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Hjärtat består av fyra hålrum; två kammare och två förmak, som separeras av fyra 
hjärtklaffar. Dessa säkerställer att blodet enbart flödar åt ett håll och ger därmed 
hjärtat förutsättningarna för effektiv pumpning av blodet. Mitralisklaffen är en av 
dessa fyra hjärtklaffar och separerar vänster förmak från vänster kammare, vilket gör 
att den utsätts för det högsta trycket i hjärtat. För att mitralisklaffen ska kunna 
motstå detta höga tryck finns rep-liknande strukturer som kallas chordae tendineae, 
vilka stabiliserar klaffen. Sjukdomar som påverkar mitralisklaffen kan därför ha 
ödesdigra konsekvenser. Ungefär 1% av alla barn föds med hjärtfel, där vissa 
patienter även drabbas av sjukdomar som påverkar just mitralisklaffen. Detta kan 
yttra sig i form av en stenos, vilket innebär att klaffen öppnas restriktivt och utövar 
en obstruktion för blodflödet, eller i form av en regurgitation, som innebär att den 
läcker blod tillbaka till förmaket. Båda tillstånden behöver oftast åtgärdas kirurgiskt, 
s.k. klaffplastik. Detta innebär ett komplext ingrepp och det är ibland svårt att
förutspå operationsresultatet. Patient-specifika datormodeller hade därför i
framtiden kunnat användas för att komplettera dagens ultraljud och magnetröntgen
för att få en bättre förståelse av klaffunktionen och hemodynamiken. Dessa typer av
modeller skulle också kunna möjliggöra virtuell testning av olika ingrepp innan
operation, för att bättre kunna avgöra vilket ingrepp som är bäst för patienten.

I den här avhandlingen har en sådan datormodell utvecklats och validerats, med syfte 
att kunna prediktera klaffunktion och hemodynamiken efter klaffplastik. 
Datormodellen är baserat på fluid-struktur interaktion, vilket innebär att man 
matematiskt med hjälp av hållfasthetslära och flödesmekanik kan modellera hur 
blodet påverkar klaffen och hur klaffen i sin tur påverkar blodflödet.  

Populärvetenskaplig 
sammanfattning 
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I den första delstudien byggdes en experimentell uppsättning av en förenklad 
hjärtmodell, där noggranna mätningar av parametrar relevanta för utvärderingen av 
klaffunktion utfördes. I delstudie två utvecklades sedan datormodellen för att 
simulera den experimentella uppställningen från delstudie ett, där 
simuleringsresultaten jämfördes mot de experimentella mätningarna. Detta 
möjliggjorde en välkontrollerad validering där parametrar viktiga för utvärderingen 
av klaffunktionen kunde undersökas. Valideringen visade att datormodellen i detta 
tillrättalagda fall kan uppskatta trycket över klaffen och flödets hastighet genom 
klaffen med hög noggrannhet.  

I den tredje delstudien vidareutvecklades datormodellen för att simulera mänskliga 
mitralisklaffar hos friska frivilliga. Baserat på 3D ultraljudsbilderna av klaffen kunde 
patient-specifika datormodeller utvecklas. Simuleringsresultaten utvärderades mot 
mätningar på klaffunktion och visade åter igen att vi kan uppskatta hastigheten 
genom klaffen med en felmarginal liten nog för kliniskt användande. Dessutom är 
simuleringarna baserade på ultraljudsbilder, som tas på alla patienter som utreds för 
hjärtfel, vilket ökar den kliniska impelementerbarheten.  

I den fjärde delstudien applicerades datormodellen på klaffar från barn med hjärtfel. 
Mitralisklaffen simulerades både i sitt preoperativa tillstånd och i sitt postoperativa 
tillstånd baserat på ultraljudsbilder. Klaffens funktion och hemodynamiken 
jämfördes sedan mot uppmätta ultraljudsdata tagen före och efter operationen för 
utvärdering av modellen. Utvärderingen gjordes baserat på parametrar man i 
kliniken använder för att utvärdera och gradera klaffsjukdom, för att visa på 
potentialen för kliniskt användande. Detta lade grunden för den sista och femte 
delstudien där klaffens töjningar (som är ett mått på klaffens deformation) och 
krafterna i chodrae jämfördes mellan friska och sjuka mitralisklaffar. Det undersöktes 
huruvida dessa numeriska mått har potentialen att användas som diagnostiska 
parametrar för att identifiera klaffsjukdom.  

I den här avhandlingen har en datormodell för patientspecifika simuleringar av 
mitralisklaffen före och efter operation stegvis utvecklats och validerats. Den har visat 
sig ha potential för framtida klinisk implementation och har potentialen att i 
framtiden bistå som verktyg för att möjliggöra både en bättre förestående av 
klaffunktionen samt förberedelse inför en klaffplastik och därmed öka chanserna för 
ett lyckat ingrepp.  
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The heart consists of four chambers, two atria and two ventricles, separated by four 
valves that ensure unidirectional blood flow and efficient cardiac function. Among 
these, the mitral valve regulates blood flow between the left atrium and left ventricle 
and is one of the most mechanically loaded structures in the heart, stabilized by the 
chordae tendineae, which are connective structures. Consequently, mitral valve 
disease can have severe consequences. Approximately 1% of children are born with 
congenital heart defects, some of which involve mitral valve abnormalities such as 
stenosis (restricted opening) or regurgitation (leakage). Both conditions can be life-
threatening and often require surgical repair. However, predicting post-surgical valve 
function remains challenging. Patient-specific computational modeling could, in the 
future, complement imaging modalities such as echocardiography and magnetic 
resonance imaging (MRI) by providing additional insights into valve function and 
hemodynamics. Such models may also allow virtual testing of surgical strategies, 
supporting pre-operative planning and personalized treatment. 

This thesis represents an initial step toward developing and validating a 
computational model capable of predicting mitral valve function and flow dynamics 
following surgical intervention. The model is based on fluid-structure interaction 
(FSI), which couples solid and fluid mechanics to capture the interplay between 
blood flow and valve motion.  

In Study I, a simplified left heart phantom was developed to provide experimental 
data for model validation. The setup was exposed to pulsatile flow under 
physiological conditions, while valve opening, velocity, and pressure were measured 
using echocardiography, MRI, and pressure probes. The system demonstrated 
minimal cycle-to-cycle variation. The resulting dataset was made publicly available 
to support future validation efforts of cardiac-inspired FSI models. In Study II, the 
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same geometry and flow conditions were used in computational simulations to 
validate the developed FSI framework. The simulated transmitral velocities and 
pressure differences showed good agreement with the experimental data, with 
clinically acceptable error margins. Qualitative comparisons of flow streamlines 
further confirmed the model’s ability to reproduce realistic hemodynamic patterns. 

Building on this, Study III extended the framework to simulate mitral valve function 
in healthy humans. Echocardiographic data from ten volunteers were used to 
generate patient-specific valve geometries and derive individualized flow boundary 
conditions from left ventricular volume measurements. The simulated results 
matched echocardiographic observations throughout the cardiac cycle, confirming 
that the model captured valvular motion and hemodynamics in the atrium and 
ventricle. With a validated pipeline for patient-specific simulations, Study IV applied 
the model to pediatric patients with mitral regurgitation. Pre- and post-operative 
echocardiograms were used to reconstruct valve geometries before and after surgery. 
Simulated hemodynamics and valve function were compared with 
echocardiographic data, demonstrating the model’s ability to reproduce clinically 
relevant parameters used to grade regurgitation. Finally, Study V explored 
biomechanical parameters, specifically valve strain and chordal forces, as potential 
diagnostic indicators. Significant differences in leaflet strain were found between 
healthy and regurgitant valves, while regurgitant valves exhibited higher diastolic 
chordal forces, suggesting leaflet tethering and altered loading conditions. 

In summary, the overarching aim of this thesis was to develop and validate a clinically 
feasible FSI framework for patient-specific modeling of mitral valve function and 
hemodynamics. The work demonstrates both the challenges and potential of 
modeling the complex interaction between blood flow and valve motion. It also 
illustrates the value of simulation-based approaches for improving understanding of 
valve mechanics and evaluating surgical repair strategies. This framework represents 
an important step toward a computational tool that could assist clinicians in 
planning and optimizing mitral valve repair. 
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The heart is a central organ in the circulatory system, responsible for maintaining 
pulsatile blood flow throughout the body. To ensure efficient pumping, the heart 
valves play a critical role by regulating unidirectional blood flow. As passive tissues, 
heart valves are guided solely by the inertial forces of blood flow, which in a healthy 
heart maximizes inflow, minimizes flow resistance, and prevents backflow during the 
cardiac cycle. Failure of the heart valves can have severe, even fatal, consequences. 
Cardiovascular disease remains one of the leading causes of death globally 1. 
Although acquired mitral valve disease is rare, it remains a serious pediatric condition 
often linked to congenital heart defects, which affect approximately 9 in 1000 
children annually and substantially impact morbidity and mortality 2. Given the 
complexity of surgical or interventional treatment for heart valve disease, predicting 
post-surgical outcomes can be challenging. Due to the high risks associated with 
heart valve repair, achieving successful repair in both adult and pediatric patients has 
long been a priority, as prosthetic valves and repeated valve replacements carry 
significant risks and complications. Improved presurgical planning and a deeper 
understanding of valve anatomy and function prior to repair are therefore essential 
for enhancing personalized treatment and improving patient outcomes. 

Today, echocardiography, magnetic resonance imaging (MRI), and occasionally 
computed tomography (CT) are used to assess valve anatomy and function for 
surgical planning. Patient-specific computer models using fluid-structure interaction 
(FSI) could, in the future complement these traditional imaging modalities by 
visualizing the valve anatomy and simulating its function before and after surgery. 
This allows for a more detailed understanding of valve function and provides insights 
into how different surgical approaches may impact valvular dynamics. Thus, patient-
specific simulations have the potential to enhance presurgical planning by offering 
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additional information on valve function, ultimately increasing the likelihood of 
improved surgical outcomes. 

The reason why these models are not yet implemented in clinical settings is due to 
several factors. First, such simulations are highly complex, requiring substantial 
computational resources and time. Additionally, there is a lack of comprehensive 
validation against clinically relevant parameters 3. Assessing the accuracy and 
reliability of FSI simulations is challenging, as they involve both fluid and structural 
domains 4, particularly in a clinical context where their influence on diagnosis must 
be carefully evaluated. Ensuring the accuracy of FSI simulations in a clinical setting 
is crucial for providing reliable results that support, rather than hinder, medical 
decision-making. To achieve this, validation against established gold-standard 
reference modalities is essential to guarantee results that are both trustworthy and 
clinically useful 5. 

This thesis has been conducted within a translational research environment at the 
intersection of engineering and medicine, giving me the role of a translator between 
the two disciplines. A central objective of this work has been to bridge the gap 
between the disciplines by presenting the complex challenge of modeling mitral valve 
dynamics and left-heart hemodynamics in a way that is both technically rigorous for 
engineers and clinically meaningful for medical doctors. The intention of the work 
presented in this thesis has therefore been to contribute to the dialogue between the 
fields of medicine and engineering by presenting a framework that is accessible to 
both communities, thereby enabling a shared understanding that can be applied, 
evaluated, and advanced within both fields. 
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The goal of this thesis was to contribute knowledge within fluid-structure interaction 
modeling of soft tissues submerged in blood, a fluid of similar density, and to shed 
light on which factors affect the heart valve function and hemodynamics to gain an 
understanding of the mechanisms behind mitral valve disease. 

The aim of this thesis was to develop a computational framework for pre-operative 
simulations using standard clinical assessment data from echocardiography for 
diseased mitral valves to predict the post-operative hemodynamics and valve function 
in children with heart disease. To reach this aim, a simplified left heart model was 
first developed and validated against phantom experiments. This pipeline was further 
developed to model healthy patient-specific mitral valves and, finally, diseased mitral 
valves. The model was evaluated against echocardiography and was further employed 
to evaluate numerical parameters as novel diagnostic markers for mitral valve disease.  

The specific objectives of the individual studies in this thesis were: 

I. To create an experimental benchmarking data set for FSI simulation models 
with an in vitro setup mimicking the left heart, including a deforming mitral 
valve. The data was publicly published for use by the research community 
(Paper I). 

II.  To validate FSI simulations of a simplified left heart model, including the 
mitral valve, during diastolic physiological-inspired conditions, against the 
in vitro experimental data (Paper II). 

III.  To propose a framework using 2D and 3D echocardiography to provide 
patient-specific mitral valve FSI models and to validate the framework 
against in vivo echocardiography and MRI data from multiple healthy 
volunteers (Paper III). 

2 Aim and design of thesis 
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IV. To extend the developed framework to pediatric mitral regurgitation, 
modeling pre- and post-operative valve function and hemodynamics for 
comparison with echocardiography data (Paper IV).  

V. To compare the valve strain and chordal forces in healthy and regurgitant 
mitral valves to elucidate if they can be used as potential diagnostic 
parameters to identify mitral valve disease (Paper V). 

The different objectives described above were addressed in five scientific studies (I–
V) depicted in Figure 2.1. 

