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Abstract

Cardiac trabeculae are cylindrical structures characterized by an axial orientation of
myocytes which cover the inner surfaces of both ventricles. They are arranged in a
complex shape, but preferably oriented along the ventricular apico-basal direction.
The trabeculae represent a significant percentage of ventricular mass (12%-17%),
and a value of trabecular mass higher than 20% is considered an index of pathology.
The aim of the thesis is to understand the role of trabeculae on heart performances.
A finite-element model of the left ventricle was developed to simulate the cardiac
cycle (Abaqus® 6.10, SIMULIA, Dassault Systémes). To compare different models
(with or without trabeculae) the ventricle was simplified as a truncated ellipsoid and
the trabeculae, if present, as cylindrical strands laying onto the endocardium
oriented along the ventricular axis. Different trabeculae diameters and mass were
implemented to investigate the influence of these parameters on the model
outcomes. The total muscular mass and the intra-ventricular volume were kept
constant in all models.

The cardiac tissue mechanical behaviour was modelled by an anisotropic
hyperelastic law. The material parameters were optimized to fit the physiologic
pressure-volume relationship during the diastole. Cardiac fibres were oriented
helically in the ventricular wall and along the axial direction in the trabeculae,
according to the literature. The muscular contraction was simulated by increasing
the material stiffness according to the contraction curve of a cardiac fibre secondary
to an intracellular calcium variation. To avoid any rigid motions of the structure,
kinematic boundary conditions were applied at the ventricular base. Physiologic
atrial pressure was set during the ventricular filling phase, while an adequate RCR
model was connected downstream to the ventricle to simulate the systemic
circulation. The results show a significant difference in the ventricular
hemodynamic if the trabeculae are present. The trabeculated model is characterized
by an higher compliance with respect to the “smooth” model. Besides, the end-
diastolic volume and the stroke volume increase with the trabecular mass, while the
trabeculae diameter influences the fibre stress distribution. The ventricular filling is



a fundamental parameter in heart functioning; more than the 50% of the patients
suffering of heart failure symptoms show a normal ejection fraction and are referred
to as diastolic heart failure patients. In this context, the trabeculae can play a
fundamental role, since they significantly contribute to the achievement of a
physiologic end-diastolic volume and, consequently, a physiologic cardiac output.
Furthermore, the myocardial oxygen consumption depends on the cardiac frequency.
Since the trabeculated ventricle is able to guarantee a physiologic cardiac output at
lower heart rate with respect to the smooth ventricle, these results encourage further
studies to investigate a possible enhanced ventricular efficiency determined by the
presence of trabeculae at the endocardium.
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Chapter 1 : INTRODUCTION

THE CARDIAC TRABECULAE

The trabeculae carneae are finger-like muscular structures which cover the
endocardial surfaces of both the right and the left ventricles in the heart. In fact,
they divide the heart wall into two different layers: a compact layer and a “spongy”
layer. In this chapter an introduction about these particular structures will be given.



Chapter 1: The cardiac trabeculae

1.1. ANATOMY AND STRUCTURE

The primary function of the heart is to pump blood into the circulatory system. The
heart is composed of four chambers: the right and left atria, which receive blood
from the body through the veins, and the right and left ventricles, which pump the
blood into the pulmonary and systemic circulation through the arteries.

Atria and ventricles are separated by the atrio-ventricular valves: the mitral valve,
placed between the left atrium and the left ventricle, and the tricuspid valve, which
separates the right atrium and the right ventricle. Other two valves, called semi-lunar
valves, regulate the blood ejected by the ventricles: the aortic valve which allows the
blood to flow from the left ventricle towards the aorta, and the pulmonary valve
which allows the blood to flow from the right ventricle to the pulmonary artery. All
the cardiac valves open and close passively depending on the pressure difference
acting on the valve; their correct functioning is fundamental to ensure a
unidirectional blood flow in the circulatory system.

The heart is a pulsatile pump, and the cardiac cycle consists of two phases: a phase
in which the ventricles are filled by blood, namely the cardiac diastole, and a period
of blood ejection, the cardiac systole. During diastole the blood flows from the atria
into the ventricles, thus inducing the passive ventricular filling. Subsequently, the
ventricles contract, increasing the intra-ventricular pressure and allowing the blood
to be ejected towards the arteries. A physiologic filling of the ventricles is crucial to
guarantee an adequate cardiac output (CO); according to the Frank-Starling law, the
contractile force of myocytes depends on their stretch during the diastolic phase
(preload): the higher the ventricular volume at the end of the diastole (end-diastolic
volume, EDV), the higher the ejected blood volume (stroke volume, SV).

