction. In one simulation, the wavelength is around
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Figure 5.13: Estimations of 6 angle of cardiomyocyte bundles in the volume with 2 groups of
cardiomyocyte bundles after virtual US imaging.

0.5 mm and the coherence integrate the information on 4 wavelength (2 mm) . It also
explains that the RMSE is 37.34° which is quite high, although the RMSE before the 9"
test point is only 0.95° and that after the 13" test point is only 0.79°

In the third simulation, limited by the resolution of the US, it is not possible to use the
geometric parameters estimated from synchrotron data as in Fig. 5.4f. According to the
estimations in Fig. 5.4, the interval distances between cleavage planes are around 200 um
to 600 um, so I set the interval distance to 400 um. Then, 25 groups of cardiomyocyte
bundles are generated in the same virtual volume with 6 angles set from —60° to 36°
with an average interval of 4°, which makes the dimension along the transmural direction
equivalent to 1 cm. Using the same strategy, the results are summarized in Fig. 5.14. The
estimated angles at different transmural positions have the same trend with the set ¢
angles with tolerable errors. The RMSE of § angle is 5.29° which is tolerable inside the
same volume because the wavelength influences the estimated angle.

In general, the results showed that the virtual volumes generated by our model have

similar characteristics to the real data during the virtual US imaging, using the same
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Figure 5.14: Estimations of 0 angle of cardiomyocyte bundles in the volume with 10 groups of
cardiomyocyte bundles after virtual US imaging.

general mathematical multiscale model I developed during my PhD.

5.6 Conclusion

In this chapter, validation of the proposed multiscale deformable model is performed by
way of virtual imaging while using the real data to generate the virtual tissues.

Synchrotron data imaged at ESRF has been used as the real data in this chapter be-
cause of its high reconstruction resolution compared to other common imaging modal-
ities. Two sets of synchrotron data are demonstrated to display the parallel-like and
branching laminar structures of the different positions in the myocardium. Estimations
of the synchrotron data with the parallel-like structure are performed to get the geomet-
ric parameters, including cleavage plane thickness, inter cleavage plane distance, as well
as the orientations of cleavage planes and cardiomyocyte bundles.

Real data simulations have been operated to generate 3D virtual volumes with parallel-

like and branching structures. An ideal virtual volume with a parallel-like structure is
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generated according to the estimations of the real synchrotron data 1. Another virtual
volume is generated to quantitatively simulate the branching laminar structure.

Then, virtual X-ray imaging is performed on the ideal virtual volume with a parallel-
like structure. Through visual comparisons, it is validated that, after virtual imaging,
the general structure and the gaps among tissues remain. For more robust evidence,
virtual imaging under various noisy simulations is operated. Quantitative evaluations
are employed on the virtual volumes and the reconstructed volumes from them. The
results demonstrated the reconstruction effects decreased along with the increase in the
noise level, as what occurs in the realistic situation.

Three sets of virtual US imaging simulations were also been performed in virtual vol-
umes with mono-oriented cardiomyocyte bundles, 2 groups of cardiomyocyte bundles
and 10 twisted-arranged cardiomyocyte bundles, respectively. Estimations of the 6 angle
are also accomplished for more robust validation of the model. From the results, the es-
timations can basically accord to the ground truth except for some errors caused by the
signal length (several wavelengths) that is used for local orientation estimation using the
method previously published [ I

All the results in this chapter validated that the virtual volumes generated by my

model have a similar effect to the real data both in visual observation and virtual imaging.
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Conclusions and Perspectives

Conclusion

The aim of this thesis is to build a 3D multiscale deformable model for generating a

virtual synthetic heart that can be used in research and virtual imaging.

The model has been proposed with five levels and a hierarchical structure at various
scales, from the macro- to the micro-scale. The proposed model has two parts: the low-
resolution model and the high-resolution model. Itis a voxel-based model because voxels
are the basic units of our model and the voxel-based model is more flexible to scale in
size and deform. It has an object-oriented description, designed to describe each object at
different scales. For each object in the model, a geometric model was built to describe the
shape by observing the images of realistic tissue while a feature vector is designed to save
the parameters for describing the object’s features. I presented the FFD technique and the
procedure of deforming each object to improve the similarity between the model and the

realistic tissue, as well as being able to mimic the heart deformation along a cardiac cycle.

In the low-resolution model, on the basis of PLI data observation, surface models of
epicardium and endocardium were built using the superellipsoid as a coarse data-fitting
and FFD as a fine data-fitting. The results showed that the low-resolution model has the
ability to reasonably simulate the surfaces, the partial epicardium and LV endocardium
and the volume, ventricular myocardium at Level 1, with acceptable low errors. Through
the inverse procedure of FFD, volume registrations are carried out, transferring the in-
formation of real data into a uniform model volume that qualitatively describes the data.
The results show that the uniform model can quantitatively describe the azimuth and

elevation angle information from the PLI data. Therefore, comparisons of myocardial
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Conclusions and Perspectives

information from various individuals may be accomplished on this uniform volume.

In the high-resolution model, on the basis of synchrotron data, the virtual cardiomy-
ocyte module at Level 4, the virtual cardiomyocyte bundle module at Level 3 and the
virtual sheetlet module at Level 2 were illustrated. The shapes for these basic objects
generated by our model and their shapes after FFD were demonstrated, which shows
that FFD is suited for our multiscale model. Inspired by some references to the cardiac
cycle, dynamic sequences of a cardiomyocyte bundle and sheetlets were generated to
qualitatively simulate the shape change during the cardiac cycle.

To validate the interest of our model, the virtual volumes with parallel-like and branch-
ing laminar structures were generated using FFD, which shows the capability of the pro-
posed model to generate specifically shaped structures in the heart. At last, virtual imag-
ings were operated to obtain a more robust validation. Virtual CT on the parallel-like
volumes generated by our model was performed under different noise levels and evalu-
ated the results visually and quantitatively. Virtual US imaging was also performed on
3 virtual volumes with different arrangements of cardiomyocyte bundles. The trends in
these evaluations were following our expectations and the geometric characteristic re-
mained after virtual imaging, which validated that the volumes generated by our model

have a similar effect to the realistic tissue during the imaging.

Perspectives

In the future, more efforts will be focused on more precise simulations of the tissue, simu-
lation of the dynamic tissue during the cardiac cycle, simulations of more virtual imaging
modalities and functional simulations.

The simulations were performed on the basis of two sets of synchrotron data. The
tissues were selected in the middle part of the free wall along the radial direction because
it exhibits a relatively describable arrangement, such as a parallel or branching structure,
while the tissue located near the endocardium and epicardium is more difficult to de-
scribe. Thus, the simulations on these parts will be a focus. Besides, the virtual volume
with a branching laminar structure was generated but not ideal. The deformation was

achieved by displacing the control points, where each control point influences the whole
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volume. Designing an adequate strategy for moving the control points will be extremely
important to update the volume correctly during its deformation.

Iused FFD to simulate the different states of tissue during the cardiac cycle. However,
the states of the tissues in the heart depend on the phase during the cardiac cycle and the
position they belong to inside the myocardium. Therefore, there are no precise assess-
ments of the size of a cardiomyocyte bundle, which leads to only qualitative simulations.
In the future, if the parameters of the variation of different parts of the myocardium can
be precisely quantitatively assessed, it will be possible to use the proposed model to sim-
ulate the geometric shapes of various states during the cardiac cycle. Especially at Levels
2 and 3, a precise quantitative estimation of the geometry of the laminar structure makes
it possible to build a 4D mathematical model describing the geometric variation in the
3D structure of the myocardium and one temporal dimension. Using these models and
our proposed model, virtual volumes can be generated precisely at any moment during
the cardiac cycle to investigate the relationships between the forces inside the tissue and
structural variation.

For virtual US imaging, limited by the resolution of the US which is much lower than
the p-CT, the simulation can’t be accomplished at a scale of the cardiomyocyte bundle.
Thus, I can only perform the simulations above the scale of the sheetlet. In the future,
more imaging modalities will be performed on our models, such as MRI. Similarly, func-
tional simulations such as water diffusion simulations could be performed inside the

generated volume and cardiomyocytes.
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Appendix A

Class diagrams of objects in our

model

Epicardium «vectoriny

+id: int +Pos_x: int

+V_IN: vectorin +Pos_y: int

-V_PH: vectorph +Pos_z: int

-V_FN: vectorfn +R_x: float

+V_EX: vectorex :g_; ;:ggt «vectorimg»

+pos -apex -V_XRay: vector
N +V_FFD: vector -V_US: vector

L= -V_MRI: vector

-get(): void
-set(): void
-generate_epi(): void

«vectorph»

-V_Img: vectorimg
-V_Mdl: vectorMdl

«vectorfny

«vectorMdI»

-V_Dyn: vector
-V_Mch: vector

«vectorex»

Figure A.1: Class diagram of object “epicardium”.
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APPENDIX A. CLASS DIAGRAMS OF OBJECTS IN OUR MODEL

1
LV Endocardium «vectorin»
+id: int +Pos_x: int
+V_IN: vectorin +Pos_y: int
-V_PH: vectorph +Pos_z: int
-V_FN: vectorfn +R_x: float
+V_EX: vectorex K——+R_y: float vectorimgy
+R_z: float -V_XRay: vector

«vectorph»

4 -V_US: vector
+ s —
VLFFD: yector -V_MRI: vector

-get(): vojd -V_Img: vectorimg «vectorMdI»
-set(): void -V_Mdl: vectorMdl V_Dyn: vector
-generate_lvendo(): void NV Meh-
< «vectorfny» _V*MCh' veGtor
k——| «vectorex»

Figure A.2: Class diagram of object "LV endocardium”.

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, Y
1.*
«vectoriny»
Bundle of myocytes +Pos x: int
+id: int +Pos_y: int
+V_IN: vectorin +Pos_z: int
-V_PH: vectorph +R_x: float
-V_FN: vectorfn [ 1+R_y: float
+V_EX: vectorex +R_z: float Si g
k) [+V_FFD: vector -V_US: vector
1 — -V_MRI: vector
I —gett(): V°,'g «vectorph»
-sel{): voi -V_Img: vectorimg
k—

-generate_bdl_cmyc(): void
-generate_bdI_edms(): void
-generate_bdl_itcd(): void
-generate_bdI(): void

-V_XRay: vector

-V_Mdl: vectorMdl

«vectorfny»

«vectorMdl»

-V_Dyn: vector
-V_Mch: vector

«vectorex»

+sublist1: Cardiomyocyte[1..*]
+sublist2: Endocardium([1..*]
+sublist3: IntercalatedDisk[1..*]

Figure A.3: Class diagram of object "ventricular septum”.
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Cleavage plane «vectoriny
+id: int +Pos_x: int
+V_IN: vectorin +Pos_y: int
-V_PH: vectorph +Pos_z: int
-V_FN: vectorfn +Thk: float

7 EX- <— -
+V_EX: vectorex :Isnt\; ffllgztt «vectorlmg»
+S:y; float —V_Xng: vector
+S 7 float -V_US: vector

~get(): void +V_FFD: vector -V_MRI: vector
-set(): void 4

0 «vectorph»

-generate_cp(): void

V_Img: vectorlmg «vectorMdl»
-V_MdI: vectorMd! || -V_Dyn: vector
-V_Mch: vector
< «vectorfn» .

k—— «vectorex»

Figure A.4: Class diagram of object “cleavage plane”.