 

 The thesis outline 

In this thesis, the relevant theoretical background and context for each study are 
presented in Chapter 3, which establishes the foundation for understanding the 
current state of research in the field as well as the included papers. Chapter 4 
describes the methods employed throughout the thesis, organized by study. The 
main results and key findings are further presented in Chapter 5 and analyzed in 

Figure 2.1. Overview of the study design. The roman numerals I-V refer to the 
papers appended in the thesis and are linked to the objectives. The specific 
methodologies for each study used are indicated: the in vitro test setup (I), which 
was used for validation of the FSI model (II), which was then further developed for 
patient-specific healthy and diseased mitral valves (III-V). 
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Chapter 6, where the studies are discussed in relation to one another and to the state 
of the art research. Chapter 6 also addresses the main limitations and future 
opportunities identified across the studies. Chapter 7 provides the final summary 
and conclusions, followed by the appended papers included in the thesis.    
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This chapter provides the theoretical background and context for the studies 
included in this thesis. Developing a computational framework for pre-operative 
simulations of diseased mitral valves requires a solid understanding of the human 
heart, the clinical imaging modalities used to assess it, and how these can be 
translated into computational models. Accordingly, this chapter first presents the 
fundamentals of cardiac anatomy (Section 3.1), followed by an overview of imaging 
techniques (Section 3.2). Finally, Section 3.3 discusses computational approaches 
for modeling mitral valve function and left heart hemodynamics. 

 The human heart 

The heart is a central organ in the human circulatory system, responsible for 
maintaining the pulsatile flow of blood throughout the body and lungs, adjusting 
quickly to sudden workload changes, and adapting to long-term demands 6. 
Structurally, the heart consists of a left and right side, each consisting of a ventricle 
and atrium (Fig. 3.1A). The right side manages the pulmonary circulation, while the 
left handles the systemic circulation. Deoxygenated blood enters the right atrium, 
passes through the tricuspid valve to the right ventricle, and is pumped through the 
pulmonary valve to the lungs for oxygenation. The oxygenated blood returns to the 
left atrium, flows through the mitral valve to the left ventricle, and is further pumped 
to the body via the aorta 7. Thus, during contraction, called systole, the heart ejects 
blood from the right ventricle to the pulmonary artery and from the left ventricle to 
the aorta 8 (Fig. 3.1A). During relaxation, called diastole, the ventricles are filled with 
blood coming back from the lungs and the body to the left and right ventricles, 
respectively 9. The four valves in the heart play a vital role in maintaining a 
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unidirectional flow of blood and preventing backflow, ensuring efficient pumping, 
maintaining proper pressure dynamics, and preventing cardiac inefficiencies. 

3.1.1 The mitral apparatus 

The mitral valve, located between the left atrium and left ventricle, is composed of 
several functional and supporting components (Fig. 3.1B). It includes the anterior 
and posterior leaflets, which are attached basally to the mitral annulus and supported 
by the chordae tendineae. The chordae attach at the leaflet free edges (primary 
chords) and along the ventricular surface (secondary and tertiary chords) 10. These 
tendinous structures branch from the papillary muscles, which arise from the 
ventricular wall, forming a complex web that stabilizes the leaflets. Together, they 
ensure proper valve closure during systole and prevent leaflet prolapse 11. The mitral 
leaflets are composed of four tissue layers: the atrialis, spongiosa, fibrosa, and 
ventricularis, each with a different thickness and characteristic cells contributing to 
the valve function. At the sites of chordal insertion, the tissue transitions from a 
planar collagen structure to a cylindrical collagenous chord, enabling a gradual 
transition of forces between the leaflets and chordae 12. Positioned on the left side of 
the heart, the mitral valve is subjected to some of the highest loads in the human 
body 13. In mitral valve disease, it is common for multiple components of the valve 

Figure 3.1. The human heart anatomy. A) The human heart consists of four 
chambers separated by four heart valves, which ensure unidirectional flow of the 
deoxygenated (blue arrows) and oxygenated (red arrows) blood. B) The mitral valve 
apparatus, located on the left side of the heart, including the chordae tendineae, 
which attach to the papillary muscles, emerging from the endocardial wall. 
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to be affected simultaneously. With disease progression or the presence of 
comorbidities, additional anatomical components may therefore also become 
compromised 14, creating a complex condition. Thus, it is essential to understand 
the mechanics of the healthy mitral valve apparatus to understand the physiology 
and correctly interpret the pathophysiology of heart valve disease.  

3.1.2 Mitral valve disease 

Studies have shown that 10% of the general population is affected by mitral valve 
disease 15, and 9 in 1000 children are born with congenital heart disease, which 
entails a lifelong chronic condition and has a high impact on the mortality and 
morbidity of the patient 2. The mitral valve is affected in approximately 0.5% of all 
congenital heart disease cases 16 and typically fails in two ways: mitral regurgitation, 
where the valve leaks during systole, or mitral stenosis, where the valve obstructs the 
blood flow and creates resistance during diastole. These dysfunctions can result from 
primary issues related to the valve's anatomy and function or may occur secondary 
to other cardiac conditions, causing the valve to malfunction despite a healthy 
anatomy. Mitral valve treatment typically involves surgical repair or replacement 
with a prosthetic valve via open-heart surgery, or repair using interventional 
techniques 2. Both approaches carry significant risks, making successful outcomes a 
long-standing goal in adult and pediatric cardiology. In children, treatment is more 
complex as their hearts and valves continue to grow, making them unsuitable for 
valve prosthesis, posing challenges compared to adults 17. Additionally, congenital 
heart disease often presents with a wide range of anatomical anomalies, varying 
significantly from patient to patient 17. This variability complicates planning and 
timing for patient-specific interventions, especially since many techniques are 
adapted from adult valve repair procedures 18. Consequently, postoperative success 
rates are higher in adults than in pediatric patients 17,19,20. 

Mitral regurgitation  
Mitral regurgitation occurs when the mitral valve leaks during systole, leading to 
volume overload in the left atrium and ventricle. In acute mitral regurgitation, the 
sudden increase in preload (atrial blood volume) elevates the pressure in the 
pulmonary circulation. Chronic mitral regurgitation, which often is the case for 
congenital conditions, can cause irreversible left ventricular remodeling and left atrial 
enlargement, increasing the risk of atrial arrhythmias 21. In pediatric cases, primary 
mitral regurgitation (Fig. 3.2) is often due to mitral valve prolapse, and/or due to 
congenital abnormalities, such as clefts and flails, or as part of conditions like 
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atrioventricular septal defects 22. This can be the cause of secondary ventricular 
dilatation, resulting in a combination of two pathologies. Pediatric mitral 
regurgitation can also develop secondary to ventricular dilatation, as the resulting 
annular enlargement prevents the valve leaflets from reaching and coaptating 
properly (Fig. 3.2). Historically, mitral regurgitation was primarily treated by 
surgical valve replacement. However, valve repair techniques have since advanced to 
preserve native tissue by removing excess tissue, replacing ruptured chordae, or 
augmenting leaflets with pericardial patches. Minimally invasive transcatheter 
treatments, such as suturing or using clips to restrict the leaking valve, have also been 
developed, offering reduced side effects and improved patient outcomes 23,24. 

In the clinical assessment of mitral regurgitation, both the mitral valve structure and 
the subvalvular apparatus are evaluated, the severity of the regurgitant flow is graded, 
and the site of the coaptation defect is identified. Together, these assessments provide 
insight into the underlying mechanism of regurgitation and serve as the foundation 
for determining whether surgical valve repair is required.   

 

Figure 3.2. Mitral valve regurgitation. 4-chamber echocardiography views of the 
healthy mitral valve (left), primary regurgitation (middle) that caused secondary 
ventricular dilatation, and secondary regurgitation (right) due to primary 
ventricular dilatation. The anterior leaflet is highlighted in pink, and the posterior 
leaflet is highlighted in blue. The echocardiography images are accompanied by 
sketches of the arterial view of the mitral valve. MV = mitral valve, MR = mitral 
regurgitation. 
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 Presurgical planning 

Today, surgical planning is primarily based on echocardiographic and MRI    
findings 25 (Fig. 3.3), occasionally supplemented by CT scans in adult cases 26, to 
assess mitral valve mobility, papillary muscle anatomy, chordal distribution, and 
attachments. Properly understanding the mitral valve apparatus and function is 
essential when selecting the treatment option. This assessment, combined with the 
severity of the symptoms 27, guides the surgical strategy to improve valve mobility, 
increase the opening orifice, and reduce regurgitation. However, these images are 
confined to two-dimensional (2D) visualization, which might limit the 
understanding of the complex valve anatomy. While three-dimensional (3D) 
echocardiography has become the clinical standard for presurgical planning in 
pediatric patients 28, emerging techniques such as virtual reality 29 and 3D printing 
of patient-specific heart models 30 have gained traction in research-focused centers, 
to complement traditional 2D imaging. These developments underscore the need 
for enhanced visualization techniques to better understand mitral valve 
pathophysiology. Given the complexity of mitral valve repair, particularly in 
pediatric cases, robust preoperative planning is essential to optimize surgical 
outcomes 27.  

Figure 3.3. Clinical images of the heart. The mitral valve in its systolic and diastolic 
configuration imaged in 3D with echocardiography (echo) (left), a 4-chamber view 
with echocardiography (middle) and MRI (right) to exemplify how the different 
modalities can capture the different heart structures. 
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In this thesis, echocardiography and MRI are the primary modalities employed to 
gain information on the mitral valve and left ventricle; therefore, a more detailed 
description of each modality is provided in the following sections.   

3.2.1 Echocardiography 

Echocardiography was first introduced by Edler and Hertz in Lund, Sweden, in 
1954, who used ultrasound to visualize cardiac structures within the body 31. Sound 
waves (1.5–7 MHz) emitted by a piezoelectric transducer are reflected at tissue 
interfaces, with the time delay of returning signals used to reconstruct images 32. 
Today, echocardiography is an essential tool for acquiring knowledge of cardiac 
morphology and function based on 2D and 3D images. With the Doppler effect, 
ultrasound can determine flow velocities and directionality. This provides 
information on the hemodynamics in the heart 33, such as pressure gradient 
estimations with the simplified Bernoulli equation 34, which today is the standard 
diagnostic tool for valvular heart disease 35.  

A high temporal and spatial resolution are essential to capture heart valve dynamics. 
In ultrasound, spatial resolution depends on frequency: higher frequencies yield 
better resolution due to shorter wavelengths, but penetrate tissue less effectively, 
reducing image quality at depth 36. Axial resolution, which is constant along the 
beam, is approximately half the ultrasound wavelength, giving ~1 mm at 5 MHz 37. 
Lateral resolution, determined by the beam width, decreases with distance due to 
divergence 37. Temporal resolution (frame rate) depends on the time needed to 
reconstruct images from reflected signals; shallower depths and fewer scan lines 
improve it, as signals travel shorter distances and are emitted from fewer sources 36. 

Due to its noninvasive nature, low cost, accessibility, and high temporal and spatial 
resolution, echocardiography is the clinical gold standard for heart valve evaluation, 
as recommended by the European Society of Cardiology 38 and the American Heart 
Association/American College of Cardiology 35.  

3.2.2 Magnetic resonance imaging 

MRI is based on the concept that protons (the positively charged particles in the 
nucleus of an atom) have a spin that varies when subjected to a magnetic field, similar 
to that of a compass needle. The precession frequency of the spin scales linearly with 
the magnetic field strength, and thus, by inducing a spatially varied magnetic field 
gradient over an object, the spin frequency also varies spatially 39. These signals can 
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be detected, separated, and interpreted, and the object can thus be reconstructed as 
an image, which has laid the foundation of spatially encoded MR imaging 40,41. Given 
its sensitivity to proton density, MRI can differentiate materials and tissue 
heterogeneity 39, offering a non-ionizing, noninvasive imaging modality ideal for 
detailed internal visualization of the different soft tissues in the human body.  

Cardiac MR is the reference standard for quantifying ventricular volumes and blood 
flow, most commonly using 2D phase-contrast (PC) MRI 42,43. Beyond anatomical 
imaging, it is frequently applied to confirm valvular stenosis or regurgitation initially 
suspected by echocardiography 44,45, and is particularly valuable in patients with poor 
acoustic windows, where high-quality echocardiograms are challenging to obtain 46. 
More recently, 4D flow MRI (3D + time) has expanded cardiac MR capabilities by 
encoding blood flow in all spatial directions throughout the cardiac cycle. This 
enables comprehensive retrospective analysis, in contrast to 2D PC-MRI, which is 
limited to pre-defined imaging planes 42.  

 Computational modeling of heart valves 

Computational modeling may be employed to virtually simulate and assess the valve 
function prior to valve repair. Further, a computational model has the potential to 
predict the valve function in case of successful repair, enabling different techniques 
to be tested virtually. This would enable a more well-informed decision on the valve 
repair method, thus increasing the possibility of a positive surgical or interventional 
outcome and improving patient-specific care 47. For this, different approaches such 
as solid mechanics, fluid dynamics, and fluid-structure interaction can be used, 
which are presented in the following sections. 

3.3.1 Computational solid mechanics 

Computational solid mechanics is important in modeling the mitral valve function, 
as it provides insight into the deformations and internal forces of the heart valve, 
thereby enhancing our understanding of the valve function and remodeling when 
subjected to normal and pathological loading conditions 48.   

In computational solid mechanics, the behavior of a solid subjected to an inner or 
outer agent is described by a set of force equilibrium equations. The finite element 
method (FEM) is most commonly employed, where the solid domain is spatially 
discretized into finite elements, for which the force equilibrium equations are 
numerically solved. The force equilibrium equations, derived from Newton’s second 
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law, are usually non-linear and thus described as a set of partial differential equations 
(Eq. 3.1) linking the stress tensor, σ, to the acceleration, i.e., the second time 
derivative of the displacement 𝒖𝒖, and the density 𝜌𝜌.  

 
𝛻𝛻 ∙ 𝝈𝝈 − 𝜌𝜌

𝜕𝜕2𝒖𝒖
𝜕𝜕𝜕𝜕2

= 0 Equation 3.1 

Early FEM-based heart valve models appeared in the 1970s, where blood flow was 
represented as a pressure distribution acting on the leaflets, yielding preliminary 
insights into valve dynamics 49–51. The following sections detail different approaches 
for modeling the geometric description and material behavior of the mitral valve.  

Geometric description 
Early finite element (FE) models of the mitral valve relied on idealized and simplified 
geometries 51,52 (Fig. 3.4A-B). These models showed the effect of the chosen material 
model and gave information on different modeling aspects. However, they could not 
represent patient-specific variations. Later advancements introduced parametric 
idealized geometries, which adapted generic valve shapes to in vivo measurements, 
improving the geometric representation while maintaining computational   
efficiency 53. These models could simulate conditions like mitral regurgitation due 
to left ventricular dilation 54. However, understanding the mitral valve in the context 
of anatomical malformations requires patient-specific geometries, which can be 
acquired from clinical imaging through segmentation.  

Since echocardiography provides high-resolution images of the heart valve, it forms 
a solid basis for valve segmentation. Several approaches exist, including commercial 
tools that extract valve geometries from 3D echocardiographic data 55, in-house 
segmentation pipelines 56, and deep learning-based methods 57–59 developed for 
healthy and regurgitant valves. Segmentation from cardiac MRI is less common as 
the leaflet edges are difficult to delineate 42,60. To overcome this limitation, 
researchers have combined MRI-based ventricular geometries with simplified or 
echocardiography- or CT-derived valve geometries 61–63. In instances where MRI was 
directly used for valve segmentation, manual approaches were employed to delineate 
the mitral 64 and aortic valve geometries 65, since manual segmentation is still 
considered the gold standard, as it offers control over which cardiac structures are 
included in the valve apparatus. However, this process is time-consuming, 
motivating the development of various automated segmentation methods 57,66. FE 
models based on echocardiography 67,68 and CT 69,70 to segment the valves, have 
enabled detailed reconstruction of patient-specific geometries 71, supporting the 
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simulation of heart valve diseases such as mitral regurgitation 72, and interventions 
like undersized ring annuloplasties 73 and MitraClip placement 74. A challenge 
remains in obtaining mitral valve segmentations that accurately capture the patient-
specific geometry 47,64.  

Resolving the chordae tendineae also remains challenging using echocardiography 
and MRI. Therefore, many patient-specific mitral valve models rely on anatomical 
descriptions to approximate the chordal structure 47,62,63,70,75. Various pipelines have 
been developed to construct chordal structures, demonstrating good agreement with 
CT data 71,76. With FE models based on CT data, Toma et al. showed that the 
chordal structure affects the blood flow 77, and Feng et al. concluded that the patient-
specific chordal configuration obtained from CT imaging was superior to simplified 
chordae structures when investigating the leaflet coaptation 69 (Fig. 3.4C).   

Figure 3.4. Geometric descriptions of the mitral apparatus. A) One of the earliest 
FEM-models of the mitral valve, reprinted from 51 with permission from Springer 
Nature. B) A generic description of the mitral valve for comparing FSI and FEM, 
reproduced from 52 according to the Creative Commons CC-BY license. C) The 
mitral apparatus discretized based on CT data, figure reprinted from 77 with 
permission from John Wiley and Sons.  
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Constitutive models 
Proper material modeling is crucial for capturing mitral valve mechanics. In early 
studies, isotropic, linear elastic behavior was often assumed 54,63,64 or using a resistive 
method. These resistive methods model leaflet motion as fully driven by blood flow, 
omitting elastic resistance and therefore the need for a constitutive model 62,78,79. 
Histological staining shows that the mitral valve leaflets are fibrous 80, and tensile 
tests (Fig. 3.5) reveal a non-linear, anisotropic behavior 81–83 with minimal      
viscosity 84,85. To account for these properties, the mitral leaflets can be modeled 
using fiber-reinforced materials with hyperelastic fibers embedded in a linear elastic 
matrix 86. Since no viscoelastic behavior is observed by the leaflet tissue, omitting the 
time dependence is a fair approximation 87,88. To describe the hyperelasticity of the 
fiber inclusions, a strain energy function is required, and the two most used in 
literature are the Fung-type strain energy function 89,90 and the invariant-based fiber-
reinforced strain energy function 47,69,70,81,82. There is still no definitive consensus on 
which strain energy function should be used, and uniaxial and biaxial tensile tests 

Figure 3.5. The material behavior of mitral valve tissue. A) Biaxial testing of the 
anterior and posterior mitral valve showing the average circumferential (circ.) and 
the radial (rad) material behavior for 11 samples, reprinted from 183 with permission 
from Elsevier. B) Cyclic loading and unloading of the anterior mitral valve leaflet 
showing negligible hysteresis for the circumferential direction and a small amount 
for the radial direction, reprinted from 87 with permission from Springer Nature. 
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show a discrepancy between material properties measured in vivo and ex vivo, due to 
pre-strain, making accurate material modeling challenging 80,91. Emerging neural 
network models show promise in learning anisotropic responses directly from 
experimental data, which might be a future method to overcome these modeling 
challenges 92. A foundation to this complex problem of modeling mitral valve tissue 
is the significant variability in data on human mitral valve tissue tests 93,94, and the 
lack of data for the pediatric cohorts. Thus, adult tissue material behavior is often 
assumed for pediatric mitral valves 75.  

To fully capture the complete behavior of the mitral valve, accurate modeling of the 
chordae tendineae is required as well. The chordae material model is equally 
important as the geometrical representation to capture the dynamics of the mitral 
valve 69. Linear elastic modeling approaches have been investigated 52,64, subsequently 
followed by non-linear modeling approaches using Neo-Hookean 80,82,95 or Ogden 
formulations 70,84, successful in capturing the non-linear stress-stretch responses 
exhibited by the chordae tendineae. More complex modeling approaches entail an 
elastic fiber-reinforced material, with one family of fibers oriented along the 
longitudinal direction of the chordae 69,96,97. 

3.3.2 Computational fluid dynamics 

Computational fluid dynamics (CFD) is a crucial component in modeling mitral 
valve dynamics, as it provides valuable insight into the left heart hemodynamics, 
which are fundamental for assessing heart valve function 99. Mathematically, fluid 
motion is described by the conservation of mass, momentum, and energy.  

The mass conservation equation (Eq. 3.2) states that the rate of change of mass 
within a fluid system equals the net rate of mass flow into the system, expressed in 
terms of the velocity vector, 𝒖𝒖, and the fluid density, ρ. The momentum equation 
(Eq. 3.3), derived from Newton’s second law, states that the rate of change of 
momentum equals the sum of the forces on a fluid particle. These forces include the 
pressure (a normal stress), p, the viscous stresses, 𝝉𝝉, and a general body force, FM. 
Finally, the energy equation (Eq. 3.4), based on the first law of thermodynamics, 
states that the rate of change of energy, 𝑬𝑬, equals the combined contributions of heat 
addition, described by Fourier’s law through the thermal heat conductivity k and the 
temperature gradient ∇𝑇𝑇, the work done on a fluid particle, and the effects of 
potential energy changes are represented as the source term SE. In CFD, these 
governing equations are discretized on a mesh covering the geometry and solved 
numerically.  
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 𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕

+ ∇ ∙ (𝜌𝜌𝒖𝒖) = 0 Equation 3.2 

 𝜕𝜕(𝜌𝜌𝒖𝒖)
𝜕𝜕𝜕𝜕

+ 𝒖𝒖 ∙ ∇(𝜌𝜌𝒖𝒖) = −∇𝑝𝑝 + ∇𝝉𝝉 + 𝐹𝐹𝑀𝑀 Equation 3.3 

 
𝜌𝜌
𝜕𝜕𝑬𝑬
𝜕𝜕𝜕𝜕

+ 𝜌𝜌𝑬𝑬 ∙ ∇= ∇ ∙ (−𝑝𝑝𝒖𝒖 + 𝝉𝝉 ∙ 𝒖𝒖) + ∇ ∙ (𝑘𝑘∇𝑇𝑇) + 𝑆𝑆𝐸𝐸 Equation 3.4 

Because the flow-induced pressure distribution across the mitral valve leaflet varies 
spatially and temporally throughout the cardiac cycle, it cannot be fully captured by 
FE simulations alone. As this pressure field contributes to the onset and progression 
of valvular disease 98, incorporating blood flow is essential for assessing the strains 
and stresses in the valve leaflets 52,99. Therefore, the following sections outline the 
fundamental principles of modeling left heart hemodynamics using CFD, including 
numerical approaches to modeling the behavior of blood flow and turbulent flows.  

Constitutive models 
The material properties of blood are equally important as those of the mitral 
apparatus when simulating heart valve dynamics. Since the mitral leaflets passively 
interact with the blood flow and simultaneously exert forces on the fluid, the choice 
of material parameters for the fluid significantly influences the leaflet motion 100. 
Blood consists primarily of plasma (a Newtonian fluid) and red blood cells. These 
give it non-Newtonian properties, i.e., a non-linear relationship between viscosity 
and shear rate, due to the red blood cells' tendency to cluster, deform, and 
aggregation 101, which causes shear-thinning. Thus, blood is a complex fluid 
suspension of cellular elements in plasma 101 and is therefore considered non-
Newtonian 102. 

Most heart valve studies assume Newtonian fluid behavior, which is appropriate for 
high Reynolds numbers, where non-Newtonian effects like granularity are   
negligible 100. However, in low shear rate conditions, such as blood passing through 
small gaps, the blood viscosity no longer remains constant 103. This can be described 
by the Carreau-Yasuda model 104–107 (Fig. 3.6), which takes on almost constant 
viscosity values for high and low shear rates, with an exponential decrease in the 
transitional region. The Casson model 105,108 (Fig. 3.6) which is a power law, taking 
on high viscosity values for low shear rates and low viscosity values for high shear 
rates, has also been used, or the Quemada model 109 (Fig. 3.6) which models a plateau 
of high viscosities at low shear rates and a plateau of lower viscosities for high shear 
rates. Although these models reproduce the shear rate-viscosity relation, they cannot 
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represent elastic stresses or viscoelastic effects that blood has been shown to have 110. 
Further, a challenge lies in capturing the patient-specific plasma composition, 
hematocrit, and red blood cell clustering, which all affect the blood properties as 
well, introducing high complexity into the computational models 111.  

Modeling turbulence 
The Reynolds number is a dimensionless parameter defined by the ratio of the 
viscous and inertial forces, which predicts whether a flow is laminar or turbulent. 
Flow is considered laminar when the ratio of fluid velocity and viscosity is low, i.e., 
when the Reynolds number is below a critical threshold. In this regime, fluid 
particles follow smooth paths with little or no mixing, and the flow can be fully 
described by the continuity and Navier-Stokes equations. For higher Reynolds 
numbers, once the critical Reynolds number is exceeded, however, even small 
perturbations may trigger transition to turbulence, characterized by chaotic motion, 
enhanced mixing, and increased flow resistance 112. Turbulence is often quantified 
using the Reynolds stress tensor, which considers the turbulent velocity fluctuations 
as apparent stresses 113. Since this tensor appears when averaging the governing 
equations, it also forms the basis for turbulence modeling. 

In the left heart, blood velocity and the valve opening (i.e., opening diameter of the 
flow domain) vary throughout the cardiac cycle, leading to a large span of Reynolds 
numbers during mitral inflow 63,114. As a result, intracardiac blood flow often resides 
within a transitional regime, neither fully laminar nor fully turbulent 115. This 
presents a challenge for computational modeling, as neither a laminar nor a 
turbulence model can fully represent the flow behavior. The most widely used 
turbulence models are based on the Reynolds-Averaged Navier-Stokes (RANS) 

Figure 3.6. Constitutive models for blood. A representative sketch of the 
viscosity/shear rate-dependence in blood modeled with the Newtonian, Carreau-
Yasuda, Casson, and Quemada models. The graph was inspired by 107. 
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equations, such as the k-ɛ 116,117 and the k-ω 118, models, which rely on the Boussinesq 
hypothesis to approximate a linear relationship between the Reynolds stress tensor 
and the mean strain rate 119. However, the averaging procedure intrinsic to RANS 
smooths out transient fluctuations such as swirls and vortices, limiting accuracy in 
transitional regimes where temporal dynamics are crucial. 

Turbulence has a significant impact on cardiac flow dynamics, contributing to vortex 
formation downstream of the mitral valve that influences valve closure 61,70,78, as well 
as altering wall shear stresses 120 (Fig. 3.7). Nevertheless, many studies approximate 
blood flow as laminar 63,65,114, arguing that turbulence has only a marginal effect on 
clinical outcomes 65,118.  

As an alternative to RANS, higher-fidelity approaches directly compute turbulent 
fluctuations rather than modeling them. Large Eddy Simulation 115,121 and Direct 
Numerical Simulations 122 resolve turbulent structures with much greater detail, 
providing valuable insights into cardiac hemodynamics (Fig. 3.7). However, due to 
their substantially higher computational cost, RANS-based models remain the most 
commonly used in practice. A key challenge, however, is the lack of consensus in the 
literature regarding which modeling approach most accurately captures intracardiac 
flow behavior. 