The nourishment of all the cardiac cells is supplied by the coronary circulation,
which originates from the aortic root and empties in the right atrium (Figure 1.1) [1].
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Figure 1.1. Human heart anatomy [2].

The curve which describes the intra-ventricular pressure change against the intra-
ventricular volume variation during the cardiac cycle represents the pressure-volume
relationship (or PV loop) of the ventricle. The PV loop provides fundamental
information about the ventricular performances, highlighting alterations in the
ventricular load conditions and pointing out the presence of different cardiac
pathologies. An example of a physiologic PV loop of the left ventricle is shown in
Figure 1.2; the most significant events which occur during the cardiac cycle are also
described. The PV loop of the right ventricle is characterized by the same trend with
respect to the left ventricular PV loop, but lower values of the ventricular pressure
during the ejection phase. The PV loop area represents the work spent by the
ventricle to eject the blood into the systemic circulation.
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Figure 1.2. Left: the Wiggers diagram shows the left ventricular pressure and volume courses
during the cardiac cycle. The aortic and atrial pressure, the electrocardiogram and
phonocardiogram curves are also shown [1]. Right: Schematic representation of a physiologic
PV loop of the left ventricle. The different phases of the cardiac cycle are indicated: the
ventricular filling phase (A-B), the isovolumetric contraction (B-C), the ejection phase (C-D)
and the isovolumetric relaxation (D-A).

The inner surfaces of all heart chambers are covered by finger-like structures
arranged in a complex network; in the right and left ventricle these muscular
structures are known as trabeculae carneae. The trabeculae preferably arise from the
free wall, namely the portion of the ventricular wall which is not in contact with the
inter-ventricular septum, and insert into the atrio-ventricular ring [3]; thus, the
trabeculae are mainly oriented along the apico-basal direction, but they can be found
in almost any location within either ventricle (Figure 1.3).
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Figure 1.3. Representation of a longitudinal section of a human left ventricle [2].

Depending on their morphology, three different types of ventricular trabeculae have
been classified [4]:

= the “first type trabeculae”, or papillary muscles, are anchored at one end to
the heart wall and protrude towards the ventricular cavity. The chordae
tendineae, which connect the papillary muscles to the mitral and tricuspid
valve, are inserted at the top of these structures (Figure 1.3).

= the “second type trabeculae” are connected to the ventricular wall only at
the terminal ends, in a bridge-like configuration;

= the “third type trabeculae” are anchored longitudinally along the muscular
wall.

The papillary muscles have a specific function in heart mechanics: during
ventricular contraction these muscles tighten the chordae tendineae and contribute to
the coaptation of the atrio-ventricular valves leaflets; for this reason, they are often
not considered as trabeculae, even if their morphology justifies the classification
described above. This thesis focuses on the second and third type trabeculae, thus
from now on the term “trabeculae” will be referred only to these two types of
trabecular structures.

Due to their particular architecture, the trabeculae carneae give to the endocardial
surface of ventricles a characteristic “spongy” aspect, in fact dividing the ventricular
wall into two different layers: a trabeculated layer and a compact layer. During the
diastole, the small invaginations formed by the trabecular network are filled by
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Chapter 1: The cardiac trabeculae

blood, which is expelled during the systolic phase of the cardiac cycle. The spongy
structure of the trabeculated layer cannot be found in any other component of the
circulatory system. Indeed, the luminal layer of blood vessels is extremely smooth in
order to avoid blood stagnation and coagulation, typically promoted by irregular
surfaces.

From a microstructural point of view the trabeculae are roughly homologous with
the ventricular wall. The myocardium is composed for about the 70% of its volume
by parallel cardiac muscle cells, or myocytes, having a diameter which varies
between 10 and 20 um and a length that ranges between 80 and 100 pum. The
fundamental contractile unit in the cardiomyocytes is the sarcomere, which is about
2 pm long. The myocytes are composed by a series of 40-50 sarcomeres, and are
connected one to each other by junctions optimized for the electrical stimuli
conduction (intercalated disks). The cardiomyocytes are embedded in an
extracellular matrix network, which represents the remaining 30% of cardiac muscle
volume, where the collagen molecules (2%-5% of the interstitial components) form
an organized structure connecting laterally the muscle fibres [5-8].

The only documented difference between the compact and the trabeculated
myocardium composition regards the vascularization, which is lower in the
trabeculae. Probably, the direct contact of trabecular myocytes with the blood in the
ventricular cavity allows a higher mass exchange by diffusion; consequently, the
trabecular myocytes are characterized by a lower capillary-to-myocytes ratio [3].

In the ventricular compact wall, the result of this hierarchical tissue organization is a
complex three-dimensional muscular fibre architecture. The characteristic myocytes
arrangement has been known by scientists since the XVI century and represents a
key feature of heart behaviour. In particular, the cardiac fibres organization is the
result of two contributes: a local and a global anisotropy.

The first contribute refers to a variation of the myocytes orientation through the
heart wall thickness. Indeed, the cardiomyocytes are connected such that at any
point in the normal heart wall there is a predominant fibres axis direction that is
approximately tangent to the wall (within 3° to 5° in most regions [9]). This fibre
axis rotates across the wall thickness, with a smooth transmural transition; thus, the
ventricular wall can be seen as a composite of adjacent layers with the main fibres
direction changing across the muscular thickness. In the left ventricle, the fibre angle
varies from epicardium, where the mean angle is about -80° with respect to the
circumferential direction, to the endocardium, where the cardiac fibres are oriented
at about +80° [6, 10, 11] (Figure 1.4); therefore, the myocytes follow a left-handed
helix at the epicardium, are preferentially arranged along the circumferential axis at

18
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the midwall and establish a right-handed helix at the endocardium. This particular
architecture is the source of the heart local anisotropy.

50%

Figure 1.4. Upper figure: reconstruction of a transmural section of the ventricular wall. Lower
figure: five section planes sliced at regular intervals from 10% (epicardium) to 90%
(endocardium) of the wall thickness. Each plane is parallel to the epicardium [11].

The second contribution to the myocytes organization relates to a global anisotropy.
Several studies have revealed a secondary structure of the myocardium, which can
be seen as a unique band of muscle extending from the root of the pulmonary artery
to the root of the aorta. This muscle bundle twists in two loops (apical and basal),
resulting in the helical pattern which defines the two ventricular cavities (Figure 1.5)
[12-14].

Figure 1.5. Structure of the ventricular muscular band. The band turns and twists to generate
the two ventricular cavities [15].
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Chapter 1: The cardiac trabeculae

Focusing on the trabeculated layer, it is important to point out that the myocyte
arrangement doesn’t follow the spiral orientation just described for the compact
myocardium; indeed, in the trabeculae, the cardiac fibres are parallel to the
trabecular axis direction. This feature, together with the implicit assumption that the
trabecular muscular tissue is homologous with the bulk myocardium, is one of the
main reasons why the trabeculae are much favoured by experimentalists for the
study of the ionic, mechanical, and metabolic function of the heart muscle.

Despite this wide use of ventricular trabeculae as experimental model for the
characterization of the myocardial tissue, specific and quantitative information about
the trabeculated layer are almost missing. Recently, some works have been
developed in the literature in this field, mainly referred to a particular pathology
called left ventricular non-compaction (LVNC). The LVNC is a primary
cardiomyopathy of genetic origin which consists in an increase of the trabeculated
layer thickness that can lead to heart failure, trombo-embolism and arrhythmia. The
main criterion for the diagnosis of LVNC is the evaluation of the trabeculated mass
with respect to the total ventricular mass by means of diagnostic imaging techniques
(e.g. echocardiography and cardiac magnetic resonance). The physiologic amount of
trabeculated mass in the left ventricle appears to be between the 12 and 17% of the
total ventricular mass while, although this is not a universally accepted criterion, a
trabeculated mass higher than about 20% of the ventricular mass is considered an
index of pathology. The papillary muscles are usually excluded from this evaluation
because of their specific role in heart behaviour, as mentioned above [16-19].
Hence, in the adult normal heart the second and third type trabeculae represent a
significant percentage of the myocardial muscle mass, and not a mere geometrical
peculiarity.
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Chapter 1: The cardiac trabeculae

1.2. EMBRYONIC TRABECULATION

The emergence of cardiac trabeculae in the ventricular lumen occurs during the
embryonic development of the heart. In the embryonic stage the human heart
evolves from a single peristaltic tube into an optimized four-chambered pulsatile
pump. The level of organization in the heart structure increases with myocardium
performances. The cardiac development involves different processes: growth,
namely the change in myocardial mass, remodelling, the change in properties, and
morphogenesis, the change in shape. During gestation the heart passes through
several stages [20]. In the first days post-fertilization the myocardium, which is the
first operating organ in the embryo, is a tube able to contract and generate a
peristaltic wave. Initially, the tube collapses to avoid blood backflow, but soon after
regional wall thickening, called endocardial cushions, start to behave as primitive
valves, and the unidirectional flow is guaranteed even without a complete closure of
the cardiac tube lumen. The next event in the heart development is cardiac looping:
the myocardial tube bends and twists, laying out in the fundamental pattern of the
four-chambered heart. During the looping process, the ventricular wall is thin, and
the myocytes metabolic needs are supplied completely by diffusion from the heart
lumen. At the same time with the subsequent wall thickening, one critical phase in
the cardiac chamber maturation is the emergence of trabeculation in the luminal
layers of the myocardium. At this stage the heart wall is composed primarily by a
muscular trabeculae network surrounded by a thin epicardial compact layer (Figure
1.6).

0

Figure 1.6. Sagittal dissections of a 41-days human embryo [20]. LA = Left Atrium, Ao =
Aorta, Pu = Pulmonary artery.
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Chapter 1: The cardiac trabeculae

The trabeculated layer architecture is similar to the spongy bone, but growth and
remodelling of muscle and bone tissues are different: whereas bone changes its
morphology by material absorption and deposition due to external and internal
forces, the myocardium variations in mass and orientation of cardiac fibres are
achieved by cellular mechanisms like hyperplasia, hypertrophy and locomation [21].
From a biomechanical point of view the myocardial trabeculation in the embryo has
two major consequences: first, the trabeculae alter the stress distribution in the
muscular wall; second, the blood flows through the inter-trabecular spaces, fulfilling
the metabolic needs of the cardiac cells due to the increased surface area of the
trabeculated myocardium. Therefore, the trabeculated architecture allows the
myocardial mass to grow in the absence of a developed coronary circulation.
Moreover, the shear stresses generated by intramyocardial blood flow might
influence growth and morphogenesis, and the trabeculated pattern can also play a
role in coordinating the electrical stimuli conduction.

After the completion of ventricular septation, further muscular mass increase results
in a re-organization of the trabecular network architecture, which tends to orient in
the apico-basal direction. Then, together with an increased body metabolic demand
and the maturation of coronary circulation, the trabeculae start to coalesce,
becoming the compact myocardium. This compact layer continues to modify and
remodel until the maturation and organization of the adult myocardium is reached.
As mentioned above, the percentage of the remaining trabeculated layer in the
human adult heart is about the 12-17% of the total ventricular mass. This percentage
depends on the species under consideration (for example in the lower vertebrates the
heart is in general heavily trabeculated, while in birds the amount of compact
myocardium is higher and the trabeculae are coarse with respect to the human heart)
but a trabeculated layer is always present in adult animals [20], suggesting a role for
this structural peculiarity in the behaviour of the physiologic heart.

22



Chapter 1: The cardiac trabeculae

1.3. THE ROLE OF CARDIAC TRABECULAE: STATE OF THE ART

In the previous paragraphs the structure and the embryonic genesis of cardiac
trabeculae were described. The main emerging points are that the trabeculae carneae
represent a significant amount of the ventricular mass, which after the compaction of
embryonic trabeculation remains and remodels in a specific pattern; moreover, an
incorrect balance between the compact and the spongy myocardium seems to lead to
cardiac pathology. These indications strongly suggest an influence of the ventricular
trabeculae on heart mechanics. In spite of this evidence, the literature lacks of
quantitative information about the trabecular network architecture and,
consequently, the hypotheses about their possible functions are mainly just
speculations.

During the last decades it was supposed that the arrangement and the microstructural
composition of trabeculated layer could potentially influence different aspects of
ventricular behaviour:

= ventricular fluid-dynamics;

= electrical stimulus conduction;
= ventricular mechanics;

= heart energetics.

In 1975, Burch hypothesised that the trabecular structure could contribute to the loss
of kinetic energy of blood during diastole. Namely, the irregular trabecular surface
would decrease the work necessary to stop the blood flow entering the ventricles,
due to the increased area of the endocardial surfaces. Thus, the contraction force of
heart muscle would only be used to eject blood from the ventricular cavities and no
energy would be spent to reverse the fluid flow direction [22]. In another work,
Burch also highlighted that in a smooth heart the circumferential shortening of the
outer and inner ventricular walls might cause the endocardial surface to wrinkle,
inducing possible injuries to the heart wall; conversely, an irregular internal surface
like the trabeculated should reduce the wrinkling of the sub-endocardial layer during
systole [23].

Otherwise, according to different theories, the cardiac trabeculae should reduce the
flow turbulence during the systolic phase [24], or could have a function similar to
the papillary muscles: during the ejecting period, the contraction of these finger-like
structures could help the closure of the atrio-ventricular valves [25].
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All these assumptions are mainly based on empirical observations, and are not
supported by quantitative data; one of the main reason is that an adequate
identification of the trabecular network by diagnostic imaging, which is the primary
method to analyse and reconstruct the cardiac geometry, is difficult because of the
geometrical complexity of the trabeculated layer.

Only very recently in two different papers, Captur et al. [26] and Moore at al. [27]
have characterized the internal ventricular surfaces using the fractal analysis. Both
studies were aimed at evaluating the changing in fractal dimension of the
endocardial border. In particular, it was found that this dimension varies during the
cardiac cycle, with an increase during diastole and a subsequent decrease during
systole. Since the fractal dimension depends on the size of the inter-trabecular
spaces, a variation in this index is a first quantification of the geometrical changes
that the trabeculated layer undergoes during the heart cycle.

Accordingly, the fluid-dynamic modelling of the interaction between the blood and
the trabeculated surface of the left ventricle has lately shown that the fluid
“entrapped” into the trabeculated layer during diastole is expelled by heart
contraction, helped by trabecular activity that tends to close the inter-trabecular
spaces. This contribution is more evident in case of cardiac pathologies which affect
the ventricular wall kinematics: in the presence of these pathologies the trabecular
contraction is not efficient, and the blood stagnates for a longer period in the spaces
between trabeculae, increasing the risk of coagulation [28].

Moreover, Bishop and Planck have recently developed an anatomically detailed
biventricular computational model of a rabbit heart to understand if the trabeculae
and the papillary muscles could interact with excitation wavefronts during cardiac
arrhythmias [29, 30] (Figure 1.7). The comparison between the complex model with
respect to a simpler model (i.e. a model with no fine-scale geometrical structures)
showed that the overall dynamics of tachyarrhythmias is very similar in the two
cases examined: the inclusion of the trabeculated layer didn’t affect significantly the
model outcomes.
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Chapter 1: The cardiac trabeculae

Figure 1.7 Geometry and a detail of the vector fibres orientation in the papillary muscle of the
rabbit model of Bishop [30].

The results described above are extremely partial and do not allow a satisfactory
understanding of the role of the trabeculae on the ventricular performances. A
complete study should take into account electro-mechanics, fluid-dynamics and
energetics of the ventricles. Nevertheless, the primary heart function of pumping
blood is fundamentally mechanical, hence the study of the mechanical role of the
trabeculae seems to be the foundation of any further investigation.
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Chapter 2: Aims

2.1. MOTIVATIONS

The heart is an essential organ for maintaining human life by providing the blood
with the necessary energy to flow throughout the circulatory system. The study of
heart behaviour is a challenging research field since it requires the understanding of
several mechanisms, i.e., electrophysiology, fluid-dynamics, mechanics and
energetics. The description of each of the events occurring during the heart cycle
involves the complex interaction of all these disciplines, both at a microscopic and a
macroscopic level. In this framework, computational modelling has acquired more
and more relevance, thanks to a dramatic increase in the computational resources
and methods. As a consequence, many simulation studies have been reported in the
literature so far, characterized by a growing integration of different physical
phenomena [31-34].

Within this encouraging context, several aspects of cardiac behaviour are still
unclear, and among these the presence of cardiac trabeculae on the ventricular wall
is almost disregarded. In the previous chapter, an overview of the state of the art
about the influence of the cardiac trabeculae on heart behaviour was made. What
clearly comes to light is that, despite the evidences of a significant contribution of
cardiac trabeculae on the physiologic behaviour of the ventricles, the research about
this peculiarity of the heart structure is surprisingly missing up to now.

At present, the remarkable improvement in medical imaging techniques allows the
reconstruction of patient-specific cardiac geometries which can be integrated in
computational models to study the influence of specific shape features on heart
performance [35-37]. Nevertheless, the geometrical models are usually limited to
the gross heart anatomy: the trabecular network complexity have deterred a deep
investigation of the architecture and characteristics of the trabeculated layer.
Consequently, the role of ventricular trabeculae on heart behaviour is basically still
unknown, as well as the implications of a change in the physiologic trabeculated
layer structure.

The aim of the project was the development of a tool suitable to study the influence
of the trabeculae carneae on ventricular performances. As previously highlighted, a
complete analysis should take into account all the different physics involved in heart
functioning, because the trabeculated layer can play a role in each one of these
mechanisms. Even so, the main goal of the thesis was the investigation of the role of
the cardiac trabeculae exclusively on ventricular mechanics, since the heart is
primarily a pump. The investigation of a possible biomechanical role of trabeculae
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wants to lay the foundations for further studies which will be needed to deepen the
understanding of the influence of trabeculae on heart functions.

2.2 AIMS

In this project a computational model aimed at studying the influence of the cardiac
trabeculae on ventricular mechanics was developed. The specific work target was
the comparison between the behaviour of a trabeculated and a “smooth” ventricle, to
understand the differences induced by the presence of the spongy myocardium on
ventricular performances. A computational approach was adopted in order to
perform a parametric study setting specific model features, like the ventricular
muscular mass and the intra-ventricular cavity volume, for an adequate comparison
within different models. In summary the main objectives of the Ph.D. thesis were:

= to develop two ventricular geometries: a trabeculated model and a smooth
model of the left ventricle, having the same wall muscular mass and an
equal inter-ventricular cavity volume;

= to describe a physiologic cardiac fibres distribution for both the smooth and
the trabeculated model;

= to identify a suitable constitutive relationship for the cardiac tissue and to
optimise the material parameters; the material modelling includes both the
passive and the active myocytes behaviour;

= to define adequate boundary conditions, which comprises the
implementation of a preload and an afterload circuit simulating the
systemic circulation;

= to simulate the entire heart cycle for both the trabeculated and the smooth
model;

= to study the effects induced by the variation of some parameters of interest
of the trabeculated layer (e.g. trabecular mass, size etc.).

According to these main objectives, the thesis organization is described hereinafter.

In Chapter 3 the implementation of the finite element model is explained. In
particular, the ventricular geometries are described in section 3.1, while the
ventricular wall modelling (constitutive relationship and myocytes architecture) is
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presented in section 3.2. In the next sections the boundary conditions and the other
simulation conditions are described.

The results of the computational simulations are shown in Chapter 4. These results
include the comparison between the trabeculated and the smooth model outcomes
(section 4.2), the evaluation of the influence of the trabeculated layer parameters
(section 4.3) and the implication of the presence of the ventricular trabeculae on
heart physiology (section 4.4). Finally, in Chapter 5 the results of the study are
discussed and the conclusions are pointed out.
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Chapter 3 :

COMPUTATIONAL MODEL
OF THE LEFT VENTRICLE

To understand the influence of the cardiac trabeculae on heart performances a finite
element model of the left trabeculated ventricle was implemented. The results
obtained with this model were compared with the outcomes of a smooth ventricular
model having the same muscular mass and intra-ventricular volume. In this chapter
the implementation of these models will be described.



Chapter 3: Computational model of the left ventricle

During the last two decades numerical and computational techniques have assumed
a central role in the interpretation, understanding and simulation of physiological
functions of whole organ systems. This has been possible thanks to the improvement
of computational algorithms and parallel increase in availability of high performance
computing resources, as well as to the collection of new experimental data at the
cell, tissue and organ levels. The study of heart behaviour is one of the field in
which computational modelling can provide greater insight about the organ
physiology and patho-physiology. The anisotropy and non linear behaviour of the
cardiac tissue, as well as the large deformations involved in the heart cycle
simulation, are the main reasons that make the computational approach much
favoured with respect to the analytical approach. Besides, due to the high ventricular
wall-thickness-to-radius ratio, even the most sophisticated thick-walled shell
theories are inadequate to mathematically model the ventricular mechanics [38].
Conversely, numerical modelling allows a better understanding of the complex
mechanisms at the base of cardiac behaviour and can guide the design of new
successful treatment strategies.

In the development of a computational model of ventricular mechanics the main
issues to be considered are: an adequate description of the three-dimensional
geometry and of the structure of the myocardium; