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Abstract

This dissertation presents the numerical modeling approach for the simulation of
transapical mitral valve (MV) repair procedure. The main object of the research
is the development of the finite element (FE) model of the MV with ruptured
chordae tendineae and its application for modeling of MV repair with neochordae
implantation through the transapical approach. The dissertation aims to develop
and implement a numerical model of the MV for quantitative evaluation of trans-
apical MV repair surgical procedure and its effect on post-operative MV function.

The work presents five tasks. Firstly, studies describing computational mod-
els used for investigation of MV biomechanical functions and evaluation of novel
MV repair surgical techniques are reviewed. Next, the modeling strategy for the
numerical simulation of virtual transapical MV repair procedure is developed. Pa-
tient-specific echocardiographic image data are obtained for the reconstruction of
MYV geometry and creation of structural FE model with MV prolapse. Virtual re-
pair using different neochordal lengths is performed and the systolic function of
the MV model is simulated. Finally, the outcomes of virtual transapical MV repair
are evaluated and the eligibility of numerical modeling strategy is considered.

The present thesis consists of an introduction, three main chapters, general
conclusions, references, a list of publications by the author on the topic of the
dissertation and a summary in Lithuanian.

The introduction presents the research problem, the relevance of the thesis,
the object of the research, formulates the aim and the tasks of the work, describes
the research methodology and scientific novelty, considers the practical signifi-
cance of the results and the defensive statements. Chapter 1 discusses the problem
of MV prolapse from both medical and mechanical point of view. In the medical
part, the anatomy and physiology of the human heart are described and thorough
analysis of the MV structure is presented. In the mechanical part, an overview of
studies describing computational MV models is provided and the models analyz-
ing different MV repair techniques are distinguished. Chapter 2 introduces the
modeling strategy applied for virtual transapical MV repair and its mathematical
formulation. Chapter 3 presents the systolic function simulations of virtual repair
procedures using two sets of patient-specific data and evaluates the parameters
calculated during these simulations before and after virtual repair.

The results of this dissertation were published in 4 scientific papers: two ar-
ticles in journals with impact factor indexed in Clarivate Analytics Web of Sci-
ence database, one article in a journal indexed in other international databases and
one paper in international conference proceedings. These results were presented
at 7 international conferences.



Reziumeé

Disertacijoje pristatomas transapikalinés mitralinio voztuvo (MV) korekcijos
skaitinis modeliavimas. Sio tyrimo objektas — voztuvo su nutriikusiomis chordo-
mis baigtiniy elementy modelio kiirimas ir jo taikymas modeliuojant transapika-
ling MV korekcijg. Pagrindinis tyrimo tikslas — sukurti MV skaitinj modelj, kie-
kybiskai jvertinantj transapikalinés MV korekcijos chirurging procediirg ir jos
poveikj pooperacinei MV funkcijai.

Disertacijoje iSkelti penki uzdaviniai. Pirmiausia, apzvelgti tyrimai, kuriuose
apraSomi skaitiniai modeliai, naudoti MV biomechaninéms funkcijoms tirti ir
naujiems MV chirurginés korekcijos biidams vertinti. Toliau, sudaryta virtualios
transapikalinés MV korekcijos skaitinés simuliacijos modeliavimo strategija. Su-
rinkti ultragarsinio tyrimo metu gauti duomenys, kurie panaudoti MV geometrijos
rekonstrukcijai bei struktiirinio nesandaraus MV baigtiniy elementy modelio kii-
rimui. Atlikta virtuali korekcija naudojant skirtingo ilgio neochordas ir MV mo-
delio sistolinés funkcijos simuliacija. Galiausiai, jvertinti virtualios MV transapi-
kalinés korekcijos rezultatai ir skaitinio modeliavimo strategijos tinkamumas.

Disertacija sudaro jvadas, trys pagrindiniai skyriai, bendrosios i§vados, lite-
ratliros sgrasas, autoriaus publikacijy sarasas disertacijos tema ir santrauka lietu-
viy kalba.

Ivade pristatoma tyrimo problema, tyrimo aktualumas, tyrimo objektas, su-
formuluojamas darbo tikslas ir uzdaviniai, aprasoma tyrimo metodika ir mokslinis
naujumas, jvertinama rezultaty praktiné verté ir pateikiami ginamieji teiginiai.
Pirmajame skyriuje MV nesandarumo problema aptariama medicininiu ir mecha-
niniu pozitriu. Mediciningje dalyje apraSoma zmogaus Sirdies anatomija ir fizio-
logija bei pristatoma iSsami MV struktiiros analizé. Mechaninéje dalyje apzvel-
giami tyrimai, apraSantys skaitinius MV modelius, ir iSskiriami modeliai,
analizuojantys skirtingus MV korekcijos biidus. Antrajame skyriuje pristatoma
virtualios transapikalinés MV korekcijos modeliavimo strategija ir jos matemati-
nio modelio sudarymas. Treciajame skyriuje apraSomos virtualios korekcijos sis-
tolinés funkcijos simuliacijos, atliktos naudojant dviejy pacienty ultragarsiniy
duomeny rinkinius, ir jvertinami parametrai, apskaiciuoti $iy simuliacijy metu
pries ir po virtualios korekcijos.

Tyrimo rezultatai paskelbti keturiose mokslinése publikacijose: du straips-
niai iSspausdinti zurnaluose, jtrauktuose j ,,Clarivate Analytics Web of Science*
duomeny bazg, vienas straipsnis — Zurnale, indeksuotame kitose tarptautinése duo-
meny bazése, ir viena publikacija — tarptautinés konferencijos pranesimy medzia-
goje. Tyrimy rezultatai pristatyti septyniose tarptautinése konferencijose Lietu-
voje ir uzsienyje.
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Notations

Symbols

a0, co — Fourier constant terms;

ar, ¢ — Fourier cosine coefficients;

B — strain-displacement matrix;

by, di — Fourier sine coefficients;

C — damping matrix (page 36) or right Cauchy-Green strain tensor (page 39);
cijj — material parameter characterizing deformation of the material;

D, — material parameter that controls bulk compressibility of the material;

F — deformation gradient tensor;

F —force;

I — internal force vector;

I; — invariant of the right Cauchy-Green strain tensor;

J — volume ratio;

K — stiffness matrix;

ki — material parameter related to the stored energy in fibers;

L — distance;

M — mass matrix;

N — shape function (page 38) or unit vector identifying the direction of fibers (page 39);
P — applied load vector;

P — pressure;

vii



S — surface area;

S1 — maximum principal stress;

t — time;

u — displacement vector;

u — velocity vector;

i — acceleration vector;

Uy, Uy, u- — displacements along x-, y- and z-axes;

V — volume;

X;; — position vector;

z — axial position in the cylindrical coordinate system,;
 — material parameter related to the level of material anisotropy;
€ — strain;

0., 0,, 8. — rotations about x-, y- and z-axes;

k — dispersion parameter used to describe fiber orientation;
A — stretch ratio;

p — radial position in the cylindrical coordinate system;

¢ — Cauchy stress tensor;

C — stress;

¢ — angular position in the cylindrical coordinate system;
Y — strain energy density;

o — eigenvalue of the system.

Abbreviations

Al, P1 — lateral segments;

A2, P2 — middle segments;

A2D — annular 2D area;

A2L, P2L — middle-lateral segments;

A2M, P2M — middle-medial segments;

A3, P3 — medial segments;

AH — annular height;

AL — anterior leaflet;

ALP — prolapse of the anterior leaflet;

Al-Pm — commissural diameter;

ALVR - virtual repair with neochordae implantation into the anterior leaflet;
A-P — anteroposterior diameter;

ASH - anterior saddle horn;

Cl1, C2 — commissures;

C3D — annular 3D circumference;

CFD — computational fluid dynamics;

cMRI — cardiovascular magnetic resonance imaging;
CoA — coaptation area;
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CoL — coaptation length;

ePTFE — expanded polytetrafluoroethylene;
FE — finite element;

FEM - finite element method;

FSI — fluid-structure interaction;

LA — left atrium,;

LV — left ventricle;

micro-CT — micro-computed tomography;
MR — mitral regurgitation;

MYV — mitral valve;

MVP — mitral valve with prolapse;

PL — posterior leaflet;

PLP — prolapse of the posterior leaflet;
PLVR - virtual repair with neochordae implantation into the posterior leaflet;
PM — papillary muscle;

PSH — posterior saddle horn;

TEE — transesophageal echocardiography;
TTE — transthoracic echocardiography;
VoIDICOM - volumetric medical image;
VUMAT - vectorized user-defined material;
VRO, VRS, VR10, VR15 — virtual repair with different neochordal length.

X






Contents

INTRODUCTION ..ottt ettt sttt ettt ettt e 1
Problem FOrmulation...........ccoiiiiierieieiie e e e 1
Relevance of the ThesSiS......oeouiiiirierieriee e e e 2
The Object Of RESEAICH ....ccuiiiiieeiiice e et 2
The AIm Of the THESIS ..ceuveiieiiiiiiiiee et e 3
The Tasks Of the THESIS ... ccueiiiriiiiee e 3
Research MethodOLogy .......cc..eiiiiieiiiiieie e e 3
Scientific Novelty of the TRESIS ......ocverieriere et 4
Practical Value of the Research FIndings..........cccceevveviieviiniinienieieieee e 4
The Defended Statements. .........coeverieeeeiiinienereeereeee et 4
Approval of the Research FIndings ...........ccccoovierienieniieiicieeeeee e 5
Structure of the DiSSErtation........c.eeeeeeiirierierieniier ettt 5

1. LITERATURE REVIEW OF MITRAL VALVE MODELING........cccccectevtiiienennne. 7
1.1. Review of Mitral Valve Medical Background.............ccccceviriininiiniiininicneen, 8

1.1.1. Principles of Functional Anatomy of Heart and Mitral Valve....................... 8
1.1.2. Mitral Valve Function and Dysfunction ............ccceeevereieeeciieniieencieenieeeieenns 12
1.1.3. Diagnostic Imaging of Mitral Regurgitation .............ccocceeveeveeneeienennennen. 14
1.1.4. Mitral Valve Surgical Repair Techniques .........ccooceeverienienienennecicneeee, 16
1.2. Review of Mitral Valve Computational Models ............cceeeeerierieiienenienieee 19
1.2.1. Structural Mitral Valve Models.........ccoocueiierierieiieiieieeieeeeeee e 19



1.2.2. Fluid-Structure Interaction Models of Mitral Valve and Blood .................. 23

1.2.3. Computational Models for Mitral Valve Repair.........cccccoceverereenincncnnen. 25
1.2.4. Material Models for Mitral Valve Leaflets and Chordae Tendineae........... 27
1.3. Conclusions of Chapter 1 and Formulation of the Thesis Tasks .........c.cccccue... 30
2. FORMULATION OF MITRAL VALVE MODELING PROBLEM.............cccce.e.. 33
2.1. Modeling Strategy for Transapical Mitral Valve Repair Simulation.................. 33
2.2. Mathematical Formulation of Modeling Problem.............cccoevvvvienienreniennnen. 36
2.3. Material Models for Mitral Valve Structure..........ccccoeevoeieinienieniiienienceeee 39
2.3.1. Mechanical Behavior of Mitral Valve Leaflets .........cccccoecevieniiicnncnnnnn. 39
2.3.2. Mechanical Behavior of Chordae Tendineae..........cccccecevieveeneenicnncnnenee. 41
2.4. Patient-Specific Mitral Valve GEOMELIY ........cceeecvieiiiieeiieiiieeieesie e cve e 42
2.4.1. Echocardiographic Data ACqUiSition..........ccccceveeriieiiniieeienieniieieeieeee e 42
2.4.2. Echocardiographic Image Segmentation ............ccceevueevienieneenieenienieneenee. 42
2.4.3. Patient-Specific Geometry Reconstruction...........occeevveeeveeceeiseenceeseeneenenns 43
2.5. Finite Element Mesh of Mitral Valve Model ..........coccocveiinininininieiiiincn 47
2.6. Mechanical Properties of Mitral Valve Leaflets and Chordae Tendineae........... 49
2.7. Initial and Boundary Conditions for Transapical Mitral Valve Repair
STMULALION +..enetiete ettt ettt sttt eb et neea 51
2.8. Virtual Transapical Mitral Valve Repair and Simulation Setup............ccoeeuenee. 53
2.9. Conclusions Of CRAPLET 2 ....cccueievieeiiiiiie et ettt e esibeeeeveesebaesnseens 54
3. MODELING OF TRANSAPICAL MITRAL VALVE REPAIR .......ccoccveiiiinne. 55
3.1. Patient-Specific Mitral Valve Models ...........cccuveviiiiiieeiiieiiieeiie e 55
3.2. Computational Analysis of Prolapsing Mitral Valve Model .............ccccceeeennne 59
3.2.1. Virtual Repair with Different Neochordal Length............ccccooveeeviiniiiennens 59
3.2.2. Computational Results of Prolapsing Model...........ccceevrcierienreninirnnnnen. 61
3.2.3. Evaluation of Prolapsing Model..........cccceecerierienieieieceeeeeee e 65
3.3. Computational Analysis of Pathological Mitral Valve Model ..............ccccuene.. 67
3.3.1. Virtual Repair with Calculated Neochordal Length ..........ccccovvveviveiinnnnen. 67
3.3.2. Computational Results of Pathological Model............cccoecvvvierveciinnneenen. 69
3.3.3. Evaluation of Pathological Model ............cccoecevienieniieiieeeceee e, 73
3.4. Limitations of the Study .......cccoeoiiieiiiiiie e 75
3.5. Conclusions 0f ChapLer 3 ......c.cccciieiiiiiie ettt et sre e e e e sereeenneens 76
GENERAL CONCLUSIONS ...ttt ettt ettt ettt e e 77
REFERENCES ...ttt ettt ettt e et e se s s s e e ne e 79
LIST OF SCIENTIFIC PUBLICATIONS BY THE AUTHOR ON THE TOPIC OF
THE DISSERTATION ...ttt sttt et e e 91
SUMMARY IN LITHUANIAN ....ootitititetccte ettt sttt 93

Xii



ANNEXES! Lttt s e s s 105

Annex A. Declaration of Academic INtegrity..........cecveeueeceerienienieeeie e 106
Annex B. The Co-authors’ Agreements to Present Publications Material in the
Doctoral DISSETtatiON. .........cveuerueieririeieiirieiieieneeeetesteeeee ettt et st enenenees 107
Annex C. Copies of Scientific Publications by the Author on the Topic of the
DISSEITALION ...ttt ettt st s 115

! The annexes are supplied in the enclosed compact disc

xiii






Introduction

Problem Formulation

Numerical methods, particularly the finite element method (FEM), successfully
applied for the structural analysis, lately have started to be used for modeling of
biological objects. Mechanical behavior of the human body, including the human
heart, became an object of interest for the investigations using finite element (FE)
analysis. Such analysis can be a powerful tool to quantify the alterations in dis-
eased heart mechanics, to explore its physiology and pathology, and to investigate
the impacts of novel treatment strategies.

Cardiovascular diseases are the leading cause of death in the world. There
are many types of such diseases, including valvular disorders, characterized by
damage to or defect in one of the heart valves. Accordingly, mitral valve (MV)
prolapse with mitral regurgitation (MR) is the most common valvular disease, af-
fecting 2-3% of the world population. This disorder usually appears due to dis-
ruption of the valve restraining force structures, such as rupture of the diseased
chordae tendineae, which occurs when the strain forces exceed the stretching
threshold of the chordae.

Transapical MV repair with neochordae implantation is a novel surgical tech-
nique, allowing beating-heart correction of MR caused by chordae tendineae rup-
ture through a minimally-invasive approach. While transapical MV repair shows
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2 INTRODUCTION

promising clinical results, there are some concerns regarding this surgical tech-
nique. Few aspects of the procedure, such as exact positioning or length adjust-
ment of the neochordae to eliminate prolapse while preventing additional re-
striction of the leaflet, can only be assumed at this moment and requires additional
experience and further research. To investigate such aspects, numerical modeling
of MV structure and its transapical repair procedure using FEM is presented in
this study.

Relevance of the Thesis

During the last three decades, the numerical simulation studies concerning differ-
ent MV repair surgical techniques have proven to be useful while quantifying the
biomechanical aspects of such procedures. However, only several studies on the
modeling of MV repair with neochordae implantation were published. Moreover,
none of them had addressed the problem of transapical MV repair.

In the present study, the modeling strategy used for virtual transapical MV
repair application is elaborated and patient-specific highly nonlinear finite ele-
ment model of the MV is developed. The main challenge related to transapical
MV repair is the evaluation of the mechanical state of the implanted neochordae
and correct adjustment of their length. There is a risk of residual prolapse or tear-
ing of the repaired leaflet if either too short or too long neochordae are implanted.
Since transapical MV repair relies solely on the echocardiographic determination
of proper neochordal length, there was no convenient way to estimate this length
in the computational models. Therefore, in this thesis, the effect of the neochordal
length on the function of the prolapsing MV is evaluated, and the method to de-
termine the required neochordal length is suggested and applied to investigate
transapical MV repair surgical procedure outcomes using FEM.

The Object of Research

The object of the present study is the mitral valve affected by prolapse and regur-
gitation due to ruptured chordae tendineae, and numerical modeling of its repair
with neochordae implantation through transapical approach.
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The Aim of the Thesis

The main aim of the thesis is to determine the biomechanical parameters of mitral
valve after transapical repair surgical procedure and to evaluate the effect of such
procedure on post-operative mitral valve function.

The Tasks of the Thesis

To achieve the aim of this thesis, the following tasks have to be performed:

1. To review studies describing computational models used for investigation
of mitral valve biomechanical functions and to investigate their eligibility
for the evaluation of novel mitral valve repair surgical techniques.

2. To develop modeling strategy applied for the numerical simulation of vir-
tual transapical mitral valve repair procedure.

3. To reconstruct the geometry of patient-specific mitral valve using echo-
cardiographic image data and kinematic parameters of mitral valve mo-
tion, and to create structural finite element model of the mitral valve with
prolapse based on the reconstructed geometry.

4. To apply the created model for the implementation of virtual transapical
mitral valve repair followed by the simulation of mitral valve systolic
function, and to investigate the effect of neochordal length on post-repair
mitral valve functioning.

5. To evaluate the outcomes of virtual transapical mitral valve repair and to
consider the eligibility of the developed numerical modeling strategy.

Research Methodology

In the present study, methods of literature and comparative analysis were used to
investigate the research object and to review its modeling methods, as well as to
validate the obtained computational results. Patient-specific data of MV structure
and its movement in early systole was obtained using echocardiographic imaging
technique. Calculations regarding the structural analysis of the MV and its trans-
apical repair procedure were made using FEM in Abaqus (Dassault Systémes,
Inc.).
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Scientific Novelty of the Thesis

The following novelties regarding numerical modeling of transapical MV repair
surgical technique were presented:

1. The development of the modeling strategy applied for virtual repair, dur-
ing which the echocardiographic image data is converted to a computa-
tional model followed by virtual transapical repair and dynamic FE sim-
ulation of the MV systolic function.

2. The evaluation of the effect of the neochordal length on the function of
the prolapsing MV and the development of the method to determine this
length for the application in virtual transapical MV repair.

3. The computation of the biomechanical parameters, describing MV defor-
mations, tension forces in chordae and neochordae, reaction forces on pa-
pillary muscles and left ventricle apex, and stress distribution on the leaf-
lets after virtual transapical MV repair.

Practical Value of the Research Findings

In the present study, personalized computational modeling strategy for transapical
MV repair application allowed to determine quantitative information about the
effect of such surgical procedure and the contribution of neochordal implantation
to the MV function improvement. Virtual models are suitable for the investigation
of MV deformations, acting forces and stress distribution, and can be used to pre-
dict post-operative MV morphology and coaptation of the leaflets as the main in-
dicators of MV prolapse elimination. Since the presented modeling strategy pro-
vides detailed quantification of MV biomechanics, it shows the potential to have
practical value in scenarios of clinical relevance.

The Defended Statements

1. From the mechanical perspective, MV can be considered as a mechanical
system, thus its structure can be analyzed using numerical modeling meth-
ods.

2. Transapical MV repair eliminates prolapse, improves leaflet coaptation,
decreases chordal tension forces and reduces excessive leaflet stress.

3. Proper neochordal length reduces the risk of residual prolapse or tearing
of the repaired leaflet.
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4. Virtual transapical MV repair helps to predict post-operative MV mor-
phology and coaptation of the leaflets.

Approval of the Research Findings

The main results of this thesis were published in 4 scientific papers: two articles
in journals with impact factor indexed in Clarivate Analytics Web of Science da-
tabase (Gaidulis et al. 2018a; 2019), one article in journal indexed in other inter-
national databases (Gaidulis et al. 2018b) and one paper in international confer-
ence proceedings (Romashov et al. 2016). These results were presented at 7
international conferences:

e 40th International Conference “SOLMECH 2016, held in Warsaw (Po-
land) on August 29 — September 2, 2016.

e 5th International Conference “Nonlinear Dynamics 20167, held in Khar-
kov (Ukraine) on September 27-30, 2016.

e 11th International Conference “BIOMDLORE 2016”, held in Druskinin-
kai (Lithuania) on October 20-22, 2016.

e 13th International Conference ‘“Mechatronic Systems and Materials
(MSM 2017)”, held in Vilnius (Lithuania) on July 3-5, 2017.

e 12th International Conference “BIOMDLORE 2018”, held in Biatystok
(Poland) on June 28-30, 2018.

e 41st International Conference “SOLMECH 2018, held in Warsaw (Po-
land) on August 27-31, 2018.

e 55th International Conference “SES 2018, held in Madrid (Spain) on Oc-
tober 10-12, 2018.