Figure 3.7. Blood flow modeling in the left heart. A) Characterization of the blood 
flow in an idealized heart model using Large Eddie Simulation (LES), reprinted 
from 121 with permission from John Wiley and Sons. B) Investigation of the vortex 
formation in the left heart under laminar flow conditions, reprinted from 61 with 
permission from Elsevier. C) Patient-specific left heart simulations based on MRI 
imaging were performed using LES to investigate the left heart hemodynamics, 
reprinted from 115 with permission from Elsevier.  
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3.3.3 Fluid-Structure Interaction 

The principles of computational solid mechanics and computational fluid dynamics 
can be coupled to capture the interaction between a deformable solid and a 
surrounding fluid, an approach known as fluid-structure interaction (FSI). In 
modeling the mitral valve, FSI is essential, as neither fluid nor solid mechanics alone 
can reproduce the complex coupling between the leaflet motion and the blood flow. 
Therefore, FSI enables detailed analysis of the effects of how spatially and temporally 
varying pressure distributions affect the leaflet deformation and provides insights 
into intracardiac flow patterns, such as ventricular vortex formation, that are critical 
for mitral valve closure 98. Numerically, FSI coupling can be understood based on 
two principles: 

1. The motion of the fluid (𝒖𝒖𝑓𝑓) induces a corresponding motion of the solid, 

defined by the time derivative of the solid displacement 𝜕𝜕𝒅𝒅𝑠𝑠
𝜕𝜕𝜕𝜕

, under the 
assumption of continuous contact between the fluid and solid, without 
penetration. 

2. As the fluid moves, it exerts a fluctuating pressure on the solid surface 𝒕𝒕𝑓𝑓, 
generating fluctuating stresses at the interface 𝒕𝒕𝑠𝑠, which induces a 
corresponding movement of the solid, as these must remain in equilibrium.  

This can be translated into two coupling constraints at the fluid-solid interface used 
to couple the governing equations of fluid and solid domains (Eq. 3.5-3.6). Here, 
the indices 𝑓𝑓 and 𝑠𝑠 denote the fluid and solid domains, and 𝒏𝒏 is the normal vector. 

 𝒖𝒖𝑓𝑓 =
𝜕𝜕𝒅𝒅𝑠𝑠
𝜕𝜕𝜕𝜕

 Equation 3.5 

 𝒕𝒕𝑓𝑓 =  𝒕𝒕𝑠𝑠 , where 𝒕𝒕𝑓𝑓 = −𝑝𝑝𝒏𝒏𝑓𝑓 + 𝝉𝝉𝑓𝑓 and 𝒕𝒕𝑠𝑠 = 𝝈𝝈𝒏𝒏𝒔𝒔 Equation 3.6 

Despite its potential, the clinical use of FSI remains limited, largely due to the 
complexity inherent to these models, the high computational costs, and the 
challenges of rigorous validation 3. Balancing the model accuracy and computational 
efficiency is therefore critical 3,123. A major numerical challenge lies in coupling the 
Eulerian fluid domain (where the coordinate system follows the particle in motion) 
with the Lagrangian solid mesh (where the coordinate system is static in relation to 
the particle in motion). The large deformations characteristic of valve motion further 
complicates this process, often requiring adaptive meshing strategies to maintain 
numerical stability. 



 Background 
 
 

 
 23 

Two main approaches exist for solving FSI problems. In the monolithic approach, 
the equations governing both flow and structural domains are solved simultaneously 
within a single solver, providing strong coupling at the cost of high computational 
demand. In contrast, the partitioned (or segregated) approach solves the fluid and 
structural equations separately using different solvers, typically with independently 
generated meshes, requiring exchange of information across the interface. Several 
numerical strategies have been developed to enforce coupling across this interface, 
either through boundary-conforming methods or boundary non-conforming 
methods (Fig. 3.8).  

The following sections explore these coupling strategies in greater detail, describe 
different approaches to modeling the left heart, and review the evolution of mitral 
valve FSI simulations. Finally, FSI models of other cardiac valves are discussed to 
provide a broader context for current developments in heart valve FSI modeling.  

Boundary-conforming methods 
Boundary-conforming FSI methods use separate, non-overlapping meshes for fluid 
and solid domains (Fig. 3.8A). Interaction is managed via the Arbitrary Lagrangian-
Eulerian (ALE) method, which incorporates Eulerian and Lagrangian formulations 
to allow proper coupling. However, large deformations often require frequent re-
meshing to preserve mesh quality, increasing computational cost 86,124. 

ALE has been employed to model valve dynamics for an idealized aortic valve 99, a 
bileaflet mechanical valve 116, and for a mitral valve prosthesis validated against ex 
vivo data 125. Khodaei et al. used dynamic meshing within an ALE framework to 

Figure 3.8. Meshing methods. Illustrative examples of a boundary A) conforming 
mesh and a B) non-conforming mesh. 
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simulate left-heart flow, showing good agreement with in vivo mitral valve    
velocities 126. 

To reduce re-meshing demands, the overset (Chimera) method can be used. It allows 
independently meshed domains to deform using ALE while handling large 
displacements via mesh-to-mesh interpolation 127,128. Ge et al. applied this to 
simulate complex flow in bileaflet valves 114,129, while Le and Sotiropoulos used it in 
a simplified left heart model 130,131. More recently, the overset method has been used 
for modeling flow in left ventricular assist devices 107. 

Nonconforming boundary methods 
In nonconforming boundary FSI methods, fluid and solid domains use overlapping 
grids (Fig. 3.8B), allowing for large deformations without re-meshing 86. The two 
main approaches are the immersed boundary method and the fictitious domain 
method. The immersed boundary method, widely used in heart valve modeling, 
enforces the no-slip condition by solving only the fluid momentum equation 132–134, 
while the fictitious domain method solves both fluid and solid equations, but has 
seen limited application since 2006 135–139. 

Gao et al. applied an immersed boundary/FE method to simulate the mitral valve, 
later expanding it to include the left ventricle, with good agreement to in vivo         
data 47,140. Feng et al. built on this to study chordae structure effects 69, atrial   
coupling 96, and the full left heart and pulmonary circulation 97. Other studies 
explored constitutive laws 82 and mitral regurgitation 78 using the immersed 
boundary/FE framework. 

A recent development, immersogeometric FSI, combines ALE and immersed 
boundary methods. It uses a non-conforming solid mesh immersed in a boundary-
fitted fluid grid, maintaining accuracy at the fluid-structure interface without re-
meshing 141,142. Applied to bioprosthetic valve modeling, it enables patient-specific 
simulations and shape optimization 143,144. Further developments include anisotropic 
materials 145 and left ventricular modeling 90,146.  

Left heart modeling  
Modeling the human heart presents substantial challenges, particularly when 
simplifying its intricate structure for FSI simulations while retaining clinical 
relevance. In recent years, mitral valve simulations have evolved beyond isolated valve 
models to incorporate larger portions of the cardiac anatomy, offering deeper 
insights into the upstream and downstream flow behavior and its influence on valve 
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dynamics. Early approaches employed generic mitral valve geometries embedded 
within idealized tubular fluid domains to investigate valve function 52,147. These 
studies reported that tubular models produced faster fluid velocities during both 
valve opening and closure, along with reduced vorticity, when compared to 
ventricular configurations. More anatomically representative models, such as those 
by Khodaei et al. 148 and Khalafvand et al. 149, introduced patient-specific left 
ventricular geometries combined with simplified mitral valve models to examine 
valvular stress and intraventricular flow patterns, albeit without in vivo validation. 
Notably, the leaflet geometry was shown to influence vortex formation within the 
ventricle 149. 

Building on this, advanced models by Mao et al. 70 and Gao et al. 47 incorporated 
both patient-specific left ventricular and mitral valve geometries, enabling 
predictions of hemodynamic behavior with a dynamically contracting ventricle. 
These studies demonstrated, for example, that vortex formation within the ventricle 
contributes to effective mitral valve closure 126,150. Expanding this approach further, 
Feng et al. 97 integrated the pulmonary circulation into an already coupled left 
atrium-left ventricle model, capturing wave propagation through the pulmonary 
arteries and vortex dynamics within the atrial chamber.  

A persistent challenge in FSI modeling lies in determining the balance between 
model complexity and clinical applicability. No comparison has been made on what 
effect a contracting ventricle has on the simulation outcome; thus, it is unknown if 
the accuracy necessary for clinical use is gained or not. Each additional patient-
specific cardiac structure increases the numerical complexity, yet potentially 
improves physiological fidelity. However, acquiring and integrating such detailed 
anatomical data within feasible time frames remains difficult. To enable clinical 
translation, these workflows must be streamlined and scalable to larger patient 
cohorts, as this step is essential for achieving routine clinical implementation. 

Mitral valve modeling  
In the field of FSI simulations of the mitral valve and the left heart, several research 
groups worldwide have advanced the development of complex computational 
models of mitral valve dynamics, hemodynamics, and valve-ventricle interactions. 

Einstein 151 and Kunzelman 152 were the first to report FSI simulations of the mitral 
valve (Fig. 3.9A). Their studies extended earlier FE models by incorporating blood 
flow, although the simulations were constrained to a simplified tube-like geometry. 
Building on this foundation, Toma et al. 153 applied smooth particle hydrodynamics 
(SPH), which is a mesh-free method in which the fluid is represented by particles 
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rather than a continuum, to investigate chordal forces in the healthy mitral valve. 
The same framework was later adapted to study chordal rupture 154 and the modeling 
of the chordal structure 77. Subsequent work extended the model to simulate 
percutaneous transcatheter mitral valve repair techniques in adults, including intra-
valvular spacers 81 and edge-to-edge repair with varying levels of papillary muscle 
displacement 155. 

Figure 3.9. FSI models of the mitral valve. A) One of the first FSI models of the 
mitral valve for noninvasive diagnostic evaluation 152, reproduced with permission 
through Copyright Clearance Center. B) Whole-heart FSI simulations for 
evaluating valve annular dynamics and pericardium-heart interactions, reproduced 
from 158 according to the CC BY license. C) A fully coupled FSI model of the 
contracting left heart including the mitral and aortic valves, reproduced from 70 
according to the CC BY 4.0 license. MV = mitral valve, AV = aortic valve. 
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A second leading group is that of Luo and colleagues, who initially presented an FSI 
model of the mitral valve segmented from MRI data 64. Their research evolved from 
comparing patient-specific valve models in a tube 156. They further advanced their 
model toward increasingly realistic simulations within a contracting left ventricle 47. 
Further studies examined the role of chordal architecture 69, incorporated the left 
atrium 96 and added pulmonary circulation 97. This model was used to investigate 
the left heart hemodynamics and pump function under mitral valve regurgitation, 
caused by hypertrophic cardiomyopathy and by a calcified mitral valve 157. 
Ultimately, their research culminated in a whole-heart FSI model with 
physiologically realistic valves 158 (Fig. 3.9B). 

The third major contribution to the field of mitral valve simulations comes from 
Sun and colleagues, who first introduced an SPH-based model of bioprosthetic 
valves 159. This was subsequently expanded to patient-specific simulations of the left 
ventricle, mitral valve, and left atrium 70 (Fig. 3.9C). Their model has since been 
applied to study mitral regurgitation due to chordal rupture 160, evaluate neochordae 
repair in mitral valve prolapse 161, and compare echocardiographic quantification of 
mitral regurgitation with computational predictions 162. Their model was also used 
to evaluate the left heart hemodynamic, structural, and morphologic changes after 
MitraClip treatments in adults with mitral regurgitation. They showed that although 
the MitraClip treats regurgitation, it imposed a non-physiological loading on the 
mitral valve, especially during diastole 163.  

Collectively, these groups have significantly advanced the field by developing 
sophisticated models that integrate not only the mitral valve but also surrounding 
cardiac structures. However, their focus has remained primarily on the healthy valve, 
with limited validation against in vivo data. For clinical translation, validation against 
larger patient cohorts, as well as simulations of pathologic and post-operative 
conditions with validation against in vivo data, is essential. Addressing these gaps is 
the focus of this thesis, which emphasizes validation against multi-patient 
echocardiographic data and thus establishes a stronger connection to clinical 
practice, even without yet incorporating fully patient-specific ventricular and atrial 
geometries. 

Modeling other cardiac valves 
Apart from the mitral valve, FSI models have also been developed for the aortic valve 
and for mechanical prostheses implanted in the aortic position, offering valuable 
insights into the broader development of valve simulation methods. 
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Early work on simplified aortic valve models placed the valve in an idealized straight 
tube to study hemodynamics 105,108,164,165. Hsu et al. 144 compared FE and FSI 
simulations in this setup and showed that their FSI framework provided more 
physiologically realistic leaflet deformation (Fig. 3.10A). Considerable effort has 
since gone into refining the numerical approaches for healthy adult aortic valve 
simulation. For instance, Griffith 166 was among the first to introduce an immersed 
boundary model of aortic valve dynamics. Shühler et al. 167 developed an open-source 
FSI model for flow through the aorta, applicable to both native and mechanical 
valves, although the lack of remeshing limited its performance under large 
deformations. More recently, Terahara et al. 146 introduced a high-fidelity staggered 
FSI algorithm for idealized aortic valve geometries. 

Pathological conditions have also been explored. FSI has been applied to study the 
impact of atherosclerotic aortic valves on the coronary hemodynamics 168 and flow 
patterns in calcified aortic valves 118. In bicuspid aortic valves, where two of the three 

Figure 3.10. FSI models of other heart valves. A) FSI model of a healthy aortic 
valve, reprinted from 144 with permission from Springer Nature. B) Investigation 
of different bileaflet aortic phenotypes, reprinted from 170 with permission from 
Springer Nature. C) FSI modeling of a mechanical aortic heart valve prosthesis, 
reprinted from 117 with permission from Springer Nature. D) FSI simulations of 
the healthy and regurgitant tricuspid valve, reprinted from 174 with permission from 
Springer Nature. 
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cusps are fused, several studies have simulated different phenotypes 169–171                
(Fig. 3.10B) and even validated patient-specific models against in vivo data 65. 

In adults, valve replacement is commonly employed to address aortic valve 
malfunction, using bileaflet mechanical valves, surgically implanted bioprosthetic 
valves, or transcatheter aortic valve replacements. However, prostheses carry risks of 
hemolysis, platelet activation, and thus thromboembolism, which have been 
investigated with FSI 117,125 (Fig. 3.10C). Other studies have examined bioprosthetic 
valves in terms of surrounding flow fields 90,172, modeled flow through bileaflet 
mechanical valves to assess annular deformation 116, coronary hemodynamics 106, and 
even coupled valve simulations with contracting left ventricular models. FSI has also 
been used for transcatheter aortic valve replacements, with some studies validating 
simulations against in vitro experiments 173. 

In contrast, relatively few FSI studies have targeted the right-sided tricuspid and 
pulmonary valves. Singh-Gryzbon et al. 174 (Fig. 3.10D) studied closure dynamics of 
a regurgitant tricuspid valve, while Dabiri et al. 175 investigated transcatheter repair 
strategies for tricuspid regurgitation. For the pulmonary valve, FSI has been used to 
assess the influence of valve orientation on bioprosthetic hemodynamics 176 and to 
study pulmonary valve replacement with reduced FSI models 177. Overall, research 
on right-sided valve FSI remains limited compared to the left-sided aortic and mitral 
valves. 
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This chapter presents the methods employed throughout the thesis, building on the 
theoretical foundations outlined in the previous chapter. It is divided into two main 
parts: “The simplified heart model” (Section 4.1), which encompasses Studies I–II, 
and “Patient-specific modeling” (Section 4.2), covering Studies III–V. 

The first part describes the construction of the experimental phantom setup (Study 
I), developed to generate validation data for the FSI model applied to a simplified 
left heart geometry (Study II). The second part details the further development of 
the FSI model to simulate patient-specific mitral valves, validated first against in vivo 
data from healthy volunteers (Study III), and subsequently against data from patients 
with mitral regurgitation in pre- and postoperative conditions (Study IV). Finally, 
Study V presents a comparative analysis of pediatric healthy and regurgitant mitral 
valves, aiming to identify novel diagnostic parameters for valve disease. 

 The simplified heart model 

A simplified left heart model was designed to assess the error margin of our FSI 
model under controlled conditions with well-defined boundary conditions and 
material parameters. This heart model was 3D printed for phantom experiments and 
simulated with FSI for validation. The validation allowed us to compare the error 
margins of the model to clinically acceptable values and thus served as the foundation 
for future steps toward patient-specific modeling.  
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4.1.1 In vitro phantom experiments (Study I) 

Study I aimed to design a cardiac motivated in vitro test setup with a left heart 
phantom to create a highly controlled experimental environment, minimizing 
confounding factors, to measure and provide benchmarking data for the validation 
of FSI models. Pulsatile physiological-inspired waveforms were generated with a 
computer-controlled motor and pump assembly (Fig. 4.1). Catheter pressure 
measurements and medical imaging techniques were employed such that the 
pressure, velocity, and opening of the valve could be quantified and used for 
validating the FSI model. All in vitro measurements, including the geometry files of 
the phantom, are publicly available in the Zenodo Repository 178.  

The in vitro test setup  
The in vitro test setup was constructed using a positive displacement pump 179 that 
enabled water to be pumped in and out of a membrane chamber via a piston (Fig. 
4.1A). The setup offered a stroke volume of 0–130 ml in both forward- and 
backward flow, with adjustable stroke rates of 1–200 beats per minute. The pump 
was set up to simulate flow waveforms corresponding to cardiac output values of 2.9, 
4.4, and 5.4 l/min at 60 beats per minute. A programmable motor (56B10A C type, 
Myostat Motion Control Inc., Newmarket, ON, Canada) powered the pump, and 
the two units were connected through a carbon fiber rod. The phantom was 
connected to the pump at the apex and mounted in a plastic reservoir containing 25 
liters of room-temperature water, allowing water to flow in and out of the model. 

The phantom geometry and flow description  
The phantom included a ventricle, atrium, mitral and aortic valves, and an apex with 
dimensions approximated by the adult human heart (Fig. 4.1B). The mitral valve 
leaflets were designed to open and close without chordae tendineae or papillary 
muscles, governed solely by water flow. This design succeeded in all cases but one. 
A simplified ball valve replaced a realistic aortic valve to reduce complexity while 
retaining functional opening and closing with each pumping cycle, thus minimizing 
potential malfunctions during testing. 

Flow entered and exited through the apex: during inflow, the mitral valve closed, 
and the aortic valve opened; during outflow, the mitral valve opened, and the aortic 
valve closed, simulating diastolic and systolic valve configurations (Fig. 4.1A). Two 
static pressure probes were placed in the ventricle and atrium to allow catheter-based 
pressure measurements. 
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The rigid phantom was 3D-printed in Grey Pro Resin (Formlabs Inc., Somerville, 
USA) using a stereolithography 3D printing technique with a detachable atrium to 
allow silicone mitral valve replacement (Fig. 4.1C). The valves were cast in clear 
silicone (Agilus30, Stratasys Ltd.) with stiffness levels Shore A25, A40, and A60 
(Dreve Biopor AB, Damvig A/S, Copenhagen, Denmark).  

Figure 4.1. Overview of the phantom setup in Study I. A) The computer-
controlled motor connects to a piston via a carbon fiber rod (grey arrow). The 
piston moves water in and out of the pump (white/black arrows), which governs 
the water in- and outflow in the phantom (blue arrows). The figure details the setup 
configurations for a closed and open mitral valve (MV). B) The phantom atrium 
can be detached from the ventricle so that the mitral valve can be changed. C) The 
final 3D-printed phantom used for in vitro experiments. The figure was reproduced 
and adapted from 226 according to the Creative Commons CC BY license. 
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Measurements and analysis  
Six different in vitro tests were investigated, where three different cardiac outputs 
were combined with three mitral valves of different stiffness, to imitate different 
physiological scenarios.  

Catheters for pressure measurements were connected to the phantom pressure probes 
located in the ventricle and atrium. During 17 consecutive cycles, the pressure in the 
atrium and ventricle was simultaneously tracked and averaged to reduce noise and 
cycle-to-cycle variations.  

With 2D and 4D MRI, the mass flow and bulk velocity were measured at the apex, 
aortic valve, and atrium on a 1.5 T MR clinical scanner (MAGNETOM Sola, 
Siemens Healthcare, Erlangen, Germany). The velocity profile in the ventricle was 
quantified, and the flow distribution was visualized with streamlines using the 4D 
MRI data. Based on cine MRI, the mitral valve opening was measured at peak flow. 

Commercially available ultrasound systems EPIQ CVx (Philips Medical Systems, 
Andover, MA, USA) and Vivid E95 (GE Healthcare; Vingmed Ultrasound, Horten, 
Norway) were used for both 2D and 3D imaging. The mean and maximum velocity 
through the valve were quantified with continuous wave Doppler, and the 
corresponding mean and maximum pressure difference (referred to as the pressure 
gradient in the clinical setting) was manually calculated with the Bernoulli equation. 
The valve opening was measured on 2D 3-chamber-view and 3D images. 

4.1.2 Validation of the FSI model (Study II) 

Study II aimed to validate FSI simulations of a simplified left heart model, including 
the mitral valve under diastolic, physiologically inspired conditions, against in vitro 
experimental data obtained from Study I. The phantom geometry from the in vitro 
experiments was employed in the simulations. The mass flow measured by MRI at 
the apex of the phantom was used as boundary conditions to numerically imitate the 
investigated in vitro cases. The FSI model was evaluated based on the transmitral 
velocity, ventricular and atrial pressure, and the valve opening, and the error margin 
was compared to clinically acceptable standards. 

The opening phase of the valve was the primary focus of this study. Therefore, the 
time frames corresponding to the open valve configuration in the in vitro data were 
chosen for simulation and validation.  
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The simulation model 
During the simulations, the diastolic valve configuration was simulated (Fig. 4.2A), 
with the aortic valve boundary closed and the mitral valve boundary modeled as a 
free flow outlet, allowing flow to pass through the mitral valve. The overall flow in 
the domain was governed by mass flow boundary conditions applied at the apex of 
the phantom (Fig. 4.2B), which were obtained from MRI measurements from the 
in vitro tests. This ensured that the same flow conditions were obtained in the 
simulations as observed in the phantom experiments.  

The water in the phantom was modeled as Newtonian, with a turbulence model, the 
elliptic blending k-ɛ 180,181, employed. The silicone mitral valve was modeled as 
isotropic, linear elastic with Young's modulus based on values obtained from in-
house material tests on the silicone material used for 3D printing.  

The CFD domain employed two meshes: a static background mesh accounting for 
the entire lumen and a smaller, morphing overset mesh resolving the valve 

Figure 4.2: The FSI simulations of the phantom in Study II. Showing A) the flow 
direction employed to create the mitral valve’s opening and the phantom 
components. B) The typical appearance of a volume flow measurement used at the 
inlet of the flow domain measured by MRI. The peak opening of the mitral valve 
was selected for simulation (red). C) The CFD mesh visualized in a cross-sectional 
plane through the domain, showing the background mesh (grey), the overset mesh 
(red) and the valve (blue). The image was reproduced and adapted from 227 
according to the Creative Commons CC BY license.  
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deformations, according to the Chimera method 182. This approach allowed for large 
structural deformation without requiring remeshing. Both fluid meshes were created 
with finite volume hexahedral cells, was based on a mesh independence study (Fig. 
4.2C). The valve leaflets were meshed with finite solid first-order tetrahedral 
elements, with three element layers across the valve thickness, based on an FE-mesh 
independence study.  

In the CFD solver, the convection terms and time were discretized to the first order, 
and the diffusive terms were discretized to the second order. An Arbitrary 
Lagrangian-Eulerian 124 approach was employed for solving the deformation of the 
overset mesh, and a B-spline mesh morpher was used to model smaller local 
deformations of the fluid mesh based on the deformations obtained from the 
structural solver.  

The structural solver employed the Newton method, and the time step for the 
transient, implicit FSI simulation was set to 0.0015 s. This study used the 
commercial CFD and FEM software STAR-CCM+ (2021.1.1 build 16.02.009, 
Siemens Digital Industries Software, Plano, TX, USA) and Abaqus/Standard (v. 
2017, Dassault Systèmes Simulia Corp., Johnston, RI, USA) to achieve FSI.  

Model evaluation 
For all five cases, the pressure difference across the valve, the velocity through the 
valve, and the valve opening were simulated and compared to the in vitro data. The 
velocity profile and streamlines derived from 4D MRI data qualitatively assessed the 
flow. 

 Patient-specific modeling 

With the validated computational model from Study II as a foundation, the next 
step involved patient-specific modeling. The pipeline was adapted for patient-
specific valve geometries, healthy as well as diseased, and flow conditions obtained 
from echocardiograms. To evaluate the performance of the model, comparisons to 
in vivo echocardiographic data were made.  

4.2.1 Validation in healthy volunteers (Study III) 

The aim of Study III was to propose a framework using standard clinical assessment 
data from 2D and 3D echocardiography to provide patient-specific mitral valve 
models using a semi-automated segmentation process simulated with FSI. The 
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framework was validated against in vivo echocardiographic data from ten healthy 
volunteers, and the echocardiographic data were compared with MRI data to 
evaluate the impact of the choice of modality on the simulation outcome (Fig. 4.3).  

Study population and patient-specific modeling  
Ten healthy volunteers (median age 13 years, age range 1 to 37 years, 5 females) were 
included in the study. According to the Helsinki Declaration, they all gave written 
informed consent signed by themselves or a parent. All volunteers underwent an 
echocardiographic examination, and five also underwent an additional MRI scan. 
The echocardiographic examination included a 4-chamber view with and without 
color Doppler, 3D images of the mitral valve and the left ventricle, and transvalvular 
velocity measurements with continuous wave Doppler with an EPIQ CVx (Philips 
Medical Systems, Andover, MA, USA) ultrasound system with an X5-1 transducer. 
The cardiac MRI was performed on a 1.5 T clinical scanner (MAGNETOM Aera, 
Siemens Healthineers, Erlangen, Germany), including short- and long-axis cine 
sequences and a 4D flow research sequence covering the entire heart.  

Figure 4.3: The pipeline for patient-specific healthy mitral valve simulations in 
Study III. From echocardiograms, patient-specific valve geometries and flow 
conditions were obtained, and thus, patient-specific simulation models. The 
simulation results were validated and compared against Doppler data. MV = mitral 
valve, echo = echocardiogram, FSI = fluid-structure interaction, BC = boundary 
conditions. The figure was reproduced from 75 according to the Creative Commons 
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The patient-specific mitral valve geometry was obtained via a semi-automated 
segmentation process from 3D images of the mitral valve (4D MV-assessment 2, 
TOMTEC Imaging Systems GmbH, Unterschleissheim, Germany). The patient-
specific hemodynamics were modeled by deriving patient-specific mass flow 
boundary conditions from left ventricular volume measurements performed on 3D 
echocardiograms and MRI data. To construct the full mitral valve apparatus, 23 
chordae tendineae were attached to the valve leaflets, originating from the two 
papillary muscle heads. The entire valve apparatus was then inserted into our 
simplified left heart model, including the left ventricle, left atrium, and the left 
ventricular outflow tract 75. 

The simulation model 
Building on the experimentally validated pipeline from Study II, developments 
required for the patient-specific mitral valves was performed. The mitral valve leaflet 
tissue was now modeled as a hyperelastic material with parameters based on curve 
fitting to biaxial experimental data of human mitral valves from the literature 183. 
The contact between the leaflets was modeled with a penalty-based algorithm with 
a zero-penetration constraint.  

The mitral valve apparatus was rigidly fastened along its circumferential edge onto 
the atrial wall of the domain, and the walls of the fluid domain were fixed in space. 
To model the contraction of the heart, the patient-specific mass flow boundary 
condition was applied at the apex of the ventricle. The boundary at the aortic valve 
was modeled as a zero-pressure outlet during systole and a wall during diastole, and 
the upstream boundary of the mitral valve was modeled as a zero-pressure outlet 
throughout the cardiac cycle. 

The mitral valve leaflets were modeled using first-order hexahedral elements and the 
fluid domain was meshed using hexahedral volume elements, based on stand-alone 
mesh sensitivity analyses.  

FSI was achieved with the commercial software Star-CCM+ (2022.1 build 
17.02.007-R8, Siemens Digital Industries Software, Plano, TX, USA) and 
Abaqus/CAE (v. 2020, Dassault Systèmes Simulia Corp., Johnston, RI, USA). The 
convective terms in the fluid solver were now discretized with a second-order upwind 
scheme and a first-order temporal discretization. 

 

 



Methods 
 
 

 
38   

Model evaluation 
To validate and evaluate the FSI model, the hemodynamic velocity field was 
compared to color Doppler images, and the transvalvular velocity was compared to 
continuous wave Doppler measurements.  

Cardiac MRI is the clinical standard for volume measurements; thus, the left 
ventricular measurements performed on 3D echocardiograms were compared against 
the respective measurements conducted on MRI data to evaluate the impact of 
modality choice.  

4.2.2 Modeling mitral regurgitation (Study IV) 

Study IV aimed to apply our patient-specific computational framework to pediatric 
mitral valve regurgitation in both the pre- and post-operative conditions, using 
standard echocardiographic data. The framework was evaluated against 
echocardiographic data from seven patients, before and after surgery, based on 
clinical parameters used for assessing and grading mitral valve disease (Fig. 4.4). 

Study population and patient-specific modeling 
Pediatric patients with severe mitral regurgitation (N = 7) were recruited from the 
Hospital for Sick Children in Toronto, aged 2–17 years (median age: 6 years), of 

Figure 4.4: The pipeline for patient-specific mitral regurgitation simulations in 
Study IV. Patient-specific valve geometries and papillary muscle positions were 
manually segmented pre-and post-operatively from 3D echocardiography (echo) 
images. The valve apparatus was placed inside a left heart model, simulated using 
fluid-structure interaction (FSI), and evaluated against pre- and pots-operative 
echocardiography data. 
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whom 57% were female (Table 4.1). The study was approved by SickKids Research 
Ethics Board (REB: 81838) and the Swedish Ethical Review Board (2021-05978-
02) and complies with the Helsinki Declaration. 

Data were obtained from routine pre- and post-operative echocardiography using a 
Vivid E95 system (GE Healthcare, Vingmed Ultrasound, Horten, Norway). For 
model input, 3D echocardiography images of the mitral valve and 3D full-volume 
datasets of the left ventricle were acquired, alongside Doppler spectral curves of 
transvalvular flow for model evaluation. For verifying the valve dimensions and 
chordal structures, the 2-chamber, 4-chamber, and parasternal views were used. 

Table 4.1: Patient demographics. An overview of the regurgitation grade pre- and 
post-operatively for all included patients, and a short description of their diagnosis.  

Patient Sex Age 
(years) 

Regurg. 
pre-op Diagnosis Regurg. 

post-op 

1 M 11 Severe Severe mitral regurgitation 
with pseudo cleft at PML Mild 

2 F 12 Severe Severe mitral regurgitation 
due to rheumatic fever Trivial 

3 M 7 Moderate Severe mitral regurgitation 
due to rheumatic fever Mild 

4 M 5 Moderate 
Severe mitral regurgitation 
due to dysplastic MV with 
AML prolapse 

Trivial 

5 F 2 Moderate Severe mitral regurgitation 
with AML prolapse Trivial 

6 F 2 Severe 
Severe mitral regurgitation 
due to dilated cardio-
myopathy 

Moderate 

7 F 17 Severe Severe mitral regurgitation 
due to cleft in AML Trivial 

 

Patient-specific mitral valve geometries (as well as the position of the papillary 
muscles) were manually segmented (3D Slicer 184), in their pre- and post-operative 
configurations. The dimensions of the final segmentations were cross-checked 
against 2D echocardiography measurements. Flow boundary conditions were 
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derived from left ventricular volume measurements (as in Study III), with end-
systolic and end-diastolic volumes confirmed by the Simpson’s method.  

The simulation model 
The simulation framework developed and validated in Study III was employed to 
evaluate pediatric regurgitant mitral valves. Now, pre- and post-operative flow 
conditions were applied separately based on echocardiographic data to model the 
difference in flow after surgery.  

The simulations were implemented in Star-CCM+ (2022.1 build 17.02.007-R8, 
Siemens Digital Industries Software, Plano, TX, USA) and Abaqus/CAE (v. 2020, 
Dassault Systèmes Simulia Corp., Johnston, RI, USA) and run as transient cases with 
a 0.4 ms timestep. 

Model evaluation 
For the overall valvular function, the simulation model was compared against 
echocardiographic color Doppler images, where the valvular dynamics and the 
overall hemodynamics field were qualitatively compared.  

The systolic valve function was evaluated based on the grade of (residual) 
regurgitation and the size of the coaptation defect, before and after surgery. The 
grading and location of regurgitation were visually assessed in both simulation results 
and echocardiography and binarily compared.  

The diastolic valve function was evaluated based on the mean pressure gradient. The 
simulated mean gradient was compared against continuous wave Doppler 
measurements pre- and post-operatively and reported in terms of mean difference ± 
standard deviation and further assessed using a Bland-Altman analysis. 

4.2.3 Valve strain and chordal forces (Study V) 

The aim of Study V was to compare valve strain and chordal forces in healthy and 
regurgitant pediatric mitral valves using the previously developed patient-specific FSI 
model. The objective was to explore novel diagnostic parameters, which are not 
accessible through conventional imaging, that may capture pathological changes and 
provide deeper insights into valve dynamics and hemodynamics in both healthy and 
diseased configurations. 

We used the echocardiographic data from the healthy cohort in Study III and the 
patient cohort in Study IV. However, for the healthy cohort, only participants 
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younger than 18 years were included in this study. The valve strain in healthy valves 
from Study III was compared with newly derived strain values from the regurgitant 
valves, which had not been previously analyzed. The chordal forces were assessed for 
both groups for the first time in Study V.  

Model evaluation 
The valve strain was assessed qualitatively by comparing maximum principal strain 
maps across the three configurations: healthy, pathological (pre-operative), and 
repaired (post-operative). For quantitative analysis, mean strain values compared for 
the entire valve, the atrial and ventricular surfaces, at both peak systolic and diastolic 
configurations between the groups. Full-width half-maximum (FWHM) analysis of 
the strain maps was performed to quantify strain variations. 

The chordal forces were evaluated as the sum of the reaction forces from all 
individual chordae across the three groups. Comparisons were carried out both at 
the group level and for individual cases, considering the force over the full cardiac 
cycle as well as peak systolic and diastolic values. 

Statistical analysis was conducted to test for differences in valve strain and chordal 
forces between groups. The non-parametric Kolmogorov-Smirnov test 185 was 
applied for unpaired comparisons (healthy vs. regurgitant valves), while the 
Wilcoxon signed-rank test 186 was used for paired comparisons (pre-operative vs. 
post-operative valves). These were selected as they are appropriate for small sample 
sizes and non-normally distributed data. 
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This chapter presents the principal findings from the research conducted in this 
thesis. The results are organized into two main parts: “The simplified heart model”, 
summarizing the outcomes of Studies I–II, and “Patient-specific modeling”, which 
details the results and key insights obtained in Studies III–V.  

 The simplified left heart model 

5.1.1 In vitro phantom experiments (Study I) 

In Study I, an in vitro setup was designed for creating benchmarking data for 
validation purposes of heart valve FSI models. A phantom, mimicking the left heart, 
was 3D printed, where clinically relevant flow parameters and the mitral valve 
opening were tracked using pressure probes, MRI, and echocardiography.  

Technical validation of the experimental setup was conducted to ensure reliable 
measurements. At the start and end of each MRI examination, 2D MRI 
measurements were taken at the aortic valve and atrium of the phantom, showing 
differences of 0.45 ± 0.35 l/min (3.5%) at the aortic valve and 0.86 ± 0.67 l/min 
(6.7%) at the atrium. Pressure measurements in the ventricle, recorded over 17 
consecutive pump cycles, demonstrated a cycle-to-cycle variation of 0.5%. These low 
cycle-to-cycle variations demonstrate that the setup was reliable over time, with a 
steady pulsatile flow. The variation for the MRI measurements was higher than that 
obtained from the pressure measurements because they were taken approximately 
30–45 minutes apart, compared to the pressure measurements that were conducted 
over 20 seconds.  

5 Results 
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The pressure measurements revealed higher ventricular pressure during systole than 
during diastole (Fig. 5.1) and a nearly zero relative pressure in the atrium throughout 
the pumping cycle.  

MRI velocity measurements showed that the transmitral velocity increased with 
higher cardiac output and higher stiffness of the valve. Velocities measured by 4D 
flow MRI were underestimated compared to the corresponding 2D MRI 
measurements. Streamlines obtained from 4D flow MRI showed the velocity jet 
through the open mitral valve during diastole, and how the water exited through the 
aortic valve during systole (Fig. 5.1). Measurements of the valve opening showed a 
larger opening for higher cardiac output, and decreased valve stiffness. 

Figure 5.1: The main results from Study I. The top rows showed the phantom 
imaged with echocardiography (echo) and MRI for the open and closed mitral valve 
(MV) configurations. The graphs depict quantitative measurements of the water 
velocity using MRI (black) and Doppler (blue), and the pressure (red) in the 
domain. The small sketch of the phantom in each graph details where in the 
phantom the measurements were conducted. Results from all investigated flow 
cases can be seen in Paper I 226. The figure was reproduced and adapted from 226 
according to the Creative Commons CC BY license. 
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Doppler measurements of the transmitral velocity confirmed the findings of the MRI 
measurements; higher transmitral flow was obtained for higher cardiac output and 
increased valve stiffness. From the Doppler velocity measurements, the 
corresponding pressure difference across the valve was determined using the 
simplified Bernoulli equation, using the density of water. These were higher than the 
corresponding measurements from the pressure probes. The valve opening 
measurements were conducted on 2D and 3D echocardiograms showing an 
increased valve opening for increased cardiac output.  

5.1.2 Validation of the FSI model (Study II) 

In Study II, the FSI model of a simplified left heart was developed and validated 
against the in vitro data from Study I during diastolic physiological-inspired 
conditions, to quantify the simulation error for clinically relevant parameters and 
relate those to clinically acceptable standards.  

Visual assessment, comparing the streamlines obtained from the simulations to the 
4D flow MRI data, showed a high level of agreement. The simulations capture the 
recirculation zone in the ventricle downstream of the narrowest part of the mitral 
valve, where the flow was accelerated (Fig. 5.2).  

The simulated pressure difference across the valve correlated well with the 
measurements by the catheter pressure probes. Simulations showed an 
underestimation of the maximum and mean pressure by 78 ± 37 Pa (6.8 %) and 
80 ± 59 Pa (14 %) (Fig. 5.2). These errors (corresponding to approximately 0.6 
mmHg) are much smaller compared to the limits set to grade mitral valve disease. 

The valve opening was underestimated by the model compared to measurements 
performed on MRI and 2D echocardiograms by 0.41 ± 0.27 mm (7.3 %) and 
0.41 ± 0.50 mm (6.7 %), respectively. The opening area deviated by 0.33 ± 0.015 
cm2 (5.4 %) compared to measurements from 3D echocardiography. 

The simulated transmitral velocity correlated well with continuous wave Doppler 
measurements, although it underestimated the mean velocity by 0.07 ± 0.04 m/s 
(7.9 %) and the maximum velocity by 0.14 ± 0.07 m/s (8.4 %). This 
underestimation aligns well with the observed underestimation of the pressure 
difference across the valve.  

In the clinical environment, error margins within a range of up to 10 % to 15% are 
widely considered acceptable 187. The error margins identified in this highly 
controlled validation amounted to 5.4–14 % for the investigated parameters, which 
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all fall within this range. This implies that the simulation model in its current state 
can predict clinically relevant parameters in a simplified left heart model, good 
enough for further development. 

 Patient-specific modeling 

5.2.1 Validation in healthy volunteers (Study III) 

In Study III, an FSI model for patient-specific mitral valve simulations was 
developed based on standard echocardiographic assessment data and validated in ten 
healthy volunteers based on clinically relevant parameters. 

Figure 5.2: The main results from Study II. The top row shows the measurements 
of the valve opening (d) across modalities. Comparisons between simulation and 
in vitro measurements are shown during the opening phase of the pump cycle, with 
correlation plots showing the agreement between the simulation and in vitro 
measurements for the mean and maximum pressure and velocity. A qualitative 
analysis of the streamlines was conducted by comparing simulation results and 4D 
Flow MRI data. Results for all flow cases can be found in Paper II 227. The image 
was reproduced and adapted from 227 according to the Creative Commons CC BY 
license.  
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The implemented framework required approximately 2 hours of preparation work 
per volunteer, including segmentation, meshing, and model setup. All simulations 
were run in parallel on 40 cores, on an AMD 7413 node, on a high-performance 
cluster, requiring a computational time of 15–86 h (median 40 h) per volunteer. 

Compared to 4-chamber view color Doppler images, the FSI simulation predicted 
realistic global hemodynamic patterns and flow directionality (Fig. 5.3A). This was 
confirmed by the quantitative comparison of the transmitral velocity, showing an 
average difference in the max velocity of 4.52 cm/s (3.6 ± 29%) and the mean 
velocity over the cardiac cycle by 4.58 cm/s (8.3 ± 22%) compared to Doppler 
measurements (Fig. 5.3B). This error margin falls within clinically acceptable ranges 
of up to 10 to 15% 187.  

Figure 5.3: The main results from Study III. Showing A) the blood velocity 
distribution comparing simulation results to echocardiograms with and without 
color Doppler for Volunteer nr 4, B) the corresponding transvalvular velocity 
measurements from simulation and echocardiographic measurements for three of 
the volunteers. C) Left ventricular volumes measured on echocardiograms and MRI 
were compared, as well as the corresponding mass flow boundary conditions. D) 
The resulting transvalvular flow based on the different boundary conditions 
compared to Doppler measurements. Results for all volunteers are found in Paper 
III 75. The figure was reproduced and adapted from 75 according to the Creative 
Commons CC-BY license.  



 Results 
 
 

 
 47 

Left ventricular volume measurements based on echocardiography and MRI were 
compared. The analysis showed that echocardiography underestimated the end-
diastolic volume by 19 ± 3.8% and the end-systolic volume by 1.8 ± 20% compared 
to MRI (Fig. 5.3C). The mass flow derived from these volume measurements 
correlated with a 31 ± 16% difference in maximum mass flow and a 30 ± 10% 
difference in mean mass flow (Fig. 5.3C), reflecting the higher relative difference in 
end-diastolic compared to end-systolic volumes.  

To quantify how the choice of modality affects simulation outcome, the 
transvalvular velocity from simulations based on echocardiography-derived mass 
flow and MRI-derived mass flow were compared (Fig. 5.3D). MRI-based 
simulations yielded a 24 ± 7% higher mean and 21 ± 14% higher maximum 
transvalvular velocities than echocardiography-based simulations, due to the higher 
mass flow from MRI data.  

5.2.2 Modeling mitral regurgitation (Study IV) 

In Study IV, our previously developed and validated framework was further 
developed to simulate patient-specific mitral valve regurgitation in children, both in 
its pathologic condition before surgery as well as after surgery. The model was 
evaluated against the corresponding echocardiographic data from seven patients 
based on clinical parameters used to grade mitral valve disease.  

The model successfully reproduced key valvular dynamics and hemodynamics in 
both pre- and post-operative conditions (Fig. 5.4A). During systole, it consistently 
captured the regurgitant jet directed into the left atrium, as well as the angle of the 
jet, across all seven patients. In diastole, the valve opened appropriately, producing 
an inflow jet during ventricular filling that closely matched Doppler flow patterns. 
Two different ventricular flow patterns were observed: where the inflow jet caused 
the ventricular flow to rotate clockwise in the ventricle (in three patients), and where 
the inflow jet remained straight, dissipating into the ventricle (in four patients). Both 
ventricular flow behaviors were accurately reproduced by the model. Post-
operatively, the residual regurgitant jet was captured in three of the four patients 
with residual regurgitation, while in the three others, the absence of regurgitation 
was reproduced correctly. 

The simulated regurgitation grade matched the echocardiographic assessment in six 
of seven patients pre-operatively. Post-operatively, four of the seven mitral 
regurgitation grades were reproduced accurately, while in three patients the model 
predicted mild regurgitation compared with trivial regurgitation on 
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echocardiography. The location of the simulated coaptation defect agreed with 
echocardiographic findings in six of seven patients, both pre- and post-operatively 
(Fig. 5.4B). 

The transvalvular velocity was compared with continuous-wave Doppler 
measurements to assess pressure gradients. The mean difference between simulated 
and Doppler-derived mean transmitral gradients was 0.38 ± 1.57 mmHg pre-
operatively and -0.42 ± 3.26 mmHg post-operatively (Fig. 5.4C).  

5.2.3 Valve strain and chordal forces (Study V) 

In Study V, building on the healthy and patient cohorts from our previous studies, 
valve strain and chordal forces were evaluated and compared to investigate their 
potential as indicators of pathological changes in the mitral valve. 

Figure 5.4: The main results from Study IV. A) The hemodynamics field pre- and 
post-operatively comparing simulation results to echocardiography with and 
without color Doppler. B) The site of regurgitation visualized at peak systole for 
the simulation results and the corresponding 3D echocardiography. C) the Bland-
Altman analysis of the mean gradient, pre- and post-operatively. Here, the 
difference between the Doppler measurements and the simulated data is plotted 
against the average of all data points for the mean gradient. The limits indicate the 
mean value (blue, dotted line) and the 95% limits of agreement (red, dotted lines).  



 Results 
 
 

 
 49 

For the healthy valves, average strains were 4.99 ± 2.74% in systole and 6.56 ± 0.68% 
in diastole, with strain concentrations along the circumferential edges (where the 
valve was rigidly attached to the arterial wall) and at the commissures (Fig. 5.5A). A 
consistent difference in strain was observed between the atrial and ventricular 
surfaces of the valves. 

In the pre-operative valves, average strain was reduced during systole (1.90 ± 1.51%) 
but elevated during diastole (9.80 ± 0.50%). The post-operative valves exhibited 
similar values (1.87 ± 1.31% in systole, 9.01 ± 2.29% in diastole). Strain 
concentrations appeared across the center of the anterior leaflet and along the 
circumferential edges (due to the boundary conditions). Both diseased conditions 
showed different strain patterns between the atrial and ventricular sides.  

Figure 5.5: The main results from Study V. A) The maximum principal strain in 
the systolic and diastolic configurations in the three groups, accompanied by the 
statistical test performed on the average diastolic strain value of the entire valve. B) 
The chordal forces over time for the healthy, pre-operative and post-operative 
mitral valves. HV = healthy valve, RV = regurgitant valve. 
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Statistical analysis confirmed significant diastolic strain differences between healthy 
and diseased valves (pre- and post-operative; p < 0.05) (Fig. 5.5 A). FWHM analysis 
revealed significant systolic differences between healthy and post-operative valves, 
and diastolic differences between healthy and diseased valves. No significant 
differences were found between the pre- and post-operative conditions. 

For the chordal forces, healthy valves displayed high systolic and negligible diastolic 
forces (Fig. 5.5B). In contrast, several regurgitant valves deviated from this pattern, 
with lower systolic forces and measurable diastolic forces. When comparing the pre- 
and post-operative conditions, systolic chordal forces decreased after surgery in 
nearly all patients. During diastole, most pathological valves exhibited low forces 
that further decreased post-operatively, except in two patients. Statistically, systolic 
chordal forces differed significantly between healthy and diseased valves (p < 0.05). 
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This thesis has provided new insights into mitral valve function and left heart 
hemodynamics and illustrated how these complex interactions can be quantitatively 
captured using FSI modeling. This chapter synthesizes the main findings and reflects 
on the key challenges, limitations, and open questions that have emerged from the 
studies included in this thesis. 

The discussion is structured in three main parts: “Developing the patient-specific 
model,” (Section 6.1) which examines the construction of patient-specific valve 
geometries, left heart models, and hemodynamic boundary conditions; “Model 
validation,” (Section 6.2) which evaluates how effectively the simulations reproduce 
mitral valve function and hemodynamics; and “Novel parameters with diagnostic 
potential” (Section 6.3), where the valve strain and chordal forces are discussed. The 
chapter is concluded by Section 6.4 with a reflection on future directions for 
advancing the presented research and translating it into clinical practice.  

 Developing the patient-specific model 

6.1.1 Patient-specific valve geometries 

Segmentation 
Previous FSI simulations of the mitral valve have used MRI data for valve 
segmentation 47, however, this poses significant challenges in properly resolving the 
mitral valve leaflets. Others have instead relied on invasive transesophageal 
echocardiography to segment and construct their patient-specific models 73. In this 
work, the resolution of our transthoracic echocardiography data proved sufficient for 

6 Discussion 
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proper valve segmentation, based on inter- and intraobserver variability analyses, 
circumventing the need for invasive echocardiographic imaging. Although manual 
segmentation is time-consuming, it remains the gold standard for accuracy and has 
been utilized in previous mitral valve reconstructions 47,64. It also provides greater 
control over the delineation of complex anatomical structures, ensuring accurate 
representation of the mitral apparatus.  

In Study III, the healthy mitral valve geometries were reconstructed using a semi-
automated segmentation method and validated against 2D echocardiographic 
measurements, demonstrating good agreement and were consistent with anatomical 
dimensions reported in larger healthy cohorts 188. In Study IV, the regurgitant valves 
were manually segmented, as it provided higher control over anatomical details, 
enabling precise delineation of pathological features.  

Echocardiography served as the imaging modality for segmenting mitral valves in 
our research, as it remains the gold standard in heart valve assessment 35,38 and for its 
clinical accessibility and high temporal resolution.  

Material modeling of mitral valve tissue 
Modeling the material behavior of the mitral valve remains a major challenge, as no 
consensus exists in literature regarding the most appropriate constitutive model. The 
limited experimental data available on human tissue shows substantial variability in 
mechanical responses 93,94, making it difficult to determine accurate material 
parameters. In this thesis, the mitral valve tissue was modeled as isotropic and 
hyperelastic, which is a reasonable assumption given current evidence 145,189. Previous 
studies have demonstrated that anisotropy has only a minor influence on large-scale 
deformations and valve function 145,189, supporting this simplification. While 
pediatric tissue is expected to be more compliant than adult tissue 183, no 
experimental data on pediatric mitral valves have been published to date. 
Consequently, the same material model was applied for the children and adult 
volunteers in Study III. Notably, no consistent error bias was observed between 
healthy pediatric and adult simulations, supporting this approach at the current stage 
of development. In Studies IV–V, the same material model was further used for 
diseased pediatric valves, although the effects of regurgitation on tissue mechanics 
remain unknown. This uncertainty represents one of the key challenges for the field: 
valve opening dynamics, leaflet strains, and stresses cannot be reliably quantified 
without a clearer understanding of pathological tissue behavior. However, acquiring 
sufficient pediatric diseased tissue for mechanical testing is inherently difficult, given 
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the rarity of available samples, their small size, and the challenges associated with 
handling them 183. 

6.1.2 The left heart model 

Designing the human heart for FSI simulations is challenging, as simplifications 
must balance numerical feasibility with clinical relevance. Previous studies have 
ranged from simplified mitral valve geometries embedded within tubular domains 
52,147 to more detailed models combining patient-specific ventricular geometries with 
idealized valves 148,149. While these approaches provided insight into valve dynamics, 
stress distributions, and flow patterns, they lacked in vivo validation. Advanced 
efforts, such as those by Mao et al. 70 and Gao et al. 47, incorporated patient-specific 
geometries of ventricle and mitral valve, simulating hemodynamics under ventricular 
contraction. However, Mao et al. 70 still underpredicted peak transvalvular flow by 
36%, illustrating that greater structural complexity does not necessarily improve 
accuracy. Similarly, the whole-heart model presented by Feng et al. 158 provides a 
powerful framework to study valve-ventricle interactions at the organ level, but the 
lack of patient-specific dimensions and in vivo validation limits its clinical 
applicability. These considerations support our strategy of modeling the left ventricle 
as a generic domain with fixed walls, while representing ventricular contraction with 
patient-specific mass flow boundary conditions, derived from left ventricular volume 
measurements over the cardiac cycle.  

Despite inherent limitations in our model, such as neglecting annular and papillary 
muscle motion, our framework captures patient-specific velocity and pressure 
variations throughout the cardiac cycle, performing comparably to more complex 
models. This balance of accuracy and computational efficiency highlights its 
potential for clinical integration. While our approach showed strong agreement with 
healthy volunteer data 75, its assumptions may be less appropriate in diseased valves, 
where chordal dynamics and valve-ventricle interactions play a larger role (as 
reflected in our simulated transvalvular velocities in Studies III and IV). Although it 
has been shown that the annular movement does not affect leaflet stress and chordal 
forces 190, a physiologically contracting ventricle might make the model visually more 
accessible to the clinical staff. Sensitivity analyses that include papillary muscle and 
annular motion could help clarify their impact on valve function and 
hemodynamics. Ultimately, the key question is what value added complexity 
provides. Here, a simplified heart domain proved to be accurate enough, with errors 
under 15%, yet exploring contracting ventricles, moving annuli, and dynamic 
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papillary muscles could further define which effects must be resolved for clinically 
meaningful simulations and which can be approximated with simpler methods. 

6.1.3 Patient-specific hemodynamics 

Previous studies have either applied normal pressure values obtained from the 
literature 70 or implemented a Windkessel model 47,172 to estimate the pressure at the 
domain boundaries. While these methods can approximate physiological conditions, 
they lack patient-specific information and require parameter estimation, thereby 
introducing additional unknowns and uncertainties into the model. To avoid this, 
patient-specific boundary conditions were defined in this thesis using patient-specific 
mass flow rates derived from left ventricular volume measurements obtained through 
echocardiography. 

Since MRI remains the gold standard for volumetric assessments 191, the 
echocardiography-derived boundary conditions were compared against MRI 
measurements to evaluate potential imaging-related differences in simulation 
outcome. The echocardiographic volumes correlated well with MRI data but showed 
a consistent overestimation of end-diastolic volumes, in agreement with previous 
findings 187,192–194. Consequently, simulations based on echocardiography-derived 
volumes tended to underestimate the transvalvular velocities relative to MRI-based 
models. Nonetheless, echocardiography offers higher temporal resolution, which 
poses an advantage in pediatric patients with high resting heart rates (>100 bpm), as 
this provides higher temporal resolution in the boundary conditions. 

 Model validation  

Previous FSI studies of the mitral valve have commonly validated their models by 
comparing simulation results with earlier numerical work 69,78,82,90 or with clinical 
observations 79,96. While such comparisons provide a basic consistency check, they 
remain limited, as accuracy is only judged relative to other models rather than to 
reality 5. More recent work has incorporated patient imaging data from MRI 95,      
CT 69,70,153 and echocardiography 62,63,70, to compare flow vorticity, leaflet stress and 
strain, papillary muscle forces, and ventricular geometry. This represents an 
important step forward, particularly as hospitals already generate large amounts of 
imaging data that could support computational modeling. Yet, these validations were 
typically performed on single-patient cohorts, limiting generalizability.  
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In this thesis, we address this limitation by providing in vivo validation against 
cohorts of six to ten participants, covering healthy (Study III) and diseased (Study 
IV) mitral valves. Validation against patient data remains challenging, as 
measurements and image quality vary between observers, and the assessment of 
echocardiography or MRI data can be subjective. On the other hand, experimental 
validation poses further difficulties 4, with only a few groups having developed 
dedicated setups 5,195,196. As an example, geometric measurements in 
echocardiography are sensitive to the probe angle, as non-orthogonal imaging planes 
can distort dimensions. In contrast, 3D imaging enables offline manual adjustment 
of the measurement plane to improve accuracy 197. Comparable geometric 
validations of FSI models against in vitro data reported 5–26% differences between 
simulated and experimental or imaging-based measurements 70,198–200, whereas our 
model in Study II achieved relative simulation errors ≤7.5% for estimating the vale 
opening.  

Other studies have compared simulations to in vitro tests using phantoms 172,201–203 
or animal tissue 153,204, though these primarily focused on mechanical parameters 
such as papillary muscle forces or local flow velocities. Critically, key clinical metrics 
such as the transvalvular velocity and pressure gradients have rarely been addressed. 
Many FSI studies on heart valve simulations either did not report transvalvular 
velocities 95,126,160 or lacked in vivo validation 52,82,147,205. As velocity validation remains 
challenging 206, comparisons have often been made only against previous simulations 
instead of experimental data 207. This highlights the need for systematic validation 
against in vivo patient data across larger cohorts to ensure that FSI models are not 
only numerically consistent but also clinically reliable and relevant – a key objective 
of this work. 

In Study III, the simulated velocities matched our Doppler measurements and 
healthy reference values 208, and reproduced the characteristic E and A waves 
corresponding to ventricular relaxation and atrial contraction. The deviations (0.6–
6.4%) in Study III were lower than those reported in earlier studies (~10%) based 
on single-patient data 70. In Study IV, the regurgitant valves showed slightly larger 
deviations. However, the simulated transvalvular pressure gradient achieved a mean 
absolute error below 1 mmHg, well within clinical grading thresholds 209–211. This 
accuracy is noteworthy given that Doppler-derived and catheter-based gradients 
typically differ by 2.7 ± 1.1 mmHg 212. Consequently, both the average error and 
variability of our simulations fall within the intrinsic uncertainty of the Doppler 
technique itself 213, confirming the robustness of our model observed already in 
Study II.  
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Most prior studies of diseased mitral valves focused solely on the pre-operative 
conditions 63,81,96,118 or excluded post-operative hemodynamics 163,214. In contrast, 
Study IV reproduced the pre-operative regurgitation grade and captured the changes 
following valve repair. Post-operatively, minor discrepancies were observed between 
lower regurgitation grades (e.g., trivial vs. mild). However, these grades are both 
clinically considered as acceptable post-operative results. To the author’s knowledge, 
this is one of the first studies to directly compare simulated and echocardiographic 
assessments of both regurgitation site and grade before and after surgery in a pediatric 
cohort. 

Overall, our framework advances the field by validating healthy and regurgitant 
mitral valves across comparatively large pediatric cohorts, demonstrating clinical 
feasibility. Since many earlier FSI studies remain limited by insufficient validation, 
their clinical translation is still constrained. Rigorous validation, across larger cohorts 
and focusing on clinically relevant parameters routinely used by cardiologists and 
surgeons is therefore essential. Only through such systematic evaluation can 
computational models achieve generalizable and clinically meaningful predictive 
capability. 

 Novel parameters with diagnostic potential 

The valve strain 
The strain values obtained in the healthy valves in Study III were consistent with in 
vivo echocardiographic measurements (~8.5–10%) in healthy adult valves 215,216. 
Although recent FE simulations reported higher strains (10–50%) under ventricular 
pressures of 100 mmHg 217,218, the lower strains predicted by our model reflect the 
lower transvalvular load (~20 mmHg) that was applied.  

Compared to the regurgitant cohort in Study IV, the difference in maximum 
principal strain was statistically significant, while no significant difference was found 
between the pre- and post-operative configurations. This suggests that surgical valve 
repair improves valve function but does not fully restore physiological strain. 
Previous studies have reported regurgitant systolic strains of ~19% 96, which exceeds 
our values, likely due to differences in material modeling. In contrast, regurgitant in 
vivo human data have shown strains of 10–13% 215, closely matching our results.  

The strain distributions further distinguished the healthy and regurgitant valves. 
FWHM analysis showed similar systolic strain variation across all valves, though 
healthy valves had higher mean values. In diastole, healthy valves displayed lower 
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strain and smaller variation, while regurgitant valves exhibited broader distributions 
with higher average strain values. These localized high-strain zones, patterns 
previously observed in adults 69, may potentially indicate residual biomechanical 
dysfunction. Strain predictions are inherently sensitive to the choice of material 
model and the inclusion of pre-strain 80, underscoring the potential for improved 
accuracy through more advanced material formulations in future work. Elevated 
leaflet strain has been associated with pathology 215 and to disrupt cellular 
homeostasis and tissue remodeling 48, supporting that leaflet strain may serve as an 
indicator of disease through its reflection of adverse hemodynamic loading. 

The chordal forces 
In the healthy valves, simulated chordal forces peaked during systole and were 
negligible during diastole, confirming that chordae provide support during closure 
without restricting valve opening 219. Our results are consistent with prior work on 
healthy valves 152,153,220. In the regurgitant valves, peak systolic forces were lower than 
in the healthy valves and decreased further after surgical repair, reflecting the overall 
reduction in mass flow associated with valve repair 221. Interestingly, diastolic forces 
were observed in four regurgitant valves, which likely stemmed from the exclusion 
of movement and modeled positioning of the papillary muscle heads, restricting the 
leaflet motion. Despite this, the post-operative reduction in forces aligns with in vitro 
findings 222, with computational studies reporting peak systolic forces of 2.6–3.5 N 
at 80–120 mmHg 153,220, while in vitro testing of bovine and human valves yielded 
1.6–5 N at 120 mmHg 223,224. These values scale well with our results. In contrast, 
systolic forces in elderly regurgitant valves (4.5–9.41 N) were reported 225, which are 
higher than our values, likely reflecting differences in valve anatomy, left-heart 
modeling strategies, and ventricular pressures. 

Statistically significant differences in systolic chordal forces were observed between 
healthy and diseased valves. Although diastolic differences were not statistically 
significant, individual force-time curves provided valuable insight. Clinically, 
chordal forces offer insight into pathological loading conditions: elevated systolic 
forces may increase the risk of chordal rupture, while abnormal diastolic forces could 
indicate leaflet tethering and restricted leaflet motion. Further, chordal imbalance 
has been shown to impair leaflet coaptation 225, contributing to regurgitation. Thus, 
chordal force analysis holds promise as a biomechanical marker of valve dysfunction. 
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 Future perspectives 

While this thesis has achieved several important outcomes in relation to its 
overarching aims, several aspects of the work remain to be explored, emphasizing the 
need for continued research. This section discusses the prospective options for model 
development in the near future and discusses the long-term trajectory towards 
clinical implementation.  

6.4.1 Next steps in the model development 

The ideal continuation of this thesis would be to further develop and validate the 
computational model to address the remaining questions highlighted in the previous 
section above. Material testing of diseased mitral valves was beyond the scope of this 
work; however, exploring alternative constitutive models, such as those described in 
Section 3.3.1, would be valuable for assessing their impact on simulation outcomes. 
Another important step would be to incorporate patient-specific contracting 
ventricular geometries. This would allow for evaluation of how ventricular 
contraction influences our simulation results compared to our current model. This 
would enable investigations into valve-ventricle interactions in secondary mitral 
disease, where the valve appears incompetent due to ventricular dysfunction but 
could function normally if ventricular performance were restored. Modeling these 
interactions could help clinicians better understand the extent to which ventricular 
dysfunction affects mitral valve behavior: a relationship that remains challenging to 
assess in clinical practice. Furthermore, incorporating ventricular contraction may 
improve the visual and intuitive appeal of the model for clinical staff, which is an 
important factor for clinical translation. 

Further validation is also required to better understand the model’s accuracy and to 
identify where improvements are most needed. Given the large variability among 
pediatric mitral valve anatomies, blood flow, and pathologies, studies including 
larger patient cohorts are essential to achieve proper statistical rigor. Another 
promising direction would be to segment the mitral valve at multiple time points 
during the cardiac cycle and use image registration to compare simulations with in 
vivo data at multiple time points, providing a more quantitative assessment of valve 
behavior than was possible in this thesis. This would enable a better understanding 
of the simulated valve dynamics and whether another modeling approach is 
necessary.  
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Finally, expanding the scope of mitral regurgitation modeling would be of high 
clinical relevance. While this work successfully simulated repaired mitral 
regurgitations, it would be equally important to investigate unsuccessful repairs that 
ultimately required prosthetic valve replacement. Predicting post-operative valve 
dysfunction would be of great value to clinicians, as it could influence the choice and 
timing of repair strategy. A logical next step would be to perform blinded post-
operative simulations of the already included regurgitant cases and compare 
predicted outcomes to actual surgical results. This would provide critical insight into 
the predictive capacity of the model and identify areas requiring improvement. 
Achieving this milestone would represent a key step toward true clinical 
implementation of patient-specific mitral valve simulations. 

6.4.2 Toward clinical implementation 

Looking ahead, I envision two major long-term goals for this research: achieving 
clinical implementation and expanding the framework to simulate other regions of 
the heart, including more complex (congenital) heart diseases. 

Returning to the central aim of this thesis – to improve surgical planning for children 
with heart disease and thereby increase the likelihood of better surgical outcomes - 
the ultimate milestone must be clinical implementation. Without reaching the clinic, 
the model cannot fulfill its intended purpose. To make this possible, extensive 
validation across larger patient cohorts is essential, as discussed earlier. Equally, 
pathways toward commercialization or streamlining the current pipeline to achieve 
a “plug-and-play” framework needs to be considered, particularly if our model is to 
be adopted beyond the University Hospital in Lund and integrated into broader 
clinical practice. Ensuring that the model is both scientifically robust and translatable 
to clinical practice will be key steps in bridging the gap between research and clinical 
care. 

In parallel, expanding the model beyond the mitral valve and left ventricle presents 
an exciting opportunity. Incorporating the aortic valve, or extending the framework 
to the right side of the heart to study tricuspid and pulmonary valve pathologies 
(which are widely under-explored with FSI), would allow for a more comprehensive 
understanding of valvular disease. Ultimately, this progression could pave the way 
toward whole-heart models capable of simulating highly complex congenital defects, 
such as atrioventricular septal defects with a common atrioventricular valve, which 
is one of the most serious congenital defects. Such advancements would broaden the 
clinical applicability of the simulations and bring the field closer to a holistic, patient-
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specific tool for supporting decision-making in pediatric cardiology and cardiac 
surgery, where it is needed the most. 
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The overall aim of this thesis was to develop a computational framework for pre-
operative simulations using standard clinical assessment data from echocardiography 
for diseased mitral valves to predict the post-operative hemodynamics and valve 
function in children with heart disease. 

Below, the main conclusions of each study (I–V) are summarized. 

I. To establish reliable benchmarking data, a controlled experimental setup was 
developed using a simplified left heart model containing a mitral valve. 
Phantom experiments were performed where the mitral valve dynamics and 
flow behavior were monitored with echocardiography, MRI, and pressure 
probes, generating a comprehensive multimodal dataset for future 
validation of cardiac-inspired simulation models. 

II. A left heart fluid-structure interaction model was presented, and multi-modal 
validation showed error margins small enough for clinical use. The validation 
of the model against phantom data demonstrated small error margins and 
showed that the model could reliably reproduce key diagnostic parameters 
such as pressure gradients, valve opening, and flow behavior under 
physiological conditions in a simplified model. 

III. Patient-specific mitral valve simulations, validated in ten healthy volunteers, 
showed errors small enough for clinical applicability. Fluid-structure 
interaction simulations in ten healthy volunteers, validated against in vivo 
echocardiographic data, captured clinically important parameters, including 
the valvular dynamics and the transvalvular velocity, with errors small 
enough for clinical use.  

IV. Patient-specific mitral regurgitation simulations were conducted pre- and post-
operatively and evaluated against in vivo data. Based on 2D and 3D 

7 Summary and conclusions 
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echocardiography, the FSI model was evaluated against in vivo data using 
clinical diagnostic parameters; overall valvular function, regurgitation grade, 
site of regurgitation, and transvalvular pressure gradient in children with 
mitral regurgitation, demonstrating its ability to capture disease-specific 
features and surgical outcomes 

V. Simulation results of healthy and regurgitant mitral valves were compared to 
identify potentially new diagnostic markers. A statistically significant 
difference was found in healthy and regurgitant mitral valves. The chordal 
forces in diastole were higher for the regurgitant valves than for the healthy 
valves, consistent with leaflet tethering. These biomechanical parameters 
may serve as complementary markers of mitral valve disease, as they capture 
pathological changes unattainable from medical imaging data alone. 
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