Perimysium «vectoriny
+id: int +Pos_x: int
+V_IN: vectorin +Pos_y: int
-V_PH: vectorph +Pos_z: int
-V_FN: vectorfn +R_x: float
+V_EX: vectorex d +R_y: float «vectorlmg»
+R_z: float

R -V_XRay: vector
+V_FFD: vector -V_US: vector

D [-get(): void — K a
-set(): void «vectorph» <;J V_MRI: vector

-generate_peri(): void -V_Img: vectorimg

-V_Mdl: vectorMdl vectorhidls
k—— «vectorfny» -V_Dyn: vector

-V_Mch: vector

— «vectorex»

Figure A.5: Class diagram of object “perimysium”.
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APPENDIX A. CLASS DIAGRAMS OF OBJECTS IN OUR MODEL

Capillary

«vectorin»

+id: int

+V_IN: vectorin
-V_PH: vectorph
-V_FN: vectorfn
+V_EX: vectorex

-get(): void
-set(): void

-generate_edms(): void

+Pos_x: int
+Pos_y: int
+Pos_z: int
+R_x: float
+R_y: float
+L: float
+HA: float

+TA: float
«vectorph» <1J7

-V_Img: vectorimg

-V_Mdi: vectorMdl i

«vectorfny

«vectorimg»

-V_XRay: vector
-V_US: vector
-V_MRI: vector

«vectorMdl»

-V_Dyn: vector
-V_Mch: vector

«vectorex»

Figure A.6: Class diagram of object “capillary”.

Endomysium

«vectoriny

+id: int

+V_IN: vectorin
-V_PH: vectorph
-V_FN: vectorfn
+V_EX: vectorex

-get(): void
-set(): void

-generate_edms(): void

+Pos_x: int
+Pos_y: int
+Pos_z: int
+R_x: float
+R_y: float
+L: float
+HA: float
+TA: float

< «vectorph»

-V_Img: vectorimg
-V_Mdl: vectorMdI

< «vectorfn»

«vectorimg»

-V_XRay: vector
-V_US: vector

-V_MRI: vector

«vectorMdI»

-V_Dyn: vector
-V_Mch: vector

< «vectorex»

Figure A.7: Class diagram of object “endomysium”.
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Intercalated disc

«vectorin»

+id: int +Pos_x: int

+V_IN: vectorin +Pos_y: int

-V_PH: vectorph +Pos_z: int

-V_FN: vectorfn +HA: float

+V_EX: vectorex +TA: float —

- +R: float «vectorimg»
-V_XRay: vector

l—1 «vectorphy -V_US: vector

-get(): void V_Img: vectorimg [+ -V_MRI: vector

-set(): void

-V_MdI: vectorMdI
-generate_itcd(): void

g «vectorfny» «vectorMdI»
- -V_Dyn: vector
-V_Mch: vector

— «vectorex»

,,,,,,,,,,,,,,,,,, y
s

Figure A.8: Class diagram of object "intercalated disc”.
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précise, la technique Déformation Libre (Free-Form Deformation, FFD) est utilisée pour déformer chaque objet afin d'améliorer
le réalisme de notre modele.

Dans le modele basse résolution, basé sur les données de l'imagerie par lumiére polarisée, des modeles de surface de
I'endocarde, de I'épicarde et de I'épicarde partiels du ventricule gauche sont construits a I'aide du modéle de superellipsoide,
modifié par la FFD. Pour le modéle haute résolution, les formes de base des cardiomyocytes, des groupes de cardiomyocytes
et des feuillet lamellaires de cardiomyocytes sont d'abord construites. En utilisant la FFD, il a été possible d’obtenir des formes
plus réalistes ainsi que de générer la déformation du tissu a I'échelle microscopique durant un cycle cardiaque. Pour valider le
modeéle, des données synchrotron sont utilisées pour évaluer les parametres géométriques du tissu myocardique avec une
structure laminaire paralléle. En utilisant ces paramétres issus de données réelle, des volumes virtuels de tissu myocardique
sont générés suivi d’'une imagerie virtuelle. En comparant les orientations du tissu dans le volume virtuel et le volume
reconstruit a partir de celui-ci dans diverses situations de bruit, cette stratégie montre que les volumes générés par notre
modele ont des caractéristiques similaires a celui du tissu initial, ce qui valide notre modeéle.
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