Structure of the Dissertation

The dissertation consists of an introduction, three main chapters, general conclu-
sions, references, a list of publications by the author on the topic of the dissertation
and a summary in Lithuanian. The volume of this thesis is 104 pages (without
annexes), including 34 pictures, 6 tables and 46 numbered equations. A total of
124 references were used when writing the thesis.






Literature Review of
Mitral Valve Modeling

In the present chapter, the problem of MV prolapse resulting in MR is introduced
and analyzed from both medical and mechanical points of view. In the medical
part, the anatomy and physiology of the human heart are described, and thorough
analysis of the MV structure is presented. The dysfunction of the MV, leading to
prolapse and regurgitation, is explained, and the techniques for diagnostic imaging
and surgical repair in the presence of such condition are introduced. In the me-
chanical part, an overview of studies describing structural and fluid-structure in-
teraction computational models is provided, and the models analyzing different
MV repair techniques are distinguished. Material models characterizing the me-
chanical behavior of the MV structure are introduced.

Parts of this chapter are published in Gaidulis et a/. (2018a; 2018b; 2019) and
Romashov et al. (2016).



8 1. LITERATURE REVIEW OF MITRAL VALVE MODELING

1.1. Review of Mitral Valve Medical Background

1.1.1. Principles of Functional Anatomy of Heart and Mitral
Valve

The heart is a muscular organ located inside the thoracic cavity, medial to the
lungs and posterior to the sternum. It is the central organ of the circulatory system,
which pumps blood into the blood vessels of the whole cardiovascular system
(Fig. 1.1).

The heart is divided into four chambers: two atria (left and right) placed
above two ventricles (left and right). The two sides are separated by the internal
wall of fibrous and muscular tissue called the septum. Each side can be seen as a
separate pump placed in series with the adjacent one. The distinction between both
sides of the heart depends on the characteristics of the pumped blood: the left side
pumps arterial blood rich in oxygen, while the right side pumps venous blood,
which is oxygen-poor.

HEAD AND UPPER EXTREMITY

Aorta

/ Pulmonary artery
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vena cava
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Pulmonary vein
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Left atrium

Tricuspid Mitral valve
valve
Right ventricle —— Aortic valve
Inferior Left .
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]
]

TRUNK AND LOWER EXTREMITY

Fig. 1.1. Structure of the heart and direction of the blood flow
through the heart chambers and heart valves (Hall 2015)
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The unidirectional blood flow in the heart is controlled by the presence of
four valves. There are two atrioventricular valves (mitral in the left side of the
heart and tricuspid in the right side) that allow blood to flow from atria to ventri-
cles, and two semilunar valves (aortic and pulmonary in the left and right sides,
respectively) that allow blood to flow into the arteries. Each atrioventricular valve
has a complex structure and consists of two (left side) or three (right side) asym-
metrical leaflets. Semilunar valves, on the other hand, have a simpler configura-
tion, both consisting of three half-moon-shaped leaflets (Zhu 2015).

Cardiac activity is composed of electrical activation phase and mechanical
phase, responsible for the action of pumping blood. The electrical activity in-
volves conduction of a stimulus starting from the sinoatrial node that allows con-
traction of the muscular tissue of the heart, called myocardium. The mechanical
activity consists of a cyclic repetition of contraction and relaxation, or systole and
diastole. Both sides of the heart act in sync, though contraction of atria starts ear-
lier than that of ventricles. The whole cardiac cycle consists of both those phases
that occur from the beginning of a heartbeat to the beginning of the next one
(Fig. 1.2). Considering a normal heart rate, the cardiac cycle has a duration of
approximately 0.8—0.9 s (Fukuta and Little 2008).
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Fig. 1.2. Phases of the cardiac cycle showing changes in pressure, ventricular volume,
electrocardiogram and phonocardiogram (Hall 2015)
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The cardiac cycle, therefore, proceeds in four stages (Hall 2015):

1. Atrial systole. At the beginning of this stage, atrioventricular valves are
opened. Both atria contract and allow blood to be pushed through valves
into ventricles.

2. Ventricular systole. Both ventricles begin to contract, causing an increase
in blood pressure. When pressure increases to the point that it is higher
than the one present in atria, atrioventricular valves close. Increasing pres-
sure eventually exceeds the one present in the arteries, semilunar valves
open and blood starts to flow into the vessels. When the maximum pres-
sure peak is reached, which is normally around 120 mmHg (or 16 kPa),
blood flow begins to reduce and pressure decreases. When pressure be-
comes lower than that in the arteries, semilunar valves close and systole
phase ends.

3. Atrial diastole. Ventricular pressure reduces to a value around 0 mmHg.
Since pressure is now higher in atria, this induces the opening of atrioven-
tricular valves and allows blood to flow from atria to ventricles, aided by
the aspiration due to the relaxation of ventricular walls.

4. Ventricular diastole. Blood continues to flow from atria to ventricles, but
with less speed due to the reducing pressure difference between the cham-
bers.

The mitral valve, also called bicuspid, is located between the left atrium (LA)
and the left ventricle (LV). It consists of two leaflets, anterior (AL) and posterior
(PL), attached to the mitral annulus and anchored to the papillary muscles (PMs)
by a group of thread-like branched fibrous tendons, called the chordae tendineae.
The main role of the MV is to ensure unidirectional blood flow from the LA to
the LV and to prevent its backflow. Therefore, cardiac function highly depends
on correct and synchronous functioning of all MV elements (Zhu 2015).

The mitral annulus is a flexible structure of fibrous and muscular tissue, di-
vided to anterior and posterior sections, into which the corresponding MV leaflets
are directly inserted. Both sections are separated by two anatomical landmarks,
called commissures. If observed from the LA, the annulus has an ellipsoidal shape
with a greater transverse diameter compared to a longitudinal one. Its dimensions
are not the same in different individuals and, moreover, they are not constant
throughout the cardiac cycle, changing based on the stage of the cycle.

Furthermore, the annulus has a non-planar profile, naturally conforming a
saddle shape, as first reported by Levine et al. (1987). The highest point of the
saddle, which is the most distant point from the LV apex, is called anterior saddle
horn and is located in the anterior section of the annulus. The second peak of the
saddle is in the opposite side, in the central region of the posterior annular section,
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and is called posterior saddle horn. The lowest points of the saddle correspond to
two commissures, indicated as anterolateral and posteromedial.

During diastole, the annulus relaxes and reaches its maximum size, appearing
almost circular, if observed from the LA. With the beginning of systole, the annu-
lus begins to contract, becoming shortened and flexed. This movement of the an-
nulus is induced by the contraction and subsequent relaxation of the surrounding
myocardium. Consequently, alterations of the annulus shape and dimensions in
healthy MV result in optimal leaflet coaptation and valve function (Jimenez et al.
2003)

The MV consists of two thin, asymmetrical leaflets (AL and PL) attached to
the annulus and conjoined at the commissures. Both leaflets have a hinge type
motion with respect to the annulus. The proper closure of the leaflets ensures the
optimal function of the MV and prevents backflow of blood into the LA.

Anterior leaflet

Annulus

Chordae
tendineae

muscles

Fig. 1.3. Anatomy of the mitral valve at peak systole. Anterior and posterior leaflets are
divided into the segments based on the modified Carpentier classification

MYV leaflets are remarkably different in structure. The AL is typically larger
in area and is extended more in the vertical direction. It has a semicircular or tri-
angular shape and narrower attachment to the annulus. The PL has a quadrangular
shape and is extended more in the transverse direction. It also has two indentations
on the free margin, which generally split leaflet into three segments, called lateral
(P1), middle (P2) and medial (P3), as proposed by Carpentier (1983) and widely
used. Of those segments, the middle one has the largest dimensions and is the one
into which the greater number of the chordae tendineae are inserted. Each of the
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segments of the PL is matched by corresponding areas on the AL, called Al, A2
and A3.

However, in the present study, the modified Carpentier classification (Shah
2010) is used characterized by the division of A2 and P2 segments in halves,
namely middle-lateral (A2L, P2L) and middle-medial (A2M, P2M) segments
(Fig. 1.3). This approach allows a more precise description of the location of the
valve dysfunction.

The ventricular surface and the free margin of the leaflets are connected to
the PMs by the branched network of the chordae tendineae. The chordae tendineae
are thread-like branched tendons of fibrous and cartilaginous tissue. Starting from
the PMs, from which they originate, a single main branch can be identified, sub-
divided into two or more secondary chordae, which have a large number of
branches. The chordae attached to the commissural sections are called commissu-
ral chordae, whereas the chordae inserted into the leaflets are referred to as the
leaflet chordae (Gunnal et al. 2015). Based on their insertion point, the leaflet
chordae can be divided into two categories:

1. First order chordae are the thinnest. They originate from the PMs and,
progressively dividing, are inserted into the free margin of the leaflets,
thus often called marginal chordae (Liao and Vesely 2003).

2. Second order or basal chordae are inserted into the ventricular surface of
the leaflets closer to the annulus (Degandt ef al. 2007). Among these, four
chordae (two inserted into the AL, and two into the PL) are particularly
thick and strong, named as strut chordae (Gunnal et al. 2015).

There are two PMs arising from the LV wall, each having one or multiple
heads with the chordae attached (Madu and D’Cruz 1997). The lateral half of the
leaflets is anchored by the chordae to the anterolateral PM, while the medial half
has chordal attachments to the posteromedial PM. Both muscles contract simulta-
neously, and the contraction is synchronized with that of the ventricular myocar-
dium. During systole, the PMs contract and the chordae are put in tension, holding
the MV leaflets below the annular plane. During diastole, they relax and recover
initial position.

1.1.2. Mitral Valve Function and Dysfunction

The MV opens and closes mainly because of pressure differences between the LA
and the LV, opening when there is higher pressure in the LA, and closing when
pressure is higher in the LV. During diastole, blood fills the LA, thus increasing
pressure and opening the MV. Blood begins to flow through the valve, increasing
pressure in the LV and forcing the MV to close. Since pressure in the LA becomes
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much lower than in the LV, the leaflets attempt to evert to the lower pressure
region. This eversion is called MV prolapse (Hall 2015).

The chordae tendineae play an important role in the MV function (Fig. 1.4).
During ventricular systole, the chordae tendineae transmit tension generated by
the contraction of the PMs to the leaflets avoiding their eversion into the LA due
to pressure. Specifically, basal and strut chordae provide only basic structural sup-
port and are more involved in the LV function, whereas marginal chordae prevent
prolapse of the leaflet margin (Obadia et al. 1997).

Fig. 1.4. Function of the mitral valve during the cardiac cycle pointing out
changes in annular dimensions (white arrows) and transmission of
chordal tension (grey arrows). Adapted from (Carpentier 2010)

MYV prolapse usually appears due to disruption of the valve restraining force
structures, such as rupture of the chordae tendineae. In some cases, the prolapsed
MV lets a small amount of blood flow backward from the LV into the LA. This
disorder is called mitral regurgitation. If mild, MR may not cause problems, how-
ever, severe MR can lead to a life-threatening emergency, including pulmonary
congestion and heart failure. The severity of MR generally depends on the number
and location of the ruptured chordae. A single ruptured chorda may lead to mild
MR, which requires no treatment, while the multiple chordae ruptured simultane-
ously can cause severe MR (Gabbay and Yosefy 2010). Moreover, ruptured basal
and strut chordae might not compromise the coaptation of the leaflets, however,
rupture of the marginal chordae almost always results in loss of normal coaptation
and valvular leakage (Dal-Bianco et al. 2014).
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The underlying causes of chordae tendineae rupture include subacute endo-
carditis, rheumatic heart disease, myxomatous degeneration, and other heart and
valvular diseases (Gabbay and Yosefy 2010). Mechanical properties of the dis-
eased chordae are significantly different from those of the intact ones (Barber
et al. 2001), therefore, the rupture occurs when the strain forces exceed the
stretching threshold of the chordae damaged by the disease (Gabbay and Yosefy
2010).

1.1.3. Diagnostic Imaging of Mitral Regurgitation

Mitral regurgitation is the most common heart valvular disease (El Sabbagh et al.
2018), affecting 2-3% of the world population (Han et al. 2018). This disease
cannot be treated with medications, so it is necessary to use clinical parameters,
especially those obtained from diagnostic images, to decide when and how the
surgeon has to intervene.
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Fig. 1.5. Echocardiographic image of healthy mitral valve at peak systole.
The main components of the valve structure can be seen: anterior (AL) and
posterior (PL) leaflets, posteromedial papillary muscle (PM) and chordae tendineae

The easiest to detect symptom of MR is a heart murmur heard with a stetho-
scope. Other symptoms can also include shortness of breath, dizziness, chest pain,
swelling in the ankles and feet, extreme tiredness and weakness (Enriquez-Sarano
et al. 2009). Of course, having these symptoms does not necessarily indicate the



1. LITERATURE REVIEW OF MITRAL VALVE MODELING 15

presence of MR. Further examination should be done, including the use of diag-
nostic imaging, to assess the condition. The most common imaging techniques for
the diagnosis of MR are (Durst and Gilon 2015):

1. Chest X-ray. It works on the principle that different materials absorb dis-
similar amounts of radiation. However, in case of MR, X-ray can only be
used to detect non-specific data concerning the disease, such as enlarge-
ment of the LV, which can be related to MR (Anderson et al. 2008).

2. Angiography. The trace of blood in the circulatory system can be ob-
served using X-ray based techniques, such as fluoroscopy, after the injec-
tion of a contrast fluid into the vessels. By placing this fluid in the LV,
the presence of MR can be checked, observing the presence or absence of
contrast material in the LA (Apostolakis and Baikoussis 2009).

3. Cardiovascular magnetic resonance imaging (cMRI) is the most accurate
technique for visualizing the severity of the valve condition and assess the
size and function of the LV. cMRI does not involve exposure to ionizing
radiation, but the patient must not be a carrier of metal prostheses or pace-
makers in order to perform the examination (Uretsky et al. 2018).

4. Echocardiography (Fig. 1.5). This ultrasound-based imaging technique
has become routinely used in the diagnosis, management and follow-up
of patients with MR. Echocardiography provides real-time images of the
heart chambers, thus allowing to observe presence and severity of MR.
Different types of echocardiography can be performed (Zeng et al. 2014):

e Transthoracic echocardiography (TTE) is the most common type of
ultrasound diagnostic technique for the assessment of morphology and
geometry of the MV, which provides accurate quantification of valvu-
lar dysfunction. During TTE, the ultrasound transducer is placed on
the chest of the subject to get various real-time views of the heart.

e Transesophageal echocardiography (TEE). During TEE, the ultra-
sound transducer is placed into the esophagus of the subject to get var-
ious real-time views of the cardiac structures. The resulting images are
much sharper than that provided by the TTE because ultrasound needs
to cross only a few millimeters from the esophagus before reaching the
heart.

e Doppler echocardiography can be used during either TTE or TEE ex-
aminations to determine the velocity and direction of the blood flow.
Therefore, color flow Doppler is able to reveal the backflow of blood
from the LV to the LA during systole. However, while not evaluating
the actual flow, but only its velocity, it is subject to errors and provides
only a semi-quantitative estimation of MR severity.
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1.1.4. Mitral Valve Surgical Repair Techniques

MV repair is a preferred surgical treatment for MR and has significant advantages
over MV replacement with an artificial valve, such as preservation of postopera-
tive LV function, reduction of the risk of valve-related complications and im-
proved long-term survival rate (Mick et al. 2015). However, there is no standard
surgical repair technique for MR, it can depend on individual patient anatomy,
pathology and even surgeon preference (Morgan et al. 2016). The surgical tech-
niques that today are part of the clinical standard include leaflet resection, chordal
transposition, edge-to-edge procedure and annuloplasty using a prosthetic ring
(Pozzoli et al. 2016). Still, the use of artificial neochordae for the MV repair has
become the most common method, and currently over 40 different surgical tech-
niques for applying neochordae to MV repair is used (Ibrahim et al. 2012). Ex-
panded polytetrafluoroethylene (ePTFE), also known as Gore-Tex, sutures are
typically used to form neochordae (Ibrahim et al. 2014). These sutures appear to
be a good material for the chordae replacement because of their biomechanical
properties, similar to those of the natural chordae (Salvador et al. 2008).

The most common technique for replacing the ruptured chordae with the ne-
ochordace is called the loop technique. This technique uses a set of premade ePTFE
suture loops, which are anchored to the PM (Fig. 1.6 a) and then used to resuspend
the prolapsing segment of the leaflet. It involves the following steps: (1) measure-
ment of the required neochordal length; (2) making a loop set of the premeasured
length; (3) anchoring the loop set to the PM; (4) implanting anchored neochordae
to the prolapsing leaflet; (5) if necessary, adjusting the neochordal length (Shibata
et al. 2015).
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Fig. 1.6. Neochordal anchoring site (marked with circle) in different mitral valve
repair surgical techniques: a) loop technique; b) transapical
implantation of neochordae. Adapted from (NeoChord 2016)
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The main disadvantage of loop technique is that during such surgery the heart
is stopped, and the cardiopulmonary bypass pump takes over the work of the heart
and the lungs. Another disadvantage is that estimation of the proper neochordal
length can be challenging (Hysi ef al. 2017) and is often obtained by a process of
trial and error during the surgery, therefore, the heart may have to be stopped and
restarted few times (Ibrahim et al. 2012).

Recently, a new technique for neochordae implantation was introduced. Ne-
0Chord DS1000 device enables off-pump (also called “beating-heart”) transapical
implantation of the neochordae through a minimally-invasive approach
(Fig. 1.6 b). It is a single-use, hand-held device designed to replace ruptured
chordae tendineae with the artificial neochordae made of ePTFE sutures (Neo-
Chord 2016). This device can be used in cases of MV pathologies that lead to
more or less severe MR. It has three essential features: (1) a gripper-like tip with
expandable jaws used to catch the prolapsing segment of the leaflet; (2) four op-
tical sensors with a device monitor allowing to confirm proper leaflet capture;
(3) a semi-dull needle used to implant the neochordae to the leaflet.

a) Q b) N | ¢) N
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Fig. 1.7. NeoChord DS1000 device during surgery: a) prolapsing segment of the mitral
valve leaflet captured by the grasping mechanism of the device; b) insertion of
the suture; ¢) neochordae anchored to the prolapsing leaflet (NeoChord 2016)

During surgery, a small incision of about 6 cm is made on the right side of
the chest. The device is passed into the beating heart through this incision and
advanced through the MV into the LA under TEE guidance. A grasping mecha-
nism of the device is used to capture and control the prolapsing leaflet (Fig 1.7 a).
Effective leaflet capture is confirmed by observing the device monitor of the op-
tical sensors. The leaflet is then penetrated with the semi-dull needle (Fig. 1.7 b)
and the neochorda is anchored to the prolapsing segment (Fig. 1.7 ¢). Since usu-
ally three to six neochordae are implanted (Colli et al. 2018), the procedure is
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repeated for each suture. The implantation procedure and results are controlled
with echocardiography. After successful implantation is confirmed, all neo-
chordae are secured under proper tension to the LV apex with additional felt
pledgets, used to distribute pressure of the suture knots (Merk et al. 2015). The
neochordae implanted in such way usually have a length of 50 to 70 mm and are
formed using CV-4 type sutures with a diameter of 0.307 mm (NeoChord 2016).

Transapical MV repair approach was introduced in 2009, and at first the an-
imal studies were performed (Bajona et al. 2009), before enrolling patients in the
clinical trial soon after (Seeburger et al. 2010). The first results regarding the use
of this technique on subjects suffering from MR were published by surgeons from
Vilnius University Hospital Santaros Klinikos (Rucinskas et al. 2014), reviewing
13 cases of transapical MV repair. It was observed that more than 90% of patients
actually experienced a reduction in MR six months after the surgery. Later pub-
lished studies on larger patient populations only confirmed this rate of success
(Colli et al. 2016; 2018). In general, it can be stated that it is possible to obtain
satisfactory clinical results even in most critical cases, such as high-risk patients
or patients in old age.

However, some aspects of this technique, such as exact positioning of the
neochordae to the prolapsing segment or the length adjustment of the neochordae
to eliminate prolapse while preventing additional restriction of the leaflet, can
only be assumed (Seeburger et al. 2012) and require additional experience and
further studies.

Transapical MV repair with neochordae implantation is performed under 2D
and 3D echocardiographic guidance. TEE is used, which allows to obtain various
real-time views of the heart after placing the ultrasound transducer into the esoph-
agus of the subject. TEE guidance plays an important role while the following
phases of the surgical procedure are executed:

e pre-operative identification and evaluation of MV prolapse;

e insertion of NeoChord DS1000 device into the heart;

e grasping of the prolapsing leaflet and assessment of the leaflet capture;
e proper tension adjustment of the implanted neochordae;

e post-operative evaluation of the surgical procedure and its results (Deme-
trio et al. 2015).

Color flow Doppler is usually used during 2D echocardiography to identify
the presence of MR before and after the procedure by showing the existence or
absence of the blood backflow from the LV to the LA during systole. Still, the use
of 3D TEE is mandatory to perform transapical MV repair, as it provides more
accurate information than two-dimensional TEE for the device guidance to the
target segment of the leaflet and the implantation of the neochordae.
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For the numerical simulation studies, investigating the MV function and eval-
uating novel MV surgical repair techniques, echocardiography contributes image
data that can be used to reconstruct the geometry of the valvular structure. This
imaging technique has some advantages among others, providing real-time views
of the cardiac structure without exposing a patient to hazardous ionizing radiation,
thus pre-, intra- and post-operative image data can be safely recorded.

1.2. Review of Mitral Valve Computational Models

During the last three decades, a number of numerical simulation studies have
shown promising outcomes while investigating the MV function (Kunzelman
et al. 1993; Votta et al. 2008a; Toma et al. 2016) and evaluating novel MV surgi-
cal repair techniques (Reimink et al. 1995; Votta ef al. 2007; Morgan et al. 2016).
Two categories of the computational models can be distinguished. Structural mod-
els use FEM to simulate the MV function without directly considering the blood
flow. Whereas fluid-structure interaction (FSI) models study the interactions be-
tween the MV and the blood flow using computational fluid dynamics (Gao et al.
2017).

1.2.1. Structural Mitral Valve Models

Structural FE models are often used for the MV modeling to study dynamics,
stress-strain behavior and deformations in scenarios of clinical relevance. These
models are suitable for the investigation of both physiological and pathological
behavior and for the analysis of specific surgical treatment. Basically, they are
aimed at quantifying the biomechanical aspects of pathologies and surgical tech-
niques. However, the FE models involve calculation times of several hours on
parallel computing systems, and therefore these models are not yet used as the
clinical analysis tool.

Early FE models of the MV published in the literature were defined on the
basis of animal or ex vivo measurements with an idealized geometry, representing
an average case of a certain condition without accurate anatomical details. Large
mammalian animal measurement data (most often porcine or ovine) was usually
chosen, as it can be held the most physiologically and clinically relevant to the
human heart (Camacho et al. 2016).

The first structural FE model of the MV was developed in the University of
Washington (United States) by Kunzelman ez al. (1993). The data for this model
was obtained from ex vivo porcine valves, which were used to define the geometry
of the MV at end-diastole, making the assumption that at this point in time the
MV is approximately unloaded. This model was used to simulate the systolic
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function of the physiological MV and to calculate stresses acting on the leaflets.
The main limitations of this work were the anatomical simplification of the leaf-
lets and chordae tendineae geometry, for example, the annular profile was hypoth-
esized to be planar and kept fixed throughout the simulation. In terms of chordae
tendineae, only marginal chordae without branches were modeled. Moreover, the
MYV tissue was described as a linear elastic material.

In the later studies, the researchers from the University of Washington
adapted this approach to investigate the functions of the pathological MV
(Kunzelman et al. 1997; 1998) and to evaluate surgical techniques for MV repair
(Reimink et al. 1995; Kunzelman et al. 1996).

A similar approach was used by the research group from the Politecnico di
Milano (Italy). A simplified anatomical model with planar and static annular pro-
file was created to investigate MV pathologies (Votta et al. 2003). The profile of
the leaflets was obtained from ex vivo data of MV measurements, published by
Kunzelman et al. (1994). Stress distribution across the leaflets was calculated for
pathological and virtually repaired MV models.

A different approach was taken in the Nanyang Technological University
(Singapore) by Lim et al. (2005) to investigate stress distribution profiles on the
MV leaflets. Their model had a saddle shape profile created from in vivo meas-
urements of the ovine MV. The annular geometry was created after positioning
12 transceiver crystals on the MV and tracing their positions at different time
points using sonomicrometer. Still, some simplifications were taken into account.
The leaflets were modeled as a single membrane of a constant length without the
commissures and described as a linear isotropic material. As in the previously
described studies, the simplified geometry of the chordae tendineae with linear
elastic mechanical behavior was created.

Nonlinear mechanical response of the MV was first considered in the model
developed by Dal Pan et al. (2005) from the University of Brescia (Italy). The
hyperelastic behavior of the leaflets, created based on medical literature and direct
observations, was described using the reduced polynomial model. The developed
MYV model was used to investigate structural and functional effects of the edge-
to-edge surgical technique for MV repair. However, no actual chordae tendineae
were included in the model, and the effect of the chordae was simulated by im-
posing displacement to the free margin nodes.

The more complete model of the MV structure was created by the researchers
from the Norwegian University of Science and Technology (Fig. 1.8). In their
studies (Prot et al. 2007; 2009a; 2009b; 2010), the MV model with simplified ge-
ometry created from ex vivo porcine data, with the flat annulus and marginal
chordae attached to the free margin of the leaflets, was used to investigate the
behavior of healthy and pathological MV. For the leaflets, transversely isotropic
mechanical response was considered, characterized using hyperelastic strain
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energy density function, proposed by May-Newman and Yin (1998) from Johns
Hopkins School of Medicine (United States) (see paragraph 1.2.4).

Primary chordae
(marginal chordae)

i Secondary anterior
chordae

Fig. 1.8. Mitral valve model with simplified geometry
created from ex vivo porcine data by Prot et al. (2007)

All the models presented so far used idealized geometry of the MV with some
geometrical simplifications. In a structure such as the MV, geometry is crucial to
the structural response, so no effects of the real intersubject variability could have
been evaluated using these idealized models. For this reason, the need to develop
patient-specific models with realistic morphology emerged.

The first published patient-specific model was developed by the research
group from the Politecnico di Milano (Votta et al. 2008a). The MV model was
created through a semi-automatic procedure from TTE image data and included
realistic geometry of the leaflets at end-diastole with transversely isotropic mate-
rial properties, described using strain energy function proposed by May-Newman
and Yin (1998). The movement of the annulus and PMs was also derived from
echocardiographic data. However, the anatomical information acquired from TTE
image data was not fully exploited. The profile of the leaflets was simplified and
described by a sinusoidal function, and the movement of the PMs was defined by
integrating image data since the PM tips are not always entirely visible in TTE
images. Furthermore, the chordae tendineae was defined according to data from
the literature, as they are not visible in echocardiographic images.

In the later study by the researchers from the Politecnico di Milano, a new
approach to the MV modeling was taken (Conti et al. 2010). The geometry of the
MYV was reconstructed from cMRI data, characterized by the superior image clar-
ity compared to echocardiographic data. The valvular structures were segmented
manually at the end-diastole frame of image data, whereas the positions of the
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annulus and the PMs were traced in all frames of the cardiac cycle. The chordae
tendineae were represented in a more complete way than in previous studies, in-
cluding basal and strut chordae. Their insertion points into the PMs were no longer
represented by a single point, but by a circumference of points, each representing
the insertion place of a different chorda. This new approach was used to simulate
the systolic function of healthy and pathological MV models.

Similar modeling strategy was adopted by the research group from the Uni-
versity of Texas Health Science Center at Houston (United States) to investigate
patient-specific annular motion effect on the MV function (Rim et al. 2013). The
main difference is that in this study the geometry of the MV (Fig. 1.9) was recon-
structed through a semi-automatic procedure from echocardiographic images in-
stead of cMRI data.

Annulus

Anterior

Leaflet
(A)
Posterior P
Leaflet
(P)
Chordae

PM Tendineae
Tips

Fig. 1.9. Patient-specific mitral valve model used to investigate
annular motion effect on the valve function by Rim et al. (2013)

The automatization of the geometry creation process was proposed by Mansi
et al. (2012) from the Research and Technology center at Siemens Corporation
(United States). Their model, created from TEE image data, included realistic ge-
ometry of the mitral annulus, leaflets and PMs. However, the purpose of the study
was to obtain a model capable to predict valve behavior given the specific images
of a subject, rather than to investigate valve behavior in terms of strains and de-
formations. For this reason, the MV leaflets were modeled as linear, transversely
isotropic elastic tissue, and simulation results were analyzed only in terms of the
geometry.
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All previously described patient-specific modeling approaches have in com-
mon the aspect of being discretized with shell elements. The first FE model of the
patient-specific MV described by solid elements was developed in the University
of Connecticut (United States) by Wang and Sun (2013). Their FE model of a
healthy MV was created from micro-computed tomography (micro-CT) image
data with detailed leaflets thickness, chordae tendineae insertion points and PMs
location. The mechanical behavior of the leaflets tissue was described using con-
stitutive hyperelastic anisotropic material model (see paragraph 1.2.4).

The usage of micro-CT can increase the level of anatomical detail of valvular
structures, but, contrary to echocardiography or cMRI, usually only in vitro im-
aging is performed (Gao et al. 2017), as visualization of moving objects, such as
heart valves, using micro-CT is challenging (Badea et al. 2008) and requires ad-
ditional techniques to minimize imaging artifacts caused by cardiac motion
(Desjardins and Kazerooni 2004). Moreover, the simulation of models described
by solid elements involves a relatively high computational cost compared to shell
elements. Up to 12 hours can be needed to simulate function of the detailed MV
model discretized by solid elements (Toma et al. 2017), whereas for the model
described by shell elements, depending on the mesh size, about half of this time
(Sturla et al. 2015a), and usually even less (Pappalardo et al. 2017), is required.

1.2.2. Fluid-Structure Interaction Models of Mitral Valve and
Blood

FSI models combine the structural modeling of a solid body with the fluid dynam-
ics modeling of fluid by coupling FE model with computational fluid dynamics
(CFD) model. In this particular case, FSI models aim to investigate the interaction
between the MV and the blood flow (Mansi et al. 2012). This method is more
sophisticated than FEM, in which the action of fluid is usually approximated and
imposed as boundary condition by applying pressure load on the surface of the
leaflets. The challenge of FSI method is that the fluid mechanics is normally de-
scribed using the Eulerian formulation, while the equations for the tissue are de-
scribed in the Lagrangian form (Gao et al. 2017).

The first FSI model of the MV was developed by Kunzelman et al. (2007) to
simulate normal and pathological valve functions (Fig. 1.10). The leaflets were
modeled as membranes and the chordae tendineae as tension-only cables, both
described as the nonlinear materials. The MV was positioned in a tubular fluid
volume, thus approximating the LV domain and neglecting the cardiac wall mo-
tion as well as its effect on the blood flow. Only valve closure was simulated, and
the comparison with the structural model was made, comparing stress distribution
across the leaflets in a closed valve configuration.
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Lau et al. from the University College London (United Kingdom) compared
MYV dynamics with and without fluid, based on linear material models (2010). In
this study, the effect of the fluid on valve dynamics was quantified in both tubular
and ventricular-shaped fluid volumes. Full cardiac cycle including valve opening
and closing was simulated, calculating stress values on the leaflets, blood flow
rate and fluid velocity in the LV.
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Fig. 1.10. Stream traces of blood velocity in the fluid-structure
interaction model by Kunzelman et al. (2007)

The first anatomically realistic MV model based on in vivo cMRI data was
created in the University of Glasgow (United Kingdom) by Ma et al. (2013). The
leaflets and the chordae tendineae were treated as elastic structures immersed in
the semi-rigid tubular fluid volume under physiological transvalvular pressure
load. The simulation of a full cardiac cycle was performed and the influence of
patient-specific geometry on fluid dynamic parameters was investigated. The sim-
ulation results were compared to clinical measurements, thus achieving the initial
validation of the model.

A more detailed geometrical model was introduced by the researchers from
the Georgia Institute of Technology (United States) (Toma et al. 2016). The geo-
metric data was acquired during a micro-CT scan of ex vivo ovine valve. The MV
model was described by solid elements and the importance of individual chordae
on MV closure dynamics was investigated by simulating rupture of each and every
chordal branch. However, some simplifications were done. A rigid tube was used
as an approximation of the LV domain and the computed severity of MR was
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approximated by calculating the regurgitant area with no hemodynamic variables
included in the calculations.

While including blood flow patterns inside the LV, FSI approach can be used
for comprehensive analysis of MV physiology (Gao ef al. 2017). However, blood
flow boundary conditions for the FSI simulation are required, which could be dif-
ficult to obtain during clinical measurements. For this reason, the standard mod-
eling approach is to immerse the MV into an idealized fluid domain, which, how-
ever, may not reflect the actual condition of the patient (Mansi et al. 2012).
Moreover, FSI modeling involves much longer calculation time, and simulating
full cardiac cycle can take up to 240 hours (Caballero ef al. 2018). For these rea-
sons, the FSI method is often excluded from the field of surgical planning and
training, and its application is generally limited to the study of MV within simpli-
fied fluid domains.

1.2.3. Computational Models for Mitral Valve Repair

Computational models of the MV, though are not used for the direct clinical anal-
ysis, can be an important support tool for the clinical action, such as evaluation of
the novel MV repair methods. They can provide information on the biomechanics
of the valvular structure that would otherwise be impossible to obtain. Different
methods of the MV repair was investigated using models with both idealized and
patient-specific geometries.

The first computational model concerning MV repair was developed by the
research group from the University of Washington (Reimink et al. 1995). The
model was used to evaluate the behavior of the MV following the replacement of
the AL broken chordae with ePTFE neochordae. The geometry was created from
measurements of ex vivo porcine valves (Kunzelman et al. 1993) and included a
complete valve system with the annulus, leaflets, marginal and basal chordae, and
PMs. The MV leaflets were described as linear anisotropic material, while the
chordae tendineae were assigned linear isotropic mechanical properties.

Several chordae were removed from the AL and replaced with ePTFE su-
tures, thus simulating rupture of the chordae tendineae and MV repair with neo-
chordae implantation. The simulation of systolic function indicated that ePTFE
sutures restore MV function and stresses to normal range. Therefore, it has been
shown that implantation of the neochordae, which have a high stiffness value,
does not restrict the physiological functions of the MV.

Different MV repair method was investigated by Votta et al. (2002). The MV
leaflets profile and the chordae tendineae were created in accordance with data
found in the literature. The MV prolapse was simulated applying pressure on the
atrial surface of the leaflets while in closed valve configuration. Edge-to-edge re-
pair technique was used to restore the valve competence by suturing middle
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portions of the free margins of the leaflets. Stress analysis was performed to in-
vestigate the outcomes of such surgical procedure.

However, due to their idealized geometry, these early models could not have
been evaluated against clinical data. The first patient-specific MV model for the
simulation of surgical procedure was created by the research group from the
Politecnico di Milano (Stevanella et al. 2011). The same approach as in the earlier
mentioned study by Conti et al. (2010) was used to reconstruct the geometry of
the MV from echocardiographic data. The effects of annuloplasty surgical proce-
dure were investigated, calculating stress distribution across the leaflets and reac-
tion forces acting on the PMs.

Researchers from the Politecnico di Milano also made a big contribution
while simulating MV repair with neochordae implantation. Several studies were
published (Sturla ez al. 2014; 2015b; 2015¢), investigating and quantifying differ-
ent neochordae implantation techniques in terms of both chordal and neochordal
tension, and leaflet stress distribution.

1
Neochordae

Fig. 1.11. Patient-specific model used for the simulation of mitral valve repair
with neochordae implantation (Choi et al. 2017)

While the majority of models for investigating MV repair are decoupled from
the blood flow, Lau et al. (2011) used the FSI approach with nonlinear MV mate-
rial description to investigate edge-to-edge surgical repair technique. Similar
modeling strategy as in their previous and already mentioned work (Lau et al.
2010) was used to calculate parameters emerging from the interaction between the
MYV and the blood flow.

More studies considering MV repair using patient-specific data and numeri-
cal simulation were published during the last decade. Different repair methods
were investigated:

o leaflet resection (Rim ef al. 2015; Morgan et al. 2016; Choi et al. 2017);
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e edge-to-edge repair (Avanzini et al. 2011; Zhong et al. 2014; Sturla et al.
2015a);

¢ annuloplasty procedure (Choi et al. 2014; Baillargeon ef al. 2015; Kong
etal 2018);

e MV repair with neochordae implantation (Rim et al. 2014; Morgan et al.
2016; Choi et al. 2017 (Fig. 1.11)).

1.2.4. Material Models for Mitral Valve Leaflets and Chordae
Tendineae

Material characterization of the MV tissue is essential in understanding and in-
vestigating the valve function and evaluating novel MV surgical repair techniques
(Krishnamurthy et al. 2008). The mechanical properties of the different valvular
components vary due to their structural differences.

Structurally, the tissue of the MV leaflets is composed of collagen, elastin
and muscle fibers. When subjected to traction, individual collagen fibers are
straightened and stiffened up at different levels. Once all collagen fibers are
straightened, further elongation of the material causes the elongation of the fibers
themselves. For this reason, MV leaflets tissue has a mechanical response that can
be defined as nonlinear.

Tissue abundant in collagen fibers demonstrates higher stiffness along the
fiber direction compared with the cross-fiber one. Since in the MV leaflets colla-
gen fibers are oriented along the longitudinal direction (parallel to the annulus),
the mechanical response in this direction is stiffer than in the transversal one (per-
pendicular to the annulus). The response of the MV leaflets tissue is, therefore,
nonlinear and transversely isotropic (Lee et al. 2015).

Early attempts to describe valve tissue relied on the linear elastic material
models following the generalized Hooke’s law (Sun ef al. 2014). Kunzelman and
Cochran (1992) performed the uniaxial tensile test on the specimens of porcine
valve tissue, applying the force in two different directions: parallel and orthogonal
to the fiber alignment. The mechanical response of the leaflets was described as
the relationship between stresses 6 and deformations € using fourth order polyno-
mial model:

G =Cy+CE+ e + 038 +cy8t, (1.1)

where co, ¢1 ¢2, ¢3 and ¢4 are the material parameters derived from the experimental
data of the uniaxial test.

The first constitutive model, which represented nonlinear transversely iso-
tropic behavior of the MV leaflets due to the presence of collagen fibers, was
proposed by May-Newman and Yin (1998). The biaxial test was performed on
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both the AL and the PL of the porcine valve. Both leaflets proved to be less ex-
tensible in the circumferential direction compared to the axial. Moreover, different
stiffness values for leaflets were observed, showing greater extensibility of the
PL. The constitutive model based on the strain energy function ¥ that depends on
two invariants of strain /; and /4 was suggested:

2 2
W(1,1,) = cp| 7 B | (1.2)

2. . . .
where the term (1l —3) is related to the isotropic response of the elastin fibers,

2
while the term (\/E - 1) describes the collagen fibers response and is activated

only if 7, >1, and co, c1, 2 are the material parameters.

The subsequent constitutive model was developed by Wang and Sun (2013).
Their model was based on the fiber-reinforced hyperelastic material model pro-
posed by Holzapfel et al. (2005). The leaflets tissue was assumed to be composed
of a matrix material with embedded collagen and elastin fibers, each of which has
a preferred direction. The strain energy function was expressed as:

2 2
T(11,14)=c0{e“‘(11‘3) rez(la 1) —1}
(1.3)
o[y + 14 (1-3)—1 _q 1 J_1)
a3 [+ 5-v,

i=1

where co, ci1, ki, k2 and D are the material parameters, J is the elastic volume ratio,
and « is a dispersion parameter used to describe the distribution of fiber orienta-
tion. The strain invariant /; is used to describe the matrix material, and the invar-
iants /4 are used to characterize the properties of the collagen and elastin fibers.

Another study concerning the mechanical behavior of the MV leaflets was
done by Lee et al. (2013) from the University of Texas at Austin (United States).
In this study, the effects of material anisotropy at the tissue level was considered.
A computational MV model with the incorporated detailed architecture of the col-
lagen fibers was developed using micro-CT image data of ovine valve. The invar-
iant-based constitutive model for the stress-strain behavior of the MV leaflets was
implemented:

Y1 1y)=co (1 - )+Cl((1 B)e [t Lrﬁe[%([rl) }—1} (1.4)
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where [ is a constitutive material parameter ranging from 0 to 1 and related to the
level of material anisotropy, and co, c1, ¢2, c3 are the remaining material parame-
ters.

The proposed constitutive model enables the investigation of how the mate-
rial anisotropy at the tissue level affects the MV functional response at the organ
level.

The chordae tendineae are mainly composed of collagen fibers aligned along
the longitude of these tendons, thus making them both stiff and robust. Due to the
presence of collagen fibers, the mechanical response of the chordae tendineae can
be defined as nonlinear (Ritchie ez al. 2005).

Since the chordae undergo only small or moderately large strains (<100%)
during the cardiac cycle (Casado et al. 2012), their mechanical behavior can be
described using polynomial hyperelastic model (Dassault Systémes 2010). The
basic strain energy density form of the polynomial model is:

N . N .
W(1,0,)="Y ¢;(1,-3) (1, -3) +ZDL(J—1)2’, (1.5)
i+j=1 i=1 L

where [} = 7»21 + XZQ + 733 and /, = k]z + 7(22 + 7(32 are the invariants of the right Cau-
chy-Green strain tensor, A1, A2, A3 are the stretch ratios in different directions,
D; are the constitutive material parameters that control bulk compressibility of the
material and can be estimated from volumetric test data, and c¢; are the material
parameters that control the shear behavior.

The uniaxial tensile test on porcine chordae tendineae was performed by
Kunzelman and Cochran (1990) to identify the mechanical properties of the mar-
ginal and basal chordae. It was noticed that with increasing strain a notable in-
crease in stiffness appears and the stress-strain behavior of the chordae becomes
almost linear. Moreover, there is a difference in mechanical behavior between
different chordae: stiffness of the marginal chordae is higher than that of the basal,
meaning that under the same degree of deformation marginal chordae will carry a
greater stress load.

However, no significant differences in terms of elastic and failure properties
of the chordae tendineae were distinguished by the research group from the Uni-
versity of Connecticut (Zuo et al. 2016). In general, while the size of marginal,
basal and strut chordae varies, the layer of fibrous tissue surrounding the central
core of the chordae do not contribute to their overall strength. For example, the
thinner marginal chordae are stiffer than the basal, and the strut chordae are the
weakest. Similarly, the anterior chordae are stiffer than the posterior at lower load
but weaker and more compliant at higher load.
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1.3. Conclusions of Chapter 1 and Formulation of the
Thesis Tasks

After considering the problem of MV prolapse from a medical perspective and
reviewing the studies describing different MV computational models, the follow-
ing conclusions are done:

1. According to medical literature, MV repair over replacement is generally

preferred for several important reasons. Repairing the valve preserves the
natural geometry and functionality of the LV, reduces the risk of valve-re-
lated complications and improves the long-term survival rate of a patient.

. Early clinical studies on transapical MV repair proves the efficiency of

such surgical technique in terms of survival rate and MR reduction. How-
ever, some aspects of this surgical technique, such as positioning of the
neochordae or adjustment of neochordal length, are still currently un-
known and require additional studies. Therefore, the use of numerical
simulation to clarify such aspects should be considered.

. The computational MV models found in the literature can be divided into

two categories: structural models, which use FEM to simulate the MV
function without directly considering the blood flow, and FSI models,
which combine the structural modeling of the MV with the fluid dynamics
modeling of blood. Due to simplifications made in the reviewed FSI mod-
eling studies and the demand for particularly high computational cost and
time, FSI method is often excluded from the field of surgical planning and
training. Structural modeling, on the other hand, is less time consuming
and can be suitable for the investigation of both physiological and patho-
logical behavior of the MV, and for the analysis of specific surgical treat-
ment.

. The literature review showed that during the last three decades, a signifi-

cant number of computational models for MV repair simulations were in-
troduced. However, only several studies on the modeling of MV repair
with neochordae implantation were published to this date. Moreover,
none of them had addressed the problem of transapical MV repair.

Based on the conclusions, the following tasks have to be performed to

achieve the aim of the thesis:

1. To develop modeling strategy applied for the numerical simulation of vir-

tual transapical MV repair procedure.

2. To reconstruct the geometry of patient-specific MV using echocardio-

graphic image data and kinematic parameters of MV motion, and to create
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structural FE model of the MV with prolapse based on the reconstructed
geometry.

3. To apply the created model for the implementation of virtual transapical
MYV repair followed by the simulation of MV systolic function, and to
investigate the effect of neochordal length on post-repair MV functioning.

4. To evaluate the outcomes of virtual transapical MV repair and to consider
the eligibility of the developed numerical modeling strategy.






Formulation of Mitral Valve
Modeling Problem

In the present chapter, the modeling strategy applied for virtual transapical MV
repair is introduced. Firstly, a mathematical formulation of the MV modeling
problem is presented and the material models used to describe the mechanical
behavior of the MV structure are depicted. The stages for the development of pa-
tient-specific FE model of the MV with imposed mechanical properties and
boundary conditions are then described. Virtual transapical MV repair technique
is presented, followed by a dynamic FE simulation of MV systolic function before
and after virtual repair.

Parts of this chapter are published in Gaidulis et a/. (2018a; 2018b; 2019) and
Romashov et al. (2016).

2.1. Modeling Strategy for Transapical Mitral Valve
Repair Simulation

Numerical simulation of the MV structure based on patient-specific data has

proven to be useful to evaluate the effects of the MV surgical repair techniques
(Drach et al. 2018). Studies regarding MV repair with neochordae implantation

33



34 2. FORMULATION OF MITRAL VALVE MODELING PROBLEM

were previously published by several authors (Reimink ez al. 1995; Rim et al.
2014; Sturla et al. 2014; 2015b; 2015¢; Morgan et al. 2016; Choi et al. 2017),
however, none of them had addressed the problem of transapical MV repair.

a) ae b) c)

[N "’

Fig. 2.1. Influence of the neochordal length on the function of mitral valve: a) prolapsing
mitral valve; b) mitral valve after the implantation of too short neochordae;
¢) mitral valve after the implantation of too long neochordae

Transapical MV repair with neochordae implantation is a novel surgical tech-
nique, allowing beating-heart correction of MV prolapse with MR through a min-
imally-invasive approach using NeoChord DS1000 device (see paragraph 1.1.6).
While transapical implantation of neochordae shows promising clinical results
(Rucinskas et al. 2014; Lancellotti et al. 2016; Colli et al. 2016; Colli et al. 2018;
Kiefer et al. 2018), there are some problematic aspects regarding this surgical
technique. The main challenge that emerges in case of transapical MV repair is
the correct length adjustment of the neochordae. During the cardiac cycle, the
length between the free margin and the LV apex varies at systole and at diastole
due to the lack of mutual interaction between the implantation points. This varia-
tion is about 10 times larger than the one between the free margin and the PMs,
as the simultaneous contraction of the LV myocardium and the PMs allows the
PMs to stay in place with reference to the MV. Therefore, there is a higher risk of
residual prolapse or tearing of the repaired leaflet after transapical implantation,
if either too short or too long neochordae are formed (Fig. 2.1) (Weber et al. 2012).

In the present study, FE modeling is used to analyze transapical MV repair
considering the challenges associated with the execution of such a procedure. For
this reason, structural model of the MV based on patient-specific imaging data is
created (Fig. 2.2) and nonlinear dynamic analysis in FE software Abaqus is per-
formed to simulate the systolic function of the MV before and after virtual
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transapical repair procedure, and to analyze its outcomes in terms of deformations,
acting forces and stress distribution.

Anterior leaflet (AL)

Posterior

leaflet (PL) MV annulus

Free margin

Chordae
tendineae

/

Anterolateral PM

Posteromedial PM
Neochordae

Fig. 2.2. Computational model of the mitral valve structure
based on patient-specific imaging data

For the implementation of such workflow, the modeling strategy used for
virtual transapical MV repair application is developed (Fig. 2.3). During this pro-
cedure, the echocardiographic image data is converted to a structural FE model
followed by virtual repair and dynamic simulation in Abaqus. This strategy con-
sists of the following steps:

1. 3D TEE image data acquisition of the whole LV during the cardiac cycle.

2. Segmentation of patient-specific image data.

3. Reconstruction of 3D MV geometry.

4. Mesh generation and implementation of mechanical properties, initial and
boundary conditions.

5. Virtual transapical MV repair with adjusted neochordal length.

6. Dynamic FE simulation in Abaqus.

The following paragraphs present the mathematical formulation of the MV
modeling problem and describe in detail the steps of the developed strategy used
for the creation of structural MV model and simulation of its systolic function
before and after virtual repair.
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Fig. 2.3. Modeling strategy applied for virtual transapical mitral valve repair

2.2. Mathematical Formulation of Modeling Problem

A general nonlinear equilibrium equation for the ith node of the structural physical
system in FEM can be written as (Mansi et al. 2012):

Mi; +Cu; +Ku,; =P, 2.1
where M is the mass matrix, ii, is the acceleration vector, C is the damping ma-

trix, u; is the velocity vector, K is the stiffness matrix, u; is the displacement
vector, and P; is the applied load vector.
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In Abaqus, there are two analysis methods, used for solving structural prob-
lems, namely Abaqus/Standard and Abaqus/Explicit. Abaqus/Standard employs
static and dynamic implicit integration schemes and is suitable for solving only
smooth nonlinear problems. However, the presence of the contact or material
complexities can cause a large number of iterations, which needs many sets of
linear equations to be solved, thus making such simulations particularly expensive
in terms of used memory and disk space. Meanwhile, Abaqus/Explicit employs
explicit integration scheme to solve nonlinear systems with complex contacts
without iterating and requires much less memory and disk space, therefore, is
more suitable for solving complex dynamic problems for nonlinear materials. For
this reason, Abaqus/Explicit is chosen to perform the simulations of the MV sys-
tolic function.

The explicit dynamic analysis in Abaqus is based upon the implementation
of an explicit integration rule together with the use of diagonal element mass ma-
trices. Therefore, the accelerations of the ith node of the MV structure at the be-
ginning of each increment are computed by:

il = ()" () -1("), 2.2)

where M is the diagonal mass matrix, I; is the internal force vector, and the super-
script (n) refers to the increment number. To calculate the internal forces at the ith
node, the internal forces for all elements attached to that node (see equation 2.9)
are simply summed up, therefore, the explicit procedure requires no tangent stift-
ness matrix and no iterations to update accelerations, velocities and displace-
ments.

The body motion equations are integrated using the explicit central-differ-
ence integration rule:

alm ) g(nm12) M ii("); 2.3)
ugn+l) _ ugn) +At(n+l)ﬁl(n+l/2), (24)

where the superscripts (n — 1/2) and (n + 1/2) refer to mid-increment values in the
explicit dynamics step. The central-difference integration operator is explicit in
(n71/2)

the sense that the kinematic state is advanced using known values of u; and

iil”) from the previous increment.
The central-difference operator, however, is not self-starting because the

value of the mid-increment velocity 1'15”_1/2) needs to be defined:
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(n)
alr12) _ g AL () (2.5)
2
In this particular case, the initial values (at time ¢ = 0) of velocity and accel-
eration are set to zero, thus giving:
1'1(."_1/2) -0.

1

The explicit procedure integrates through time by using many small time in-
crements Az. If the time increment is too large, the central-difference operator be-
comes unstable and diverges rapidly. The solution is stable when the following
condition is met:

2

At<—2, (2.6)

(Dmax

where @max is the highest eigenvalue in the system.

Abaqus/Explicit contains a global estimation algorithm, which automatically
determines the highest eigenvalue of the entire model.

Once the displacement vector u; is calculated, the computation of the internal
force at the ith node can be done in such a manner:

e =Bul"; (2.7)
o) =c(a(")); (2.8)
11 = jVBTo<”)dV, (2.9)

where ¢ is the deformation of the element attached to the ith node, ¢ is the stress
in the element, B is the strain-displacement matrix, and ¥V is the volume of the
model.

The external force vector at the ith node accounts for all volume loads P” and
surface loads P* and can be expressed as:

P = [ NTPYay + [ NTPOas, (2.10)

where N is the shape function, and § is the surface area of the model.

After calculating the internal and external forces, computation of acceleration
can be done. Besides, since only the mid-increment value of the velocity was pre-
viously computed, for the presentation of the results, velocity is stored as a linear
interpolation of the mean velocities:
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l:l(’l+l)

(1) _ I:l§n+l/2) +% A t(n+l)ﬁgn+l)' @2.11)
The geometry of the MV is then updated by adding the displacement incre-

ments to the initial geometry:

X(n+1) :Xgn) +l.ll(n+1)’ (2.12)

1

where x; is the position vector of the ith node.

To enable the presented workflow, the physical equation (2.8) needs to be
implemented within Abaqus through material model description either as a user-
defined VUMAT (Vectorized User-defined MATerial) subroutine or by choosing
the material model from Abaqus material model library (Dassault Systémes
2010).

2.3. Material Models for Mitral Valve Structure

2.3.1. Mechanical Behavior of Mitral Valve Leaflets

Structurally, the MV leaflets present a membrane of soft tissue abundant in colla-
gen fibers oriented parallel to the annulus, thus increasing stiffness in this direc-
tion. Therefore, the following assumptions are made:

1. Because of the high content of collagen fibers, the mechanical behavior
of the leaflets is assumed nonlinear.

2. Since a tissue with collagen fibers demonstrates higher stiffness along the
fiber direction, the anisotropic mechanical response is included.

3. Asthe MV model is described by thin shell elements (see paragraph 2.5),
plane stress assumption is made, meaning that all stresses are applied in a
single plane while stress in the thickness direction is disregarded from
calculations, thus allowing a two-dimensional stress analysis.

The stress-strain behavior of the leaflets is described using hyperelastic strain
energy density function, proposed by Lee et al. (2013), which considers the effects
of material anisotropy at the tissue level, as it enables the investigation of how the
material anisotropy at this level affects the mitral valve functional response at the
organ level. In the equation (1.4), the strain invariants /; and /s are defined in
accordance with the right Cauchy-Green strain tensor:

I, =tr(C); (2.13)

I, = NCN, (2.14)
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where C = F'F is the right Cauchy-Green strain tensor, N is the unit vector iden-
tifying the direction of collagen fibers in the unloaded configuration, F = 0x/0X
is the deformation gradient tensor, defined as the derivative of the position in the
deformed configuration x with respect to the position in the original (undeformed)
configuration X.

The components of the right Cauchy-Green strain tensor C can be calculated

as:
C11:7\%1+7»%2; (2.15)
Cio =X (7‘11+7‘22)§ (2.16)
Cp = 7\222 + 7vzlz; (2.17)
)
Gy = (7*117‘22 _7*212) > (2.18)

where A1 is the stretch ratio in the direction parallel to the MV annulus, A1» is the
shear stretch ratio, and A»» is the stretch ratio in the direction perpendicular to the
MYV annulus.

The strain energy density function is implemented in a user-defined VUMAT
subroutine within Abaqus, in which the derivatives of strain energy ¥ with respect
to the invariants /; and /4 are evaluated:

(-3 2
a—q}=c0+2c1c2(1—[3)(11—3)e[2(1 )}; (2.19)
ol

c3(14-1 2
a—lP=2clc3[3(]4 —l)e[ st )}, (2.20)
ol
and the components of the Cauchy stress tensor ¢ are returned as an output:
611:2[6_\PC“+8_‘PX2UJ_28_‘PC33; (2.21)
ol ol, ol
oY
01, =2—Cjy; 222
12 o, 12 (2.22)
oY oY
Gy =2—C5) —2—0C;j;5. 223
2 o, 2 o, 33 (2.23)

As the plane stress assumption is implied, the Cauchy stress tensor compo-
nent 633 is equal to zero.
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2.3.2. Mechanical Behavior of Chordae Tendineae

The following assumptions are made while modeling the branched network of the

chordae tendineae:

1. Because the chordae tendineae are mainly composed of collagen fibers,

their mechanical behavior is assumed nonlinear.

2. Since the chordae are modeled as truss elements (see paragraph 2.5), the

isotropic mechanical response is considered.

3. The chordae undergo only uniaxial tension, meaning that the normal ten-
sile stress 61 is the only nonzero component of the Cauchy stress tensor.

4. The incompressible behavior of the chordae tendineae is assumed since

no volumetric data is defined.

For the mechanical behavior of the chordae tendineae, as described in 1.2.4
paragraph, 2nd order polynomial hyperelastic model (N = 2) is chosen, since the
chordae undergo only small or moderately large strains (<100%) during the car-
diac cycle. The basic strain energy density form of the polynomial model was
presented in equation (1.5). Since no volumetric behavior of the chordae tendineae
is defined, the second half of the equation can be disregarded, and the function for
the chordae that depends on two invariants of strain /; and /> can be written as:

ero (1 =3) +eon (1, -3).
For the uniaxial tension, the principal stretch is:

1 1
;\‘:xlz)\‘—zzk—z,
2 3

and the invariants of the right Cauchy-Green strain tensor become:

L=%+207"
L =X7+2
From the principle of virtual work, it follows that:
0¥ =odA,

and the stress can be represented as:

(2.24)

(2.25)

(2.26)

(2.27)

(2.28)
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G_a_\P_é_\P%+a_\P%:2(1_x—3)(xa\P G‘PJ:

= = _J’__
oL oI, o oI, o\ oI, oI,

2(1—x3) cioh+cop + ¢y (1, =3+1(1,-3)) |
+2050M( 1) =3) +2¢q, (1, - 3)

(2.29)

2.4. Patient-Specific Mitral Valve Geometry

2.4.1. Echocardiographic Data Acquisition

To create the patient-specific MV model, image data of the whole LV throughout
the cardiac cycle is obtained using TEE, during which the ultrasound transducer
is placed into the esophagus of the subject. TEE over TTE is chosen because of
the better image quality and the relevant viewing field since the whole LV needs
to be seen in the echocardiographic images in order to capture the movement of
the MV, PMs and LV apex. The acquired data is stored as a volumetric medical
image (VolDICOM) and exported for further processing.

2.4.2. Echocardiographic Image Segmentation

The segmentation of the echocardiographic images is performed using the custom
platform developed in MATLAB (MathWorks, Inc.) by Biomechanics Research
Group of Politecnico di Milano (Conti et al. 2010). The acquired image data is
imported into this dedicated software, which allows to navigate and visualize vol-
umetric images plane-by-plane and frame-by-frame.

The reference system is positioned within the imported image data such that
the z-axis would go through the LV apex and the MV centroid, while x- and y-
axes would be perpendicular to the MV annular plane, thus creating two long-axis
planes and one short-axis plane, which is oriented parallel to the annular plane.
The 3D data is cropped into 18 radial planes, distributed uniformly around the
z-axis by rotating long-axis plane by every 10°.

On each radial plane, the following points of the MV surface are manually
identified (Fig. 2.4):

e two points indicating the position of the mitral annulus;

e two points on the free margin of each leaflet;

e multiple points to describe the profile of the MV leaflets.
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Fig. 2.4. Segmentation of the mitral valve structure from echocardiographic images:
a) extraction of the region of interest; b) manual tracing of anterior (blue line) and
posterior (red line) leaflets, mitral annulus (yellow dots) and free margin (white dots)

Moreover, to complete the valvular system, the positions of the PMs are also
estimated. Image segmentation is performed on the end-diastole frame of the
echocardiographic image data, chosen as the last frame before the MV starts to
close, with a hypothesis that at this point in time the MV is approximately un-
loaded, as suggested by other authors (Kunzelman et al. 1993, Votta et al. 2009).
The collected data is subsequently processed to reconstruct the 3D geometry of
the MV (see paragraph 2.4.3).

In addition, the LV apex position is manually defined. The apex is located at
the bottom of the LV, inferior to the MV, and is an entry site into the heart for
transapical MV repair. During surgery, LV apex is used as the anchoring region
for the implanted neochordae, therefore, obtaining its position is necessary for
performing virtual transapical MV repair.

For the following image data frames, up to peak systole, the positions of the
annulus, PMs and LV apex are identified on each radial plane. This data is further
processed to reconstruct the field of time-varying displacements to be imposed on
the annulus and the PMs in the form of kinematic boundary conditions (see para-
graph 2.7).

2.4.3. Patient-Specific Geometry Reconstruction

The reconstruction of the MV geometry is started with the definition of the mitral
annulus. The coordinates of the points on the annulus, identified during image
segmentation on radial planes, are transformed into three-dimensional Cartesian
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space, with the origin in the centroid of the MV annulus, and the z-axis normal to
the least-square plane of the annular points. In this frame of reference, a local
cylindrical coordinate system is set. The coordinates of the annulus points are then
transformed from Cartesian to cylindrical. To avoid artifacts due to manual trac-
ing, Fourier approximation is used. The continuous profile of the annulus is ob-
tained approximating radial (p) and axial (z) positions of every annular point
through 4th order Fourier functions of the angular position (¢):

4

p(0)=ay+ Y[ a; cos(kp)+bysin(ko)]; (2.30)
k=1
4

z2(9)=co+ 2 [ ¢4 cos(ko)+d, sin(ke)], (2.31)

k=1

where ao, ar, bk, co, cr, di are the coefficients of the resulting Fourier function.
These coefficients are calculated in MATLAB by fitting the coordinates of the
annulus points using a built-in fif function with (2.30) and (2.31) assigned as cus-
tom fi¢tType equations.

, mm
b oo N s

Fig. 2.5. Positions of saddle horns (ASH, PSH) and commissures (C1, C2)
on the reconstructed annular profile

On the continuous annular profile, four notable points are identified
(Fig. 2.5):
o anterior saddle horn (ASH), defined as an absolute maximum point of the
annular profile;

e posterior saddle horn (PSH), situated in the opposite side and determined
as the point that divides the posterior annular section into two portions of
equal length;
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o two commissures (C1 and C2) facing each other and identified as the min-
imum points of the annular profile.
Fourier approximation is also used to create a continuous profile of the free
margin in the same cylindrical reference system.

Fig. 2.6. Reconstruction of mitral valve geometry: a) profile of the leaflets defined by
manually traced points interpolated with cubic splines; b) point cloud
created after Fourier approximation; ¢) complete model of the mitral valve
and the chordae tendineae after mesh generation

Regarding the leaflets, each set of points selected to define leaflets profile in
18 radial planes are approximated with a cubic spline (Fig. 2.6 a). In this way,
2 x 18 =36 splines are obtained with the points of the annulus and the free margin
set as extremes. Each spline is resampled to 32 points, uniformly distributed along
the length of the leaflet in the direction annulus-free margin, thus gaining a 3D
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point cloud of 2 x 18 x 32 =1152 points that can be organized in 32 parallels,
each with 36 points.

For each parallel, the coordinates of 36 points are approximated with Fourier
function, as done for the annular points, to filter the noise due to manual tracing.
The approximating Fourier functions are then upsampled to 200 points, and a 3D
point cloud of 32 x 200 = 6400 points is generated, consisting of 32 parallels run-
ning from the annulus to the free margin, each with 200 points, uniformly distrib-
uted along the circumference of the MV (Fig. 2.6 b).

To evaluate the reconstructed geometry of the MV, the following geometrical
parameters of the mitral annulus are measured (Fig. 2.7) and compared with the
data from the literature:

e commissural diameter (Al-Pm), measured between anterolateral and
posteromedial commissures C1 and C2;

e anteroposterior diameter (A-P), as a distance between anterior (ASH) and
posterior (PSH) saddle horns;

o annular height (AH), identified as a vertical distance between the lowest
and the highest points on the annulus;

e mitral annular 3D circumference (C3D), i.e. a perimeter of the mitral an-
nulus;

e mitral annular 2D area (A2D), which is defined as the area of the annulus
in the projection plane.

In addition, for a more complete evaluation of the reconstructed geometry,
the surface area and the midline length of the MV leaflets are measured and com-
pared with the values found in the literature.

ASH
A2D
PSH ASH
Al-Pm
c2 C1 AN é? AH
A-P
C3D
PSH

Fig. 2.7. Geometrical parameters of the mitral annulus shown on the top and side views
of the annular profile: commissural diameter Al-Pm, anteroposterior diameter A-P,
annular height AH, perimeter of the annulus C3D and annular area A2D
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The reconstruction of the geometry is completed by adding the positions of
the PMs and the chordal attachment points on the leaflets. The positions of the
PMs are defined as two single nodes, neglecting the presence of multiple heads in
the same PM. Since the chordae tendineae are barely seen in the echocardio-
graphic images, their insertion sites on the leaflets are determined in accordance
with ex vivo findings (Lam et al. 1970, Degandt et al. 2007) and indications by
clinicians (Stevanella et al. 2011).

Finally, the coordinates of all identified points are transformed back into a
Cartesian reference system with the origin and the z-axis coinciding with those of
the cylindrical reference system.

2.5. Finite Element Mesh of Mitral Valve Model

The MV leaflets are modeled as a thin membrane described by shell elements. 3D
point cloud, generated during geometry reconstruction, is connected into a mesh
of S3R shell elements in Abaqus (Fig. 2.6 c).

The structural element S3R in Abaqus (Fig. 2.8) is a 3-node general-purpose
conventional shell element, which can be used for the stress-strain analysis of both
thick and thin shells. A thin shell has a thickness, which is small compared to its
other dimensions, and deformations in such shell are not large compared to thick-
ness. Thick shells are needed where transverse shear flexibility is important. This
occurs when the shell thickness is more than 1/15 of a characteristic length on the
mid-surface of the shell (Dassault Systémes 2010). In the present study, the MV
is assumed to be described by thin shell elements, as the length of the leaflets
significantly exceeds the shell thickness.

S3R shell element has six degrees of freedom at each node: translations in
x-, y- and z-directions (uy, uy, #-) and rotations about x-, y- and z-axes (0, 0,, 0.).
Therefore, the displacement vector for shell element at each node i can be written
as:

= {u,0,,0,,,0,,0.,, ). (2.32)

For the prediction of the element behavior, reduced numerical integration is
used, meaning that there is only a single integration point located at the centroid
of the element. Hence, S3R elements use lower order integration to form the ele-
ment stiffness matrix. This allows to significantly reduce the computational time,
while providing accurate computational results, as the mass matrix and distributed
loads are still fully integrated (Laulusa et al. 2006).

General-purpose conventional shell elements allow to evaluate transverse
shear deformation. While the shell thickness increases, Mindlin-Reissner shell
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theory is used that takes into account shear deformations through the thickness of
the shell (Liu and Quek 2014). As the thickness decreases, S3R elements are dis-
cretized by Kirchhoff-Love thin shell theory, and the transverse shear deformation
becomes small enough to be neglected (Kiendl et al. 2015).

Conventional shell elements account for finite membrane strains and arbi-
trary large rotations, therefore, they are suitable for geometrically nonlinear fi-
nite-strain analysis. For elastic materials, the Poisson’s ratio as a part of the shell
section definition needs to be specified, allowing the shell thickness change to be
described as a function of strain. However, for hyperelastic materials, the thick-
ness change should be based on the element material definition (Dassault Sys-
temes 2010).

Regionally varying thickness is assigned to the leaflets, as suggested by
Kunzelman et al. (2007), with an average value of 1.32 mm for the anterior and
1.26 mm for the posterior leaflet. Density for the MV leaflets was assumed to be
10.4 g/cm?, which is ten times higher than the real density (Xu ef al. 2010), thus
taking into account the inertial effects of the blood volume spanned and moved
by the MV during its closure. Such volume is about ten times larger than the vol-
ume of the MV leaflets (Reimink et al. 1995, Sturla et al. 2014).

To complete the MV model, a branched network of marginal, basal and strut
chordae is created, connecting the PM tips with the earlier identified attachment
points on the leaflets (Fig. 2.6 ¢). The marginal chordae are inserted into the free
margin, the basal are attached to the ventricular surface of the leaflets closer to the
annulus, while two of the strut chordae are connected to the AL and two to the
PL.

The chordae tendineae are modeled as structural T3D2 truss elements in
Abaqus (Fig. 2.8) and assigned constant cross-sectional area values of 0.40, 0.79
and 1.15 mm? for marginal, basal and strut chordae, respectively (Votta et al.
2008b). Generally, truss elements are used to characterize long, slender structural
elements that are connected at their ends, thus all external actions and support
reactions consist of forces applied at the truss nodes. Such elements use linear
interpolation for position and displacement, and have a constant stress value
(Ranzi and Gilbert 2014).

T3D2 element in Abaqus is a three-dimensional 2-node truss element that
can transmit only axial force because it has no initial stiffness to resist loading
acting perpendicular to its axis. The nodes in a truss element are assumed pinned,
meaning that they possess no rotational rigidity and cannot transmit moments,
therefore, T3D2 element has only three translational degrees of freedom at each
node (ux, uy, u:) and the displacement vector at node i can be written as:

u, = {uxi’uyi’uzi}' (2.33)
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By default, T3D2 element is linear, however, nonlinearity can be assigned by
making truss stiffness to be ignored if a tension-only element is subjected to com-
pressive forces or if a compression-only element is subjected to tensile forces
(Dassault Systémes 2010). Since in the present study only the closure of the MV
is considered, the chordae are discretized with tension-only truss elements, thus
making their resistance to axial compressive loads negligible.

S3R shell
elements

T3D2 truss
elements

Fig. 2.8. A closer look to the mesh created in Abaqus showing S3R and T3D2 elements

Density for the chordae tendineae is assumed the same as for the MV leaflets
and equal to 10.4 g/cm?.

2.6. Mechanical Properties of Mitral Valve Leaflets
and Chordae Tendineae

The mechanical properties of the MV leaflets and chordae tendineae are imple-
mented using previously described material models (see paragraph 2.3). For the
leaflets, the constitutive parameters of the hyperelastic strain energy density func-
tion are identified according to the experimental data by May-Newman and Yin
(1998) of biaxial tensile test on the porcine MV leaflets (Fig. 2.9). Since the only
available tensile test data of human MV was obtained using aged and calcified
specimens with altered mechanical properties (Pham and Sun 2014), healthy por-
cine data was chosen in the present study, as it can be held the most physiologi-
cally and clinically relevant to the human heart.
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Table 2.1. Material parameters of the mitral valve leaflets tissue

Mitral valve leaflet co, MPa c1, MPa c 3 B
Anterior leaflet 0.826-103 0.048-10°3 25.5 32.5 0.195
Posterior leaflet 0.248-10 0.145-10 10.15 17.973 0.044
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Fig. 2.9. Mechanical response of the mitral valve leaflets in the direction parallel (c11)
and perpendicular (022) to the annulus (May-Newman and Yin 1998)
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Fig. 2.10. Stress-strain behavior of marginal and basal
chordae (Kunzelman and Cochran 1990)
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Stress-stretch curve fitting to the reported experimental data using a nonlin-
ear least square method is performed in MATLAB, and the parameters of the
strain energy density function are calculated. The values of these parameters are
presented in Table 2.1.

Mechanical properties of the chordae tendineae are implemented into the
model by choosing 2nd order polynomial strain energy density function from
Abaqus material model library. The constitutive material parameters c¢;; for the
chordae tendineae are automatically computed by Abaqus by fitting uniaxial test
data on porcine chordae (Fig. 2.10) reported by Kunzelman and Cochran (1990).

PM tips and LV apex are treated as single nodes without any physical or
mechanical properties.

2.7. Initial and Boundary Conditions for Transapical
Mitral Valve Repair Simulation

The structural model of MV decoupled from the blood flow is prepared for the
nonlinear dynamic FE analysis. The following initial conditions are applied:

1. End-diastole is chosen as the initial state, identified as the last frame of
echocardiographic image data before the MV starts to close. No initial
structural displacements or velocities are considered, assuming the MV to
be at rest:

u(x,-,O):O; (2.34)
u(x,.,o)=0, (2.35)

where u is the displacement vector, u is the velocity vector, and x; is the
position vector of the ith node of the MV annulus, the PMs and the LV
apex, which define the initial unloaded configuration of the MV model to
be the one identified during image segmentation and geometry recon-
struction.

2. During end-diastole, the MV can be assumed as approximately unloaded,
since at this point in time the transvalvular pressure p acting on the leaflets
can be considered equal to zero:

p(x;,0)=0, (2.36)

where X; is the position vector of the jth node on the ventricular surface of
the MV leaflets.
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3. Since the MV at the initial state is assumed to be at rest, no prestress is

applied to the model.
o o
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Fig. 2.11. Boundary conditions applied to the finite element model: a) arrows highlight
the nodes on the mitral valve annulus and the papillary muscles with applied nodal
displacements according to patient-specific motion data; b) time-dependent
physiologic transvalvular pressure between end-diastole and peak systole applied
on the ventricular surface of the leaflets is highlighted on the transvalvular
pressure curve of the whole cardiac cycle at the heart rate of 74 bpm

Both MV models, created at the end-diastole image frame, are associated
with the following boundary conditions:

1. Patient-specific kinematic boundary conditions expressed in terms of
time-varying nodal displacements are applied (Fig. 2.11 a). The motion
of the MV annulus and the PMs are traced during image segmentation
procedure up to the peak systole frame of TEE image data. At peak sys-
tole, ventricular volume decreases to the lowest level, and ventricular
pressure reaches its maximum while the MV remains closed. The annular
contraction and the movement of the PMs are modeled by applying nodal
displacements to the points of the annulus and the PM tips. Moreover, the
patient-specific displacement is also applied to the LV apex node. The
displacement of the ith node of the MV structure can be expressed as:

u; =u(x,7), (2.37)
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where the position vector of the corresponding point x; at a given time is
calculated in terms of velocity:

X (1+A1)=x,(¢)+1uy (¢)Ar, (2.38)
and the velocity vector is acquired by differentiating the displacement
data:

dx;
u, =—=. 2.39
X; dr ( )

2. Decoupled behavior of blood is specified by applying time-dependent
physiologic transvalvular pressure ranging between 0 and 16 kPa on every
node of the ventricular surface of the leaflets (Fig. 2.11 b):

p;=p(x;.1). (2.40)

3. To capture the contact of the leaflets, a general contact algorithm available
in Abaqus with a scale penalty method and a friction coefficient of 0.05
is set between the atrial sides of the leaflets.

2.8. Virtual Transapical Mitral Valve Repair and
Simulation Setup

MYV model with implemented material properties and boundary conditions is pre-
pared for virtual transapical MV repair. The chordae tendineae inserted into the
prolapsing segment of the leaflet are removed and model with MV prolapse is
created.

Virtual transapical MV repair is performed by inserting one side of the neo-
chordae into the free margin of the leaflet and anchoring the other side to the LV
apex. In general, implantation of more than two neochordae is desired to balance
a load per suture and to provide structural support as needed. Early clinical results
show that three to six ePTFE CV-4 type sutures with a diameter of 0.307 mm are
usually implanted (Colli et al. 2018), however, it all depends on the level of MV
prolapse and the severity of MR.

The neochordae are modeled as truss elements (type T3D2 in Abaqus) and
assigned constant cross-sectional area value of 0.074 mm?, which corresponds to
the cross-sectional area of ePTFE CV-4 type suture, typically used for transapical
MV repair. Density for the neochordae is assumed to be ten times higher than the
real density and equal 22.0 g/cm?, thus taking into account the inertial effects of
the blood. Mechanical properties of the sutures are described as nonlinear and



54

2. FORMULATION OF MITRAL VALVE MODELING PROBLEM

isotropic using 2nd order polynomial hyperelastic model. The constitutive mate-
rial parameters c; are computed from uniaxial test data reported by Dang ef al.

(1990).
Virtual transapical MV repair procedure is evaluated during dynamic FE sim-

ulation. The systolic function simulations of two FE models, representing MV
before and after virtual repair, are used. For both models, input files for the dy-
namic analysis in Abaqus/Explicit are prepared, and simulations of the MV func-
tion in the time frame between end-diastole and peak systole are run.

2.9. Conclusions of Chapter 2

1. As transapical MV repair surgical technique relies solely on the echocar-

diographic determination of proper neochordal length, the main challenge
related to this approach is the correct length adjustment of the implanted
neochordae. The implantation of either too long or too short neochordae
can result in inadequate post-repair MV function and increase the risk of
residual prolapse or tearing of the repaired leaflet.

. The modeling strategy applied for virtual transapical MV repair was in-

troduced. This strategy allows to create patient-specific computational
models of prolapsing MV based on echocardiographic image data and to
perform virtual transapical MV repair followed by dynamic FE simula-
tion.

. Explicit dynamic analysis using central-difference integration rule was

chosen to simulate the systolic function of pre- and post-operative MV.
Such analysis allows to solve nonlinear systems with complex contacts
and calculate stress, strains and internal forces, as well as update acceler-
ations, velocities and displacements without creating the tangent stiffness
matrix or iterating.



Modeling of Transapical
Mitral Valve Repair

In the present chapter, the simulations of transapical MV repair are performed
using two sets of patient-specific data: the healthy one, used to test the procedure
and to investigate the effect of neochordal length on post-repair MV function, and
the pathological one, used to evaluate the suggested method of neochordal length
determination and to compare the systolic function simulation results with the
real-life surgical procedure outcomes. The parameters calculated during MV sys-
tolic function simulations before and after virtual repair for both MV models are
presented and evaluated, comparing them with computational results and critical
values found in the literature, as well as with post-operative echocardiographic
images.

Parts of this chapter are published in Gaidulis ez al. (2018a; 2018b; 2019) and
Romashov et al. (2016).

3.1. Patient-Specific Mitral Valve Models

In the present study, two patients were considered: the first one without any MV
pathology, whereas the second one affected by PL prolapse with MR due to the
rupture of the chordae tendineae.

55
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The image data of the healthy MV movement at the heart rate of 66 bpm was
obtained during TEE at Leiden University Medical Center (The Netherlands) us-
ing GE Vivid E95 ultrasound machine. The full cardiac cycle consisted of 20 im-
age frames with a resolution of 0.69 mm/px.

The data of the pathological MV (Fig. 3.1) was acquired during transapical
MV repair surgery performed using NeoChord DS1000 device at Vilnius Univer-
sity Hospital Santaros Klinikos (Lithuania). The patient was diagnosed with MV
prolapse of the P2L segment and moderate to severe MR (grade 3) due to the
rupture of marginal chordae of the PL. During the surgery, a total of three neo-
chordae were implanted into the PL and secured to the LV apex: two neochordae
were inserted into the P2L segment and one into the P2M segment for better sup-
port. ePTFE CV-4 type sutures with a diameter of 0.307 mm were used to form
the neochordae.

PATT: 3706
TEE T' 37.9C

Fig. 3.1. Echocardiographic image of pathological mitral valve during peak systole.
The arrow indicates the prolapsing segment of the posterior leaflet

Unfortunately, soon after the implantation, criss-crossing between the neo-
chordae and the native chordae of the AL was noticed, and in a few minutes rup-
ture of native chordae occurred causing prolapse of the A2L segment. For this
reason, three more neochordae were implanted into the AL. The implantation of
the neochordae has ensured decent support for both PL and AL, as well as reduced
MR to mild (grade 1).
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During the surgery, two image data sets were obtained using Philips EPIQ
7C ultrasound machine:

e Pre-operative image data at the heart rate of 52 bpm, showing the move-
ment of the prolapsing MV before the neochordae implantation. A total
of 17 image frames with a resolution of 0.63 mm/px for a full cardiac
cycle were acquired.

e Post-operative image data at the heart rate of 74 bpm, obtained after the
implantation of the neochordae into both PL and AL. The full cardiac cy-
cle consisted of 19 images with a resolution of 0.68 mm/px.

The acquired data sets were stored as volumetric medical images for further
processing. For the MV modeling, only the data of healthy and pre-operative
valves were selected, and post-operative echocardiographic images were put aside
for the later evaluation of morphological compliance between the virtually re-
paired MV and the real-life surgical procedure outcomes.

For each acquired data set, image segmentation was performed, tracing the
positions of the MV leaflets, PMs and LV apex in the time frame between end-di-
astole and peak systole, as described in paragraph 2.4.2. Geometry reconstruction
was then carried out, describing the profile of the MV leaflets with a 3D point
cloud, generated after approximating the coordinates of the leaflet points with
Fourier functions. The MV geometry was completed after including the positions
of the PMs and the chordal attachment points on the leaflets.

The MV annular dimensions, described in paragraph 2.4.3, were measured
after geometry reconstruction in healthy and pathological MV models at end-di-
astole. The estimated values in both MV models are presented in Table 3.1.

Table 3.1. Geometrical parameters of mitral annulus at end-diastole

Mitral valve Al-Pm, A-P,mm AH mm C3D,mm A2D, mm?
model mm
Healthy 37.1 33.1 6.4 114.8 978.1
Pathological 43.6 41.7 7.2 134.4 1354.0

Al-Pm, commissural diameter; A-P, anteroposterior diameter; AH, annular height; C3D, three-dimensional
circumference of mitral annulus; A2D, mitral annular two-dimensional area.

For the healthy case, the annular dimensions had a good agreement with the
data defining healthy MV geometrical parameters, which was found in the litera-
ture (Sonne et al. 2009; Mihaila et al. 2014). Regarding the pathological MV
model, the mitral annulus enlargement was noticed, which can be related to the
enlargement of the whole LV, typical to MR (Nishimura et al. 2016).

Moreover, the surface area and the midline length of the leaflets were meas-
ured in both models. The obtained data is presented in Table 3.2.



58 3. MODELING OF TRANSAPICAL MITRAL VALVE REPAIR

Table 3.2. Geometrical parameters of mitral valve leaflets

Mitral valve model Length, mm Surface area, mm?
Healthy
Anterior leaflet 24.2 784.9
Posterior leaflet 14.6 407.3
Pathological
Anterior leaflet 25.7 903.1
Posterior leaflet 17.9 502.5

Again, the measurements in the healthy MV model showed a good agreement
with the data from the literature (Mihaila et al. 2014; Munin et al. 2014), while in
the pathological model a slight elongation of the PL was observed, which can be
associated with the presence of MR (Saito ez al. 2012).

a) b)

Fig. 3.2. Computational models created using patient-specific echocardiographic
image data: a) healthy mitral valve model; b) pathological model

Healthy and pathological computational MV models were created (Fig. 3.2),
connecting generated point clouds into meshes of finite elements. Since the same
reconstruction approach for both valves was used, a total of 18 900 shell elements
describing MV leaflets were generated for each model. However, as the amount
of the chordae depends on the geometrical parameters of the MV model, a differ-
ent number of chordae were created for healthy and pathological valves (Ta-
ble 3.3).

Because of the different amount of the chordae and their branches, a total of
226 elements for healthy and 247 elements for pathological MV were created, as
in the latter case the prolapsing valve is a bit larger in size.
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Table 3.3. Number of chordae tendineae in healthy and pathological mitral valve models

Mitral valve Marginal Basal Strut Total
model chordae chordae chordae
Healthy 22 53 4 79
Pathological 24 55 4 83

Mechanical behavior of the MV leaflets and chordae tendineae was charac-
terized using material models, described in paragraph 2.3. Initial and patient-spe-
cific boundary conditions were applied for both models, depicting the motion of
the MV up to the peak systole frame of TEE image data.

Because of the different heart rate in the echocardiographic image data sets,
the time interval between end-diastole and peak systole in the healthy model was
larger (¢4 = 0.25 s) than in the pathological model (zp = 0.20 s). However, for the
simplification of the analysis time incrementation and processing of the results,
these time frames were scaled to ¢t = 1 s each.

3.2. Computational Analysis of Prolapsing Mitral
Valve Model

3.2.1. Virtual Repair with Different Neochordal Length

The prolapsing MV model was prepared using echocardiographic images of the
healthy subject to investigate the outcomes of the virtual repair approach and to
determine the effect of the neochordal length on the function of the prolapsing
MYV. Since the most common segment involved in MV prolapse is the middle
segment (P2) of the PL (Suzuki et al. 2012), the chordae tendineae inserted into
the P2 segment of the healthy MV model were ruptured and computational model
with MV prolapse (referred to as MVP model) was prepared for the simulation of
the systolic function.

In general, three to six ePTFE CV-4 type sutures are usually implanted during
transapical MV repair, and the implantation of four neochordae is the most com-
mon case (Colli et al. 2018). Therefore, virtual transapical repair using four neo-
chordae, evenly distributed along the free margin of the P2 segment, was planned,
connecting the prolapsing segment of the leaflet and the LV apex. In order to
evaluate the effect of the neochordal length on post-repair MV function, a total of
four virtual repair procedures using sutures of different length were performed.

The neochordal length used for every virtual repair procedure was deter-
mined in the following manner. In the first case, this length was set to be equal to
the distance between the LV apex and the neochordal insertion points during
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diastole, creating the model named VRO. In the next three cases, the sutures were
elongated by 5%, 10% and 15% of their own length, thus creating VRS, VR10
and VR15 models. The 5% elongation step was chosen, which falls into the range
of 2.5-3.5 mm for the average neochordal length of 50-70 mm, and could be man-
ageable in the real-life surgery procedure. All neochordae were modeled with
truss elements, as described in 2.8 paragraph. The mean length values of the im-
planted neochordae in every model were equal 55.7+1.0, 58.4+1.2, 61.0£1.2 and
63.6£1.2 mm, respectively.

To model the relaxation and bending of these elongated neochordae, which
occurs during diastole due to the opening of the MV, each suture was composed
of two equal size elements, with their junction point moved along the y-axis in
such way that the calculated total neochordal length would be ensured (Fig. 3.3).

Prolapsing
segment

Left ventricle

Left ventricle

Fig. 3.3. Virtual transapical repair of prolapsing mitral valve model
using four neochordae during end-diastole

The effect of the neochordal length on post-repair MV function was evalu-
ated during dynamic FE simulations. The systolic function simulations of the pro-
lapsing model and four models representing MV after virtual repair were used.
For all models, input files for the dynamic analysis in Abaqus/Explicit were pre-
pared.

The created input files were imported into Abaqus/Explicit, and simulations
of the MV function in the time frame between end-diastole and peak systole were
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run. The largest time increment At for the integration procedure to remain stable
was calculated to be 1.8:10° s. However, this estimated At is only approximate,
and in most cases actual stable time increment should be less than this (Dassault
Systémes 2010). For this reason, automatic time incrementation with the maxi-
mum allowed time increment of 0.5-107° s was specified for all simulations.

3.2.2. Computational Results of Prolapsing Model

Firstly, the systolic function of the prolapsing MV model with the ruptured
chordae tendineae was simulated. At peak systole, the model demonstrated MV
prolapse with a flail of the PL middle segment (P2). The region of prolapse is
highlighted in Fig. 3.4, which is characterized by a rise of the leaflet towards the
LA. This results in a reduction of the coaptation area of the leaflets, defined as the
area of each MV leaflet in contact with the opposite leaflet, and a loss of the co-
aptation length, which can be described as the length of the leaflets apposition
measured on the midline of the prolapsing region. While only the P2 segment was
prolapsing, the loss of coaptation was extended to the other segments of the PL as
well, resulting in the appearance of a noticeable gap between the leaflets, which
in real-life would lead to MR.

a) b)

Fig. 3.4. Prolapsing mitral valve model at peak systole: a) model before virtual
transapical mitral valve repair with region of prolapse circled;
b) model after virtual repair with four neochordae implanted

Following virtual transapical MV repair with the implantation of four neo-
chordae, post-repair MV functions were compared with the functions of the MV
prior to virtual repair and evaluated in terms of several aspects:

1. Maximum displacement along the z-axis of the MV free margin (uz,max)-
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2. Coaptation area (CoA) and coaptation length (CoL) of the leaflets.

3. Reaction forces on the PMs (Fpi) and LV apex (Frya).

4. Tension forces in native chordae (Fcr) and neochordae (Fc).

5. Peak value of the maximum principal stress acting on the leaflets (S1 pear)-

The values of the computed parameters are shown in Table 3.4.

All virtual repair procedures repositioned the prolapsing segment of the PL
below the annular plane, resulting in the elimination of MV prolapse. In the model
prior to virtual repair, the maximum z-axis displacement of 14.1 mm appeared on
the free margin of the prolapsing P2 segment. Following virtual repair, prolapse
of the PL was eliminated and the maximum z-axis displacement was reduced to
values ranging from 1.9 mm in VRO model to 7.6 mm in VR15 model.

As the MV prior to virtual repair was prolapsing, almost no contact between
the AL and the PL was present. All virtual repair procedures restored a contact
between the leaflets and significantly increased the CoA. The smallest increase of
this area by 85.5% was obtained after the implantation of the longest neochordae
(VR15 model), while the largest increase by 134.1% was acquired in VRS model
(Fig. 3.5 ¢).

Since in the prolapsing model the leaflets on anteroposterior diameter were
not in a contact, there was no actual CoL either (Fig 3.6 a). All virtual repair pro-
cedures restored the different level of the CoL, ranging from 3.9 mm (VRO model)
to 7 mm (VR10 model) (Fig. 3.6 c).
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Fig. 3.5. Calculated coaptation area in prolapsing model before and after
virtual transapical repair: a) coaptation area prior to virtual repair;
b) coaptation area after implantation of neochordae in VRS model;
c) increase of coaptation area after every virtual repair procedure
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Fig. 3.6. Coaptation length in prolapsing mitral valve model: a) no leaflet
contact on anteroposterior diameter in the mitral valve model before
virtual repair; b) coaptation length after virtual repair (VR10 model);

c) values of coaptation length for each simulation at peak systole
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Fig. 3.7. Comparison of reaction forces on left ventricle apex,
anterolateral and posteromedial papillary muscles at peak systole

The measurement of the reaction forces in the PMs provides information on
the tension forces acting in the chordae tendineae as a whole. In the initial model,
the reaction forces acting on the anterolateral and posteromedial PMs were 6.31
and 5.31 N, respectively. After the implantation of the neochordae, these forces
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were reduced (Fig 3.7), since the tension forces were partially transferred from
the native chordae to the neochordae.

Table 3.4. Computational results of prolapsing model at peak systole

Parameter MVP VRO VRS VRI10 VRI15
Uz max, MM 14.1 1.9 2.7 5.1 7.6
CoA, mm? 132.7 274.3 310.7 286.7 246.1
CoL, mm - 3.9 6.1 7.0 4.3
FPM, N
Anterolateral PM 6.31 5.04 4.96 5.15 5.37
Posteromedial PM 5.31 4.05 4.01 4.05 4.30
Frya, N - 2.32 1.67 1.52 1.38
Fer, N 1.08 0.72 0.74 0.74 0.72
Fye, N - 0.63 0.45 0.48 0.57
S1 peak, MPa 1.67 0.96 0.70 0.65 0.91

MVP, mitral valve model with prolapse; VR0, VR5, VR10, VR15, mitral valve models with different neochordal
length; u. .y, maximum displacement along the z-axis of the free margin of the MV; CoA, coaptation area; CoL,
coaptation length; Fpy, reaction force on the papillary muscle; F;y4, reaction force on the left ventricle apex;
Fer, maximum tension force in the native chordae; Fic, maximum tension force in the neochordae; S\ pear, peak
value of the maximum principal stress acting on the leaflets.

Moreover, after the implantation of the neochordae, the reaction force ap-
peared on the LV apex. This force in each post-repair MV depended inversely on
the length of the neochordae: the longer the sutures were used, the smaller the
reaction force value was, and vice versa.

The implantation of the neochordae allowed to reduce forces acting in the
native chordae. The highest value of the tension forces in the chordae tendineae
occurred in the native marginal chorda neighboring the prolapsing P2 segment of
the MV prior to virtual repair, with a peak value of 1.08 N. After each virtual
repair procedure, the tension was partially transferred to neochordae and the max-
imum tension force in the chordae tendineae of each model was reduced to almost
identical values ranging from 0.72 to 0.74 N.

Regarding neochordal tension, the maximum force after every virtual repair
occurred in the neochorda closest to anterolateral PM, with the highest value of
0.63 N in VRO model and the lowest value of 0.45 N in VRS model.

While the virtual repair procedure hasn’t influenced stress distribution across
the non-prolapsing segments of the MV much, stresses on the prolapsing segment
as well as in its neighboring regions changed considerably compared to the MV
prior to virtual repair.
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Fig. 3.8. Stress distribution across the leaflets after the implantation of
neochordae of different length at peak systole

In the initial model, the peak stress value of 1.67 MPa was noticed in the
region neighboring the prolapsing P2 segment. Moreover, high stress concentra-
tion area appeared in the middle of the bulging segment of the leaflet (Fig. 3.8).
After virtual repair, these stress concentrations were reduced in every post-repair
model, although stresses slightly increased along the free margin of the P2 seg-
ment near the attachment points of the neochordae.

3.2.3. Evaluation of Prolapsing Model

To this date, only several studies on the modeling of different neochordae implan-
tation techniques were published (Reimink et al. 1995; Rim et al. 2014; Sturla
et al. 2014; 2015b; 2015¢; Morgan et al. 2016; Choi et al. 2017). However, none
of them had addressed the problem of transapical MV repair. For this reason, pa-
rameters calculated during dynamic FE simulations of the prolapsing model were
compared with the ones published in the studies quantitatively investigating dif-
ferent neochordal implantation techniques, but not the transapical approach.
While all virtual repair procedures considerably increased the coaptation
area, the coaptation length on anteroposterior diameter was insufficient after the
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implantation of the shortest (VRO model) and the longest (VR15 model) neo-
chordae. Minimum coaptation length to ensure adequate MV function is consid-
ered to be 5 mm (David 2007), and in both mentioned cases, this length was below
the limit (3.9 and 4.3 mm, respectively). Meanwhile, the coaptation length calcu-
lated in VRS and VR10 models were 6.1 and 7.0 mm, showing the sufficient leaf-
let closure at peak systole.

These results show that after the implantation of the shortest neochordae the
movement of the PL was partially restricted, thus preventing adequate leaflet ap-
position. On the other hand, the implantation of the longest neochordae caused the
opposite effect, the movement of the PL was not restricted enough and some bulg-
ing remained, therefore, the coaptation length stayed insufficient. Meanwhile, ne-
ochordae in VRS and VR10 models ensured proper coaptation length of the post-
repair MV.

While evaluating the coaptation of the leaflets, it should be noticed that the
coaptation area and length are the parameters strongly dependent on the geometry
ofthe MV. Therefore, these parameters are hardly comparable with the ones found
in the literature. Still, the post-repair coaptation area recovery values are similar
to the ones reported by Rim et al. (2014).

Stress analysis of the prolapsing MV showed large maximum principal stress
concentration on the bulging section of the P2 segment and in the regions neigh-
boring this segment. These computed stress patterns are similar to those reported
by the other authors (Rim et al. 2014; Sturla ef al. 2014; Choi et al. 2017). Such
excessive stresses over a longer period of time can cause an additional chordal
rupture (Rim et al. 2014).

All virtual repair procedures reduced these excessive stresses. After the im-
plantation of the neochordae in VRS and VR10 models, the bulging of the PL was
eliminated, and maximum stress value on the leaflet was reduced from 1.67 MPa
to 0.70 and 0.65 MPa, respectively. However, virtual repair in VRO and VR15
models provided the smallest stress reduction to 0.96 and 0.91 MPa, as in these
cases the PL was partially restricted (VR0 model) or some bulging of the prolaps-
ing segment remained (VR15 model).

Regarding the tension forces in the native chordae, in all cases the reduction
was quite similar, maximum force decreased from 1.08 N to values ranging be-
tween 0.72 and 0.74 N. This reduction occurred as a result of partial stress transfer
from native chordae to neochordae.

The computed values of tension forces in the native chordae were slightly
higher than the ones published by Rim et al. (2014), though they did not exceed
the chordal failure tension values reported in the literature (Sedransk et al. 2002).
This difference could be due to the higher systolic pressure used in the present
study with a peak value of 16 kPa compared to 12 kPa used by Rim and col-
leagues.
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The comparison of the obtained results with the existing ones showed that all
calculated parameters had a good agreement with those reported by other authors
and did not exceed any critical values found in the literature. Moreover, the eval-
uation of the effect of the neochordal length on post-repair MV function demon-
strated that the length of the implanted neochordae has a significant impact on the
correction of MR caused by chordae tendineae rupture. Therefore, special consid-
eration on the length of the sutures should be given, as implantation of either too
short or too long neochordae can result in inadequate post-repair MV function.

3.3. Computational Analysis of Pathological Mitral
Valve Model

3.3.1. Virtual Repair with Calculated Neochordal Length

For the pathological model, the chordae tendineae were removed from the edge
of the P2L segment to replicate MV prolapse seen on pre-operative TEE images.

As shown during the analysis of the prolapsing model, the length of the im-
planted neochordae has a significant impact on the correction of MR caused by
chordae tendineae rupture. Therefore, special consideration on the length of the
sutures should be given. For this reason, the method to determine the required
neochordal length is suggested (Fig. 3.9).

Firstly, the bulging height of the prolapsing segment from the annular plane
at peak systole was identified. For this, the physiological MV model with com-
plete and intact chordal apparatus, referred to as pre-model, was created. The sim-
ulations of the systolic function of pre-model and earlier created pathological
model were then performed, and the positions of the investigated segment in both
models at peak systole were determined. The bulging height of this segment was
calculated by subtracting the coordinates of corresponding nodes on the free mar-
gin in the pre-model from the ones in the pathological model. For this, the pro-
lapsing MV model in the systolic configuration was used. The neochordal length
Lc~ for the virtual repair was then determined:

LAC*:LAC_LCC*’ (31)

where L,c is the distance between LV apex and the neochordal insertion point on
the prolapsing segment of the leaflet, and Lcc+ is the bulging height of the leaflet.

The length of each required suture was calculated by subtracting the earlier
determined bulging height from a distance between the nodes of the LV apex and
the free margin of the prolapsing segment. Each neochorda was composed of two
equal size elements, with their junction point moved along the y-axis to ensure the
calculated neochordal length.
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Following the real-life surgery, three virtual neochordae with a mean length
of 66.6+1.4 mm were implanted into the PL, connecting the LV apex and the free
margin of the leaflet.

b)

A A

Fig. 3.9. Determination of the neochordal length: a) neochordal insertion sites on the
posterior leaflet are marked with points B, C, D; b) insertion sites of the neochordae on
the anterior leaflet are marked B’, C’, D’. For the point C, the neochordal length L c+
was determined by subtracting the bulging height of the leaflet Loc+ from a distance
between the left ventricle apex (point A) and the free margin Lsc. The procedure was
repeated for every insertion point to determine all neochordal lengths

After the implantation of the neochordae into the PL, the same procedure was
repeated with the A2L segment thus allowing to recreate prolapse of the AL,
which occurred during the surgery due to the rupture of the native chordae. Three
neochordae with a mean length of 65.2+0.2 mm were implanted.

A total of four FE models were prepared for the dynamic simulation in
Abaqus/Explicit representing:

e prolapse of the posterior leaflet (PLP);

e virtual repair with neochordae implantation into the posterior leaflet
(PLVR);

o prolapse of the anterior leaflet, which occurred during the surgery (ALP);
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e virtual repair with neochordae implantation into the anterior leaflet
(ALVR).

For each model, the input file for the dynamic analysis in Abaqus/Explicit
was prepared. All simulations were carried out one by one, thus allowing to rec-
reate the real-life surgery process.

3.3.2. Computational Results of Pathological Model

Regarding the pathological model, a rare bi-leaflet transapical MV repair, which
occurs in less than 5% of the cases (Colli et al. 2018), was investigated. At first,
the simulation of the systolic function of the initial prolapsing model (PLP) re-
vealed prolapse of only P2L segment, characterized by a bulging of the PL. No
leaflet contact in the midline of the prolapsing region was noticed and a gap be-
tween the leaflets was present. Following the surgical procedure executed by sur-
geons, virtual repair with the implantation of three neochordae (PLVR) was per-
formed and MV prolapse was eliminated.

However, the rupture of the chordae tendineae inserted into the AL caused
prolapse of the A2L segment (ALP), and eversion of the AL towards the LA was
observed. A good contact between the leaflets was restored after another virtual
repair procedure (ALVR), during which three neochordae were implanted into the
AL, as in the real-life surgical procedure.

After each simulation (i.e. prolapsing PL followed by virtual repair and pro-
lapsing AL followed by virtual repair), the parameters described in 3.2.2 para-
graph were identified at peak systole, and the effect of virtual transapical MV
repair were evaluated. In addition, the morphological comparison between the vir-
tual models and the TEE image data was performed. The values of the calculated
parameters are shown in Table 3.5.

Since the prolapsing model was reconstructed from the echocardiographic
data of the healthy MV, the morphological comparison with the real-life surgery
outcomes could not have been done. However, in case of the pathological model,
the simulation results could have been used to evaluate morphological compliance
between virtual models and TEE image data. This was done by visually compar-
ing the computed systolic leaflet configurations of virtual PLP and ALVR models
with the pre- and post-operative echocardiographic images. Fig. 3.10 shows a
good agreement in deformed leaflet morphology between the simulation results
and the echocardiographic data.

In both PLVR and ALVR models, the neochordae used during virtual trans-
apical repair securely repositioned the prolapsing regions of the leaflets under the
annular plane, resulting in the disappearance of MV prolapse. In PLP model, the
maximum displacement along the z-axis was found on the free margin of the pro-
lapsing P2L segment and was equal to 18.6 mm. After virtual repair, prolapse of
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the PL was eliminated, and this value was reduced to 13.5 mm. In ALP model,
prolapse of the anterior leaflet occurred and the maximum z-axis displacement of
19.1 mm was noticed on the free margin of the A2L segment. ALVR eliminated
prolapse and reduced the maximum displacement value to 12.9 mm.

Fig. 3.10. Morphological comparison of computed systolic leaflet configuration in
pathological model with echocardiographic images: a) region of interest in
pre-operative image; b) cross-sectional view of computational model after virtual
repair with neochordae implantation into the posterior leaflet superimposed to
pre-operative echocardiographic image; c) region of interest in post-operative
echocardiographic image; d) cross-sectional view of computational model after
virtual repair with neochordae implantation into the anterior leaflet
superimposed to post-operative echocardiographic image

In the initial model, a lack of contact between A2L and P2L segments due to
the prolapsing PL was present. After PLVR, a contact between the segments was
recovered, restoring the coaptation length of 5.8 mm and increasing the coaptation
area by 27.5%. However, after the rupture of the A2L native chordae, the bulging
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of the anterior leaflet occurred, resulting in a decrease of the coaptation area by
13.7%. A good contact between the leaflets was restored after ALVR, increasing
the coaptation length from none to 6.4 mm. Compared to the PLP model, a total
increase of the coaptation area by 72.2% was achieved during both virtual repair
procedures.

Both virtual repair procedures reduced the tension forces acting in the
chordae tendineae since these forces were partially transferred from the native
chordae to the implanted neochordae. In the PLP model, reaction forces acting on
the anterolateral and posteromedial PMs were almost equal, with values of 7.77
and 7.85 N, respectively. After PLVR, these values were reduced to 6.23 and
6.44 N. However, after the rupture of the chordae tendineae inserted into the AL,
the reaction force on the posteromedial PM increased to 7.18 N, while the one on
the anteromedial PM decreased even more to 5.21 N. This decrease can be ex-
plained by the reduced number of the chordae tendineae inserted into this PM.
Finally, after ALVR, the reaction forces once again were reduced to 4.18 and
6.53 N for the anteromedial and posterolateral PMs, respectively (Fig 3.11).

The maximum tension forces in the chordae tendineae were found in the mar-
ginal chordae neighboring the prolapsing segment. In PLP model, the peak value
of tension force in the marginal chorda inserted into the border of P1-P2L seg-
ments was 1.10 N, whereas in ALP model the maximum tension force of 1.08 N
occurred in the marginal chorda inserted into the edge of A1-A2L segments. After
each virtual repair procedure, these values were reduced to 0.65 and 0.50 N, re-
spectively.
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Fig. 3.11. Reaction forces on the papillary muscles and left ventricle apex: a) before
virtual transapical mitral valve repair; (b) after virtual repair procedure
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Table 3.5. Computational results of pathological model at peak systole

Parameter PLP PLVR ALP ALVR

Uz,max, TN

Anterior leaflet 14.0 14.1 19.1 12.9

Posterior leaflet 18.6 13.5 13.6 12.8
CoA, mm?

Anterior leaflet 2873 366.2 316.0 494.7

Posterior leaflet
CoL, mm

Anterlf)r leaflet B 538 B 6.4

Posterior leaflet
FPM, N

Anterolateral PM 7.77 6.23 5.21 4.18

Posteromedial PM 7.85 6.44 7.18 6.53
Frya, N - 2.15 1.94 3.15
Fer, N

Anterior leaflet 0.49 0.29 1.08 0.50

Posterior leaflet 1.10 0.65 0.60 0.61
Fyne, N

Anterior leaflet - - — 0.88

Posterior leaflet - 0.96 1.04 0.86
S1 peak, MPa

Anterior leaflet 0.59 0.63 0.85 0.79

Posterior leaflet 1.09 0.71 0.76 0.77

PLP, prolapse of the posterior leaflet; PLVR, virtual repair with neochordae implantation into the posterior leaf-
let; ALP, prolapse of the anterior leaflet; ALVR, virtual repair with neochordae implantation into the anterior
leaflet; u. ., maximum displacement along the z-axis of the free margin of the MV; CoA, coaptation area;
CoL, coaptation length; Fpy, reaction force on the papillary muscle; Fyy4, reaction force on the left ventricle
apex; Fer, maximum tension force in the native chordae; Fyc, maximum tension force in the neochordae;
S\ peak, peak value of the maximum principal stress acting on the leaflets.

Tension forces in the neochordae were calculated after PLVR and ALVR.
Following PLVR, the maximum value of the force exerted by the neochordae im-
planted into the PL was 0.96 N. This value was decreased to 0.86 N after ALVR,
whereas the maximum tension force in the neochordae implanted into the AL was
calculated to be 0.88 N.

The change of tension in the native chordae and neochordae as a whole can
be represented as an alteration of reaction forces acting on the PMs and LV apex
during dynamic FE analysis. Fig. 3.11 shows that virtual repair procedures re-
duced reaction forces on the PMs since tension in the native chordae was partially
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transferred to the neochordae, resulting in the appearance of reaction force on the
LV apex.

Stress distribution across the leaflets of the prolapsing and virtually repaired
MYV models are shown in Fig. 3.12. All simulations specified the peak value of
the maximum principal stress to be on the MV free margin. In PLP model, the
high stress concentration area occurred near the prolapsing P2L segment with a
maximum value of 1.09 MPa. Following virtual repair, this high stress concentra-
tion was significantly reduced. However, the increase of the stress near the attach-
ment points of the neochordae was noticed with a peak value of 0.71 MPa.

After the rupture of the A2L chordae, new high stress concentration areas
appeared on the AL. As previously, the highest stress values occurred near the
prolapsing segment along the free margin of the leaflet with a maximum value of
0.85 MPa. In addition, stress increase was noticed in the middle of the bulging
region of the leaflet. Following ALVR, these stress values were reduced, still, as
before, the increase of the stress appeared near the neochordal attachment points
with a peak value of 0.79 MPa.

3.3.3. Evaluation of Pathological Model

The pathological model was used to recreate the real-life transapical repair sur-
gery of rare bi-leaflet MV prolapse, which occurred due to the chordae tendineae
rupture during the surgical procedure while repairing a common prolapse of the
PL. The modeling strategy, tried out earlier while simulating the systolic function
of the prolapsing model, with the implemented neochordal length determination
method was used. To recreate the surgery process, a total of four simulations were
run one by one, indicating the prolapsing PL followed by virtual repair, and the
appearance of the AL prolapse, also followed by virtual repair.

The maximum displacement along the z-axis of the MV free margin and the
coaptation area of the leaflets are the parameters strongly dependent on the geom-
etry of the MV. Therefore, these parameters are hardly comparable with the ones
published by other authors. Still, the post-repair maximum z-axis displacement
and coaptation area recovery values are similar to the ones reported by Sturla et al.
(2014). In addition, both virtual repair procedures restored a sufficient coaptation
length larger than 5 mm, which is considered to be a minimum coaptation length
required to ensure adequate MV function (David 2007).

In terms of tension forces in the native chordae, the calculated values were
slightly higher than the ones reported by Rim et al. (2014). The reason for this
was already explained during the evaluation of the prolapsing model (see para-
graph 3.2.3). Regarding the tension forces in the neochordae, the calculated values
are comparable with the ones measured in vitro (Bajona et a/. 2008) and in vivo
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(Bajona et al. 2009; Jensen et al. 2014) by other authors. Tension forces, estimated
in the current study, fall into the reported range between 0.5 and 1.05 N.

PLP PLVR

Posterior leaflet

0 01 02 03 04 05

ALP ALVR

Anterior leaflet

Fig. 3.12. Maximum principal stress distribution across the mitral valve leaflets at
peak systole following each simulation of pathological models. High stress
concentration areas with stress peak values are circled in red

The computed stress patterns, as in the prolapsing model, were similar to the
ones reported by other authors (Rim et al. 2014; Sturla et al. 2014; Choi et al.
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2017). In both models with MV prolapse, the highest stress concentration areas
occurred near the prolapsing segments, whereas following virtual repair proce-
dures these values were reduced but the increase of the stress near the attachment
points of the neochordae appeared. However, the calculated peak values of the
maximum principal stress did not exceed the failure stress limit reported by
Grande-Allen et al. (2005).

Moreover, in this particular case, the comparison between pre- and post-op-
erative virtual models and real-life TEE image data in terms of morphological
compliance was done. This comparison showed a good agreement in leaflet de-
formation between the MV simulation data and the echocardiographic images,
supporting the eligibility of the used modeling strategy.

3.4. Limitations of the Study

The presented modeling strategy provided a detailed quantification of MV biome-
chanics, showing a potential to be used for the comprehensive analysis of trans-
apical MV repair in scenarios of clinical relevance. However, some limitations of
the present study should be highlighted.

Firstly, it should be noted that although the reconstruction of the MV geom-
etry was based on realistic echocardiographic images, the thickness of the leaflets
was assigned according to the measurements on healthy MV reported by Kunzel-
man et al. (2007). This assumption was made due to the impossibility to measure
leaflets thickness directly from clinical images.

Also, the chordae tendineae, which cannot be seen in the echocardiographic
images, were modeled through a scheme created in accordance with ex vivo find-
ings (Lam et al. 1970; Degandt et al. 2007) and indications by clinicians (Steva-
nella ef al. 2011). The configuration of the chordae tendineae has a significant
impact on the function of the whole valvular structure (Siefert ef al. 2014), there-
fore, a patient-specific implementation of the chordae positioning may lead to a
better consistency with in vivo data.

Furthermore, in the present study, mechanical properties of the MV leaflets
and the chordae tendineae were described using available stress-strain curves ob-
tained from ex vivo testing on the healthy porcine valve (May-Newman and Yin
1998; Kunzelman and Cochran 1990). The properties of the human valvular struc-
ture, especially for the diseased one, are likely to be different from the ones as-
sumed in the present study.

One last consideration, which is worth paying attention to, is the time needed
for such simulations. On a standard personal computer with a quad-core proces-
sor, one simulation lasted for about 4 hours. The time for geometry reconstruction
and FE model creation, which took at least several hours for every model, should
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also be considered. Therefore, while the simulation results seem to be reliable, the
whole process needs to become faster in order for the described approach to be
used as a clinical analysis tool.

3.5. Conclusions of Chapter 3

1. Evaluation of the effect of the neochordal length on post-repair MV func-

tion showed that the length of the implanted neochordae has a significant
impact on the correction of MR caused by chordae tendineae rupture. Af-
ter the implantation of the shortest (VRO model) and the longest (VR15
model) neochordae, the coaptation length on anteroposterior diameter was
insufficient (3.9 ir 4.3 mm), while in VR5 and VR10 models coaptation
length was calculated to be adequate (6.1 and 7.0 mm). Regarding patho-
logical model, both virtual repair procedures (PLVR and ALVR) with cal-
culated neochordal length restored proper coaptation (5.8 and 6.4 mm).

. Computed parameters, including coaptation area and length, reaction

forces, tension forces and stress distribution across the MV leaflets, for
both prolapsing and pathological models coincided well with the ones
found in the literature, thus supporting the eligibility of the used modeling
strategy for virtual transapical MV repair procedure and the validity of the
suggested method for the neochordal length determination.

. Morphological comparison between computed leaflet deformation in

pathological model and TEE images was performed, as an additional way
to assess the reliability of the used modeling strategy. A resembling con-
figuration in terms of shape and bulging of the deformed leaflets was de-
termined after the visual comparison between the simulation results and
the echocardiographic data.

. Limitations of the presented modeling strategy were highlighted: theoret-

ical MV leaflets thickness, idealized configuration of the chordae
tendineae, mechanical properties based on ex vivo porcine data, and the
high computational cost for the simulation of MV systolic function. Elim-
ination of such limitations should be considered for a more complete re-
search study in the future.



General Conclusions

1. After reviewing the scientific literature related to computational modeling
of mitral valve structure and function, it has been determined that numer-
ical simulation can provide insights into the relationships between mitral
valve components and allow to analyze the outcomes of various surgical
techniques used for the repair of the valve affected by the disease.

2. Patient-specific prolapsing finite element model of the mitral valve was
created and used for the investigation of the neochordal length influence
on the function of the mitral valve after virtual transapical repair. The sys-
tolic function simulations of the mitral valve models with different neo-
chordal length showed that the length of the implanted sutures has a sig-
nificant impact on the correction of mitral regurgitation caused by chordae
tendineae rupture. While all virtual repair procedures eliminated mitral
valve prolapse and considerably increased the coaptation area by
109.8424.3%, the coaptation length on anteroposterior diameter was in-
sufficient (<5 mm) after the implantation of the shortest (3.9 mm) and the
longest neochordae (4.3 mm).

3. Method for neochordal length determination during virtual transapical mi-
tral valve repair procedure based on numerical simulation results was sug-
gested. This method allows to adjust the length of the neochordae, thus
eliminating mitral valve prolapse and reducing stresses acting on the
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leaflets, therefore abolishing the risk of tearing up the repaired leaflet in
post-operative mitral valve model.

. The developed method for neochordal length determination was tested on

pathological finite element model created using patient-specific echocar-
diographic data. Simulation of the systolic function of virtually repaired
mitral valve with neochordal length adjusted using the suggested method,
demonstrated eliminated prolapse, improved leaflet coaptation by 72.2%,
decreased chordal tension forces from 1.1 N to 0.5 N and reduced exces-
sive leaflet stress from 1.09 MPa to 0.77 MPa, while maintaining the mor-
phological compliance with the echocardiographic data.

. The comparison of the obtained results, including coaptation area and

length, reaction forces, tension forces and stress distribution across the
mitral valve leaflets, with the ones found in the literature showed that cal-
culated parameters had a good agreement with those reported by other
authors and did not exceed any known critical values. Such evaluation
proved the eligibility of the used modeling strategy and supported the va-
lidity of the suggested method for the neochordal length determination.

. The computed parameters show the potential of the presented modeling

strategy to be used as a tool for predicting post-operative mitral valve
morphology and coaptation of the leaflets as the main indicators of mitral
valve prolapse elimination.
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Summary in Lithuanian

Jvadas

Problemos formulavimas

Skaitiniai metodai, ypac baigtiniy elementy metodas (BEM), s¢kmingai taikomi struktii-
rinei analizei, pastaruoju metu pradéti naudoti ir biologiniy objekty modeliavimui. Zmo-
gaus kiino, jskaitant Sirdies ir kraujotakos sistema, funkcijy mechaniniai tyrimai vis daz-
niau yra atliekami taikant BEM. Tokie tyrimai padeda kiekybiskai jvertinti pazeistos ar
ligos paveiktos Sirdies mechanikos poky¢ius, istirti jos fiziologija ir patologija bei naujy
gydymo metody poveiki.

Sirdies ir kraujagysliy ligos yra pagrindiné mirties prieZastis pasaulyje. Galima i3s-
kirti jvairias Sirdies ir kraujagysliy ligas, jskaitant Sirdies voztuvy pazeidimus ar defektus.
Mitralinio voztuvo (MV) prolapsas su mitraline regurgitacija yra labiausiai paplitusi voz-
tuvy liga, kuria serga apie 2—3 % pasaulio gyventojy. Sig liga dazniausiai sukelia voztuvo
judesius ribojanciy strukttiry sutrikimai. Dazniausias i8 jy — ligos paveikty vienos ar keliy
chordy nutriikimas, kuris jvyksta, kai dél tempimo jégy chordose susidarg jtempiai virsija
ribing verte.

Transapikaliné MV korekcija implantuojant neochordas per Sirdies vir§iing yra nau-
jas chirurginis biidas, leidZiantis atlikti mitralinés regurgitacijos, atsiradusios dél nutriku-
siy chordy, korekcija minimaliai invaziniu btidu. Nors transapikalinés MV korekcijos kli-
nikiniai rezultatai yra geri, kyla problemy, susijusiy su pa¢iu chirurginiu bidu. Siuo metu
tam tikri metodo aspektai, pavyzdziui, implantuojamos neochordos padéties ar ilgio
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nustatymas, kuris uztikrinty voztuvo nesandarumo pasalinimg, bet nesuvarzyty buriy ju-
desio, vis dar néra pakankamai iStyrinéti. Norint istirti $iuos transapikalinés chirurginés
procediiros aspektus, Sioje disertacijoje atlickamas MV struktiiros ir transapikalinés jo ko-
rekcijos modeliavimas baigtiniy elementy metodu.

Darbo aktualumas

Pastaryjy trijy deSimtmeciy tyrimai rodo, kad skirtingy MV korekceijy skaitinio modelia-
vimo tyrimai yra naudingi, nes padeda kiekybiskai jvertinti tokiy procediiry biomechani-
nius aspektus. Visgi, iki Siol paskelbti tik keli tyrimai aprasantys MV korekcijos implan-
tuojant neochordas modeliavimg. Be to, nei viename i§ jy netiriama transapikalinés MV
korekcijos problema.

Sioje disertacijoje sudaryta virtualios MV korekcijos modeliavimo strategija ir pagal
ultragarsinio tyrimo metu gautus paciento duomenis sukurtas MV netiesinis baigtiniy ele-
neochordy ilgio nustatymas ir $io ilgio jtaka pooperacinio voztuvo funkcijai. Implantavus
per trumpas arba per ilgas neochordas kyla koreguotos burés plySimo arba liekamojo
prolapso rizika. Kadangi atliekant transapikaling MV korekcija tinkamas neochordy ilgis
nustatomas remiantis vien tik ultragarsinio tyrimo metu gaunamais vaizdais, iki Siol ne-
buvo sukurtas metodas, leidziantis apskaiciuoti §j ilgj skaitiniuose modeliuose. Todél
Siame darbe taikant BEM pirmiausia jvertinta neochordy ilgio jtaka nesandaraus MV
funkcijos atkiirimui, o tada pasiiilytas metodas, padedantis nustatyti tinkamg neochordy
ilgj virtualios transapikalinés MV korekcijos metu.

Tyrimo objektas

Sio tyrimo objektas — mitralinis voZztuvas, paveiktas prolapso ir regurgitacijos dél chordy
nutriikimo, ir jo korekcijos implantuojant neochordas transapikaliniu biidu skaitinis mo-
deliavimas.

Darbo tikslas

Pagrindinis darbo tikslas — nustatyti mitralinio voZtuvo biomechaninius parametrus po
transapikalinés korekcijos ir jvertinti tokios operacijos poveikj pooperacinei mitralinio
voztuvo funkcijai.

Darbo uzdaviniai

Siekiant jgyvendinti Sio darbo tiksla, reikia spresti Siuos uzdavinius:

1. Apzvelgti tyrimus, kuriuose aprasomi skaitiniai modeliai, naudoti mitralinio voz-
tuvo biomechaninéms funkcijoms tirti, ir iSnagrinéti jy tinkamuma naujiems mit-
ralinio voztuvo korekcijos chirurginiams bidams vertinti.

2. Sukurti virtualios transapikalinés korekcijos skaitinés simuliacijos modeliavimo
strategija.
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3. Pagal ultragarsinio tyrimo metu gautus duomenis ir mitralinio voztuvo judéjimo
kinematinius parametrus atkurti personalizuota mitralinio voztuvo geometrijg ir
remiantis ja sudaryti nesandaraus mitralinio voZztuvo struktiirinj baigtiniy ele-
menty modelj.

4. Pritaikyti sukurtag modelj virtualios transapikalinés mitralinio voztuvo korekcijos
procediirai ir atlikti voztuvo sistolinés funkcijos simuliacija bei istirti neochordy
ilgio jtaka pooperacinei mitralinio voztuvo funkcijai.

5. Jvertinti virtualios transapikalinés mitralinio voztuvo korekcijos rezultatus ir su-
kurtos skaitinio modeliavimo strategijos tinkamuma Sios procediiros veiksmin-
gumo vertinimui.

Tyrimo metodika

Siekiant iSnagrinéti tiriamajj objekta ir naujausius jo modeliavimo metodus, o taip pat at-
likti gauty rezultaty jvertinima, buvo atlikta literatros ir lyginamoji analizés. Paciento
MV strukttiros ir judéjimo ankstyvosios sistolés metu duomenys gauti atlikus ultragarsinj
tyrima, o MV struktiirinés analizés ir transapikalinés korekcijos skai¢iavimai atlikti kom-
piuterine programa ,,Abaqus‘ taikant BEM.

Darbo mokslinis naujumas

Pristatytos Sios transapikalinés MV korekcijos skaitinio modeliavimo naujovés:

1. Sukurta virtualios korekcijos modeliavimo strategija, kurios metu ultragarsiniai
duomenys konvertuojami j baigtiniy elementy modelj, atlieckama jo virtuali tran-
sapikaliné korekcija ir MV sistolinés funkcijos dinaminé simuliacija.

2. Jvertintas neochordy ilgio poveikis MV sandarumo atktirimui ir pasiilytas Sio
ilgio nustatymo atliekant transapikaling korekcija metodas.

3. Atlikus virtualig transapikaling MV korekcija, apskaiciuoti biomechaniniai para-
metrai, apraSantys MV deformacijas, tempimo jégas chordose ir neochordose,
reakcijos jégas papiliariniuose raumenyse ir Sirdies vir§inéje bei jtempiy pasis-
kirstyma voztuvo burése.

Darbo rezultaty praktiné reikSmé

Siame darbe MV transapikalinés korekcijos personalizuota skaitinio modeliavimo strate-
gija leido nustatyti kiekybinius tokios chirurginés procediiros parametrus ir jvertinti, kokia
jtaka neochordy implantacija turi pooperacinei MV funkcijai. Virtualdis modeliai tinka tirti
MV deformacijas, veikiancias jégas ir jtempiy pasiskirstyma bei gali biiti naudojami prog-
nozuojant pooperacing MV morfologija bei buriy koaptacija kaip pagrindinius MV
prolapso pasalinimo veiksnius. Kadangi pristatytoje modeliavimo strategijoje pateikiama
iSsami MV biomechanikos kiekybiné analiz¢, tokia strategija gali turéti praktinés kliniki-
nes vertes.
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Ginamieji teiginiai

1.

Zvelgiant i§ mechanikos mokslo perspektyvos, MV gali biti laikoma mechanine
sistema, todél $io biologinio objekto struktiirg galima modeliuoti taikant skaiti-
nius metodus.

MYV transapikalinés korekcijos metu pasalinamas voztuvo prolapsas, atkuriama
buriy koaptacija, sumazéja tempimo jégos chordose ir jtempiai burése.
Tinkamas neochordy ilgio parinkimas sumazina lieckamojo prolapso arba kore-
guotos burés plySimo rizika.

Virtuali transapikaliné MV korekcija padeda prognozuoti pooperacing voztuvo
morfologija ir buriy koaptacija.

Darbo rezultaty aprobavimas

Disertacijos tema paskelbtos keturios mokslinés publikacijos: dvi — Zurnaluose, jtrauk-
tuose i ,,Clarivate Analytics Web of Science* duomeny baze¢ (Gaidulis et al. 2018a; 2019),
viena — zurnale, jtrauktame j kitas duomeny bazes (Gaidulis et al. 2018b), ir viena — tarp-
tautinés konferencijos pranesimy medziagoje (Romashov ef al. 2016). Tyrimy rezultatai
pristatyti septyniose tarptautinése konferencijose:

40-ojoje tarptautinéje konferencijoje ,,SOLMECH 2016, vykusioje VarSuvoje
(Lenkija) 2016 m. rugpjicio 29 d. — rugséjo 2 d.

5-ojoje tarptautinéje konferencijoje ,,Nonlinear Dynamics 2016%, vykusioje
Charkove (Ukraina) 2016 m. rugséjo 27-30 d.

11-o0joje tarptautinéje konferencijoje ,,BIOMDLORE 2016%, vykusioje Druski-
ninkuose (Lietuva) 2016 m. spalio 20-22 d.

13-o0joje tarptautinéje konferencijoje ,,Mechatronic Systems and Materials (MSM
2017)*, vykusioje Vilniuje (Lietuva) 2017 m. liepos 3-5 d.

12-ojoje tarptautingje konferencijoje ,,BIOMDLORE 2018, vykusioje Balsto-
géje (Lenkija) 2018 m. birzelio 28-30 d.

41-ojoje tarptautinéje konferencijoje ,,SOLMECH 2018, vykusioje VarSuvoje
(Lenkija) 2018 m. rugpjiicio 27-31 d.

55-o0joje tarptautingje konferencijoje ,,SES 2018, vykusioje Madride (Ispanija)
2018 m. spalio 10-12 d.

Disertacijos strukttira

Disertacija sudaro jvadas, trys skyriai, bendrosios iSvados, literatiiros sgrasas, autoriaus
publikacijy sarasas disertacijos tema ir santrauka lietuviy kalba. Darbo apimtis yra 104
puslapiai, neskaitant priedy, tekste panaudotos 46 numeruotos formulés, 34 paveikslai ir
6 lentelés. Rasant disertacijg buvo panaudoti 124 literatiiros Saltiniai.
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1. Mitralinio voztuvo modeliavimo metody literatluros apzvalga

MYV prolapsas — tai biiklé, kai voztuvas Sirdies veiklos metu neuzsidaro sandariai, todél
dalis kraujo i$ kairiojo skilvelio sugrjzta atgal j kairjjj prieSirdj. Dazna MV nesandarumo
priezastis — vienos ar keliy plony¢iy sausgysliy, kurios palaiko voztuva reikiamoje padé-
tyje ir yra vadinamos chordomis, nutriikimas.

MYV prolapso korekcija jprastai atliekama pakeiciant nutriikusias chordas chirurgi-
niais siiilais — tokia procediira vadinama neochordy implantavimu. Vienas naujausiy MV
nesandarumo korekcijos metody — transapikaliné MV korekcija, kai neochordos implan-
tuojamos per Sirdies virsting, atlieckant minimaly pjiivj ir nestabdant Sirdies veiklos. Klini-
kiniai tokiy operacijy rezultatai yra geri (Colli et al. 2018), taCiau be iSsamesniy tyrimy
tam tikri metodo aspektai, pavyzdziui, tikslus implantuojamos neochordos padéties nus-
tatymas arba reikalingas jos ilgis, Siuo metu gali biti tik numanomi (Seeburger et al.
2012). Siekiant istirti Siuos aspektus, Sioje disertacijoje atlickamas MV struktiiros ir jo
transapikalinés korekcijos skaitinis modeliavimas taikant BEM.

Per pastaruosius tris deSimtmecius atlikty tyrimy taikant skaitinius metodus metu
tyrinétos MV funkcijos (Kunzelman ez al. 1993; Votta et al. 2008a; Toma et al. 2016) ir
vertinti nauji MV chirurginés korekcijos metodai (Reimink et al. 1995; Votta et al. 2007,
Morgan et al. 2016). Galima iSskirti dvi skaitiniy modeliy kategorijas: struktiiriniai mo-
deliai neatsizvelgia j kraujo tekéjimg ir naudoja BEM, o skyscCio-struktiiros sgveikos mo-
deliai tiria sgveikg tarp MV ir kraujo tékmés, naudodami skaiciuojamajg skysc¢iy dina-
mika.

Literatiiroje apraSomi struktiiriniai MV baigtiniy elementy modeliai naudojami ti-
riant voztuvo dinamika, deformacijas ir struktiiroje susidarancius jtempius Sirdies veiklos
metu. Sie modeliai tinka tiek fiziologinio, tiek ir patologinio voztuvo elgsenos tyrimui bei
leidzia jvertinti naujy chirurginés korekcijos metody poveikj voztuvo darbui. Pirmyjy
baigtiniy elementy modeliy geometrija nebuvo personalizuota, t. y. jie buvo kuriami re-
miantis anatominiais gyviiny matavimais su kai kuriais geometriniais supaprastinimais,
todél atspindéjo tik vidutinj tam tikros biiklés atvejj be tikslesniy anatominiy detaliy ir
negaléjo biiti taikomi klinikiniuose tyrimuose. Kiek véliau pradéti kurti personalizuoti MV
modeliai, kuriy geometrija buvo sudaryta remiantis zmogaus Sirdies ultragarsinio tyrimo
arba kompiuterinés tomografijos metu gaunamais vaizdais. Tokie modeliai, turintys rea-
listiSka morfologija ir personalizuotas krastines salygas, naudojami tirti MV mechanika ir
jos pokyc¢ius esant patologijai bei prognozuoti voztuvo elgseng atlikus patologijos chirur-
ging korekcija. Literattiroje pateikiami skirtingi voztuvo korekcijos biidai, tyrinéti naudo-
jant struktirinius modelius: voztuvo burés rezekcija (Choi ef al. 2017), centrinés koapta-
cijos metodas (Sturla et al. 2015a), anuloplastija (Kong et al. 2018) ir neochordy
implantavimas j papiliarinj raumenj (Morgan et al. 2016).

PrieSingai nei strukttriniai modeliai, literatiiroje apraSyti ir MV tyrimuose taikyti
skyscio-struktiiros sgveikos modeliai jvertina ne tik MV struktiirg, bet ir kraujo tékme bei
jy tarpusavio sgveika, naudodami skaiciuojamajg skys¢iy dinamika. Tokie modeliai lei-
dzia atlikti iSsamesne MV fiziologijos analizg, nei struktiiriniai modeliai. Visgi, norint su-
kurti personalizuoty skyscio-struktiiros sgveikos modelj, reikalingos kraujo krastinés sa-
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kuriami panardinant MV struktiirg ne j krauja, bet j idealizuota skystj, o tai apriboja jy
naudojima klinikiniuose tyrimuose.

MYV struktiiros mechaniniy savybiy apraSymas yra biitinas siekiant atlikti skaitinius
voztuvo tyrimus. Skirtingy voztuvo komponenty mechaninés savybés skiriasi dél jy struk-
tariniy skirtumy. Voztuvo burés yra sudarytos i§ kolageno ir elastino skaiduly, todél toks
audinys yra standesnis skaiduly orientacijos kryptimi. Be to, $ios skaidulos pasizymi ne-
tiesiSkumu, dél to MV buriy mechaninés savybés yra apibiidinamos kaip netiesinés ir ani-
zotropinés. Voztuvo chordy struktiira skiriasi nuo buriy, jos sudarytos daugiausia iS kola-
geno skaiduly, todél yra standZzios ir tvirtos, o jy mechaninés savybés apibiidinamos kaip
netiesinés ir izotropinés.

2. Mitralinio voztuvo modeliavimo uzdavinio formulavimas

Pagrindiné problema, kylanti transapikalinés MV korekcijos metu, yra neochordy ilgio
nustatymas. Sirdies ciklo metu atstumas tarp MV laisvojo krasto, j kurj implantuojamas
vienas neochordos galas, ir Sirdies vir$tinés, prie kurio tvirtinamas kitas galas, néra pasto-
vus. Todél reikalinga parinkti tinkama neochordy ilgj, nes priesingu atveju kyla burés ply-
$imo rizika, jei implantuotos neochordos yra per trumpos, arba voztuvo nesandarumas gali
i8likti, jei neochordos yra per ilgos.

Sioje disertacijoje neochordy ilgio nustatymo problema sprendziama pasitelkus
BEM. Sudaroma modeliavimo strategija, kurios metu pagal ultragarsinio tyrimo duomenis
sukuriamas personalizuotas nesandaraus MV baigtiniy elementy modelis, atlickama jo
virtuali transapikaliné korekcija ir sistolinés funkcijos dinaminé simuliacija baigtiniy ele-
menty kompiuterinéje programoje ,,Abaqus®.

MV baigtiniy elementy modelio bet kurio mazgo i pagreiciai kiekvieno simuliacijos
zingsnio n pradZioje yra apskaiciuojami pagal formulg:

i") = (m)™! (Pi(") - IS”)), (S2.1)
¢ia ii; — pagreicio vektorius, M — masiy matrica, P; — iSoriniy jégy vektorius, I; — vidiniy

jégy vektorius.
Mazgy judéjimo lygtys sudaromos integruojant centriniy skirtumy metodu:

a2 = g2 —At(ﬁl); ) (2.2)

a2y 4 A Dl 12) (S2.3)

l

¢ia u; — greiCio vektorius, u; — poslinkio vektorius, Az — laiko pokytis.
Apskaiciavus poslinkiy reik§mes, nustatomos MV modelio deformacijos € ir jame
susidarantys jtempiai o:

") = Bul"); (S2.4)
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o = o(s(”>), (S2.5)

¢ia B — deformacijy-poslinkiy matrica.

Norint apskai€iuoti susidarancius jtempius, modeliui reikia priskirti MV strukttiros
komponenty mechaniniy savybiy jtempiy-poslinkiy priklausomybes (S2.5). MV chordy
mechaninés savybés aprasomos naudojant 2-os eilés hyperelastinj polinominj modelj:

Y =cio (4, =3)+cor (L, =3)+ ¢y (1, =3) (1, =3)+
e (1 _3)2 + ¢ (1, _3)2'

Voztuvo buriy savybés aprasomos taikant hyperelastinj modelj, pasitilyta Lee et al.
(2013):

(S2.6)

(1, 1,)=co (£, =3)+¢ {(1 —3)6[02(12_3) } +Be[03(14_1) } —1} (82.7)

¢ia [ ir I4 — Cauchy-Green deformacijy tenzoriaus invariantai, 3, co, c1, ¢2, ¢3 — konstantos,
apibiidinanc¢ios medziagos savybes.

a)

S2.1 pav. Mitralinio voztuvo baigtiniy elemento modelio kiirimas: a) ultragarsinio vaizdo
segmentacija; b) voztuvo geometrinis modelis trimatéje erdvéje; c) baigtiniy elementy modelis

Siekiant jgyvendinti sudaryta modeliavimo strategija, pagal ultragarsinio tyrimo
metu gautus vaizdus kuriamas personalizuotas nesandaraus MV baigtiniy elementy mo-
delis. Pirmiausia, atlickama vaizdy segmentacija, kurios metu ultragarsiniame vaizde ran-
kiniu biidu i$skiriamos mitralinio voztuvo burés, papiliariniai raumenys ir Sirdies vir§tiné
(S2.1 pav. a). Tada sukuriamas trimatis MV buriy ir chordy geometrinis modelis
(S2.1 pav. b), kuris suskirstomas baigtiniais elementais kompiuterinéje programoje ,,Aba-
qus® (S2.1 pav. ¢). Voztuvo burés modeliuojamos 3-jy mazgy netiesiniais kevalo elemen-
tais S3R, chordos — netiesiniais santvaros elementais T3D2. Baigtiniy elementy modeliui
priskiriamos mechaninés savybés ir personalizuotos kraStinés salygos, ivertinancios
kraujo slégj ir mitralinio voztuvo kinematikg Sirdies ciklo metu. Atlickama virtuali tran-
sapikaliné MV korekcija implantuojant neochordas per Sirdies virSiing ir voztuvo sistoli-
nés funkcijos simuliacija ,,Abaqus® aplinkoje.
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3. Transapikalinés mitralinio voztuvo korekcijos modeliavimas

Pagal sudaryta modeliavimo strategija, sukurti du mitralinio voztuvo modeliai, pirmajam
panaudojant sveiko paciento ultragarsinio tyrimo metu gautus duomenis, o antrajam —
duomenis paciento su MV prolapsu ir mitraline regurgitacija. Abu modeliai buvo sudaryti
laikantis antrajame skyriuje aprasytos modeliavimo strategijos, kai i§ ultragarsiniy vaizdy
zingsnis po zingsnio sukuriamas nesandaraus MV baigtiniy elementy modelis, atliekama
jo virtuali transapikaliné korekcija ir sistolinés funkcijos simuliacija ,,Abaqus* progra-
moje.

Pirmasis MV modelis (S3.1 pav.), darbe vadinamas prolapsuojanéiu, buvo skirtas
modeliavimo strategijos i$bandymui ir neochordy ilgio jtakos pooperacinei MV funkcijai
jvertinimui. PaSalinus chordas, pritvirtintas prie uzpakalinés burés vidurinio segmento,
buvo imituotas MV prolapsas (modelis MVP). Tada atlikta Sio nesandaraus modelio vir-
tuali transapikaliné korekcija, naudojant keturias skirtingo ilgio neochordas. I§ viso buvo
sukurti keturi pooperaciniai modeliai. Pirmuoju atveju, neochordy ilgis buvo parinktas
diastolés metu iSmatavus atstuma tarp Sirdies vir§tinés ir prolapsuojancio segmento (mo-
delis VRO). Kituose trijuose modeliuose neochordos buvo prailgintos, prie $io atstumo
pridedant atitinkamai 5 %, 10 % ir 15 % ilgio (modeliai VRS, VR10, VR15). Po virtualios
korekcijos atlikta kiekvieno i$ $iy pooperaciniy modeliy sistolinés funkcijos simuliacija ir
jvertinta neochordy ilgio jtaka MV funkcijai.

a) b)

S3.1 pav. Prolapsuojantis mitralinio voZtuvo baigtiniy elementy modelis sistolés piko metu:
a) pries virtualig transapikaling korekceija; b) implantavus keturias neochordas j uzpakaling burg

Nors visos virtualios korekcijos procediiros padidino MV buriy koaptacijos plota
(S3.2 pav.), po trumpiausiy (modelis VRO) ir ilgiausiy (modelis VR15) neochordy imp-
lantavimo atkurtos koaptacijos ilgis buvo nepakankamas (mazesnis nei 5 mm). Tai rodo,
kad implantavus per trumpas neochordas burés judesys yra suvarzomas, o tai trukdo at-
kurti tinkama buriy koaptacija. O implantavus per ilgas neochordas, burés judesys yra
suvarzomas nepakankamai, todél iSlicka dalinis burés prolapsas ir MV nesandarumas. Be
to, atlikta prolapsuojancio modelio sistolinés funkcijos simuliacija rodo, kad transapikali-
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né korekcija padeda sumazinti jtempius voztuvo burése (S3.3 pav.) bei tempimo jégas
chordose, nes dalj $iy jégy perima implantuotos neochordos.

160 1
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N

o
L

—_

N

o
L

VRO
100 - "

VR5
= VR10

80 -
601 mVR15
40 A

a) I c)
b)

l I I 0 p
S3.2 pav. Koaptacijos ploto palyginimas pries ir po virtualios korekcijos: a) koaptacijos plotas

pries virtualig korekcija; b) koaptacijos plotas po neochordy implantavimo (VRS modelis);
¢) koaptacijos ploto padidéjimas po kiekvienos virtualios korekcijos procediiros

Koaptacijos ploto padidéjimas, %

MVP VRO VRS

VR10 VR15

S,, MPa

I NEEE |
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S3.3 pav. Itempiy pasiskirstymas prolapsuojan¢io mitralinio voztuvo burése sistolés piko metu
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Ivertinus neochordy ilgio jtakg MV nesandarumo korekcijai, buvo pasiiilytas §io il-
gio nustatymo metodas. Tam reikia iSmatuoti MV segmento su nutriikusiomis chordomis
laisvojo krasto prolapsavimo aukstj ir eliminuoti $ig reikSmg¢ i$ atstumo tarp Sirdies virSi-
nés ir prolapsuojancéio segmento diastolés metu. Pasiiilytas metodas buvo isbandytas at-
lickant antrojo modelio, darbe vadinamo patologiniu, virtualig transapikaling korekcija.

Antrasis MV modelis buvo sukurtas pagal realios chirurginés operacijos metu gautus
ultragarsinius vaizdus. Sios operacijos metu neochordos buvo implantuotos ne tik j prolap-
suojantj uzpakalinés burés segmenta, bet ir | procediiros metu pazeista prieking burg. No-
rint pakartoti operacijos eiga, buvo sukurti keturi MV modeliai, kuriy kiekvienas atspin-
déjo atskirg operacijos etapa: (1) modelis su prolapsuojancia uzpakaline bure (PLP); (2)
modelis po virtualios §ios burés korekcijos (PLVR); (3) modelis su operacijos metu atsi-
radusiu priekinés burés prolapsu (ALP); ir (4) modelis po virtualios priekinés burés ko-
rekcijos (ALVR). Kiekvieno modelio sistolinés funkcijos simuliacijos buvo atliktos viena
po kitos, taip atkuriant chirurginés operacijos procesa.

Ultragarsinio tyrimo metu buvo gauti tiek prieSoperaciniai, tiek ir pooperaciniai vaiz-
dai, todél atlikus virtualig transapikaling korekcija buvo galima palyginti baigtiniy ele-
menty metodu apskaiéiuotg voztuvo morfologija su realiu voztuvo buriy i§sidéstymu sis-
tolés metu. Gauti rezultatai parodé, kad simuliacijos metu gaunama pakankamai tiksli
voztuvo morfologija, palyginus su ultragarsiniais vaizdais, gautais prie$ ir po operacijos
(S3.4 pav.).

S3.4 pav. Baigtiniy elementy modelio morfologijos palyginimas su ultragarsinio tyrimo
metu gautais vaizdais: a) prieSoperacinis ultragarsinis vaizdas; b) modelio po neochordy
implantavimo j uzpakaling bur¢ morfologijos palyginimas su prieSoperaciniu ultragarsiniu
vaizdu; ¢) pooperacinis ultragarsinis vaizdas; d) modelio po neochordy implantavimo j
prieking bure morfologijos palyginimas su pooperaciniu ultragarsiniu vaizdu
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a) o, b) o-
8 A 8 -
7 A 7
z
Z 61 = 61
:& 51 :& 5
n %)
24 4 % 4
£ &
g% g£°]
2 4 Posteromedialinis PR 2 A Posteromedialinis PR
14 Anterolateralinis PR 14 gf‘;‘?m'at_evr"_i'"?'s PR
—— Sirdies vir§uné
0 T T T T ! 0 T T T T \
0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1
Laikas, s Laikas, s

S3.5 pav. Reakcijos jégos papiliariniuose raumenyse (PR) ir Sirdies vir§iingje: a) reakcijos jégos
pries§ virtualia transapikaling korekcija; b) reakcijos jégos po virtualios korekceijos
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S3.6 pav. [tempiy pasiskirstymas patologinio mitralinio voztuvo burése sistolés
piko metu. Didziausios jtempiy reik§més apvestos raudonu apskritimu

I$nagrinéjus simuliacijos metu apskaiciuotus biomechaninius parametrus nustatyta,
kad virtuali abiejy buriy nesandarumo korekcija paSalino MV prolapsa, atkiiré buriy ko-
aptacijg, sumazino tempimo jégas chordose ir reakcijos jégas papiliariniuose raumenyse
(S3.5 pav.) bei jtempius voztuvo burése (S3.6 pav.).
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Bendrosios iSvados

. Apzvelgus moksling literatiira, susijusig su mitralinio voztuvo struktiiros ir funk-

cijos skaitiniu modeliavimu, buvo nustatyta, kad skaitinis modeliavimas gali su-
teikti informacijos apie mitralinio voztuvo struktiiriniy daliy rysj ir padéti jver-
tinti jvairiy chirurginiy budy, naudojamy koreguoti ligos paveikta voztuva,
rezultatus.

. Pagal paciento ultragarsinio tyrimo metu gautus duomenis sukurtas mitralinio

voztuvo baigtiniy elementy modelis ir iStirtas neochordy ilgio, naudojamo atlie-
kant transapikaline mitralinio voztuvo korekcija, poveikis pooperacinei vozZtuvo
funkcijai. Modeliy su skirtingo ilgio neochordomis sistolinés funkcijos simulia-
cijos parodé, kad implantuoty neochordy ilgis turi didele jtakg voztuvo nesanda-
rumo, kurj sukélé nutriikusios chordos, korekcijai. Nors visy virtualiy procediiry
metu buvo pasalintas mitralinio voztuvo prolapsas ir 109,8+24,3 % padidéjo ko-
aptacijos plotas, gautas koaptacijos ilgis buvo nepakankamas (mazesnis nei
5 mm) po trumpiausios (3,9 mm) ir ilgiausios (4,3 mm) neochordy implantacijos.

. Pasiiilytas metodas, pagal mitralinio voztuvo skaitinio modeliavimo rezultatus

leidziantis apskaiCiuoti neochordy ilgj, reikalingg atliekant virtualig transapika-
ling mitralinio voztuvo korekcija. Taikant §j metoda, nustatomas toks neochordy
ilgis, kuriam esant panaikinamas mitralinio voztuvo prolapsas ir sumazéja jtem-
piai voztuvo burése, todél iSnyksta koreguotos burés plySimo rizika.

. Neochordy ilgio nustatymo metodas buvo iSbandytas naudojant patologinj mo-

delj, sukurtg pagal paciento ultragarsinius duomenis. Virtualaus modelio sistoli-
nés funkcijos simuliacija parodé¢, kad implantavus neochordas, kuriy ilgis nusta-
tytas taikant pasitilyta metoda, paSalinamas mitralinio voztuvo prolapsas, 72,2 %
padidéja buriy koaptacija, nuo 1,1 N iki 0,5 N sumazéja tempimo jégos chordose,
nuo 1,09 MPa iki 0,77 MPa — jtempiai burése, ir gaunama pakankamai tiksli voz-
tuvo morfologija, lyginant ja su ultragarsiniais vaizdais.

. Apskaiciavus koaptacijos plota ir ilgj, tempimo jégas chordose ir neochordose,

reakcijos jégas papiliariniuose raumenyse ir Sirdies virStinéje, bei jtempiy pasis-
kirstyma mitralinio voztuvo burése ir palyginus gautas vertes su literatiroje ran-
damomis reik§mémis pastebéta, kad jie atitinka kity autoriy paskelbtus dydzius
ir nevirija jokiy zinomy kritiniy parametry veréiy. Siy parametry jvertinimas
patvirtino naudotos modeliavimo strategijos tinkamumg ir pasitilyto neochordy
ilgio nustatymo metodo pagristuma.

. Gauti rezultatai rodo sudarytos modeliavimo strategijos potencialg biiti naudoja-

mai prognozuojant pooperacing mitralinio voztuvo morfologija ir buriy koapta-
cija kaip pagrindinius voztuvo nesandarumo korekcijos veiksmingumo rodiklius.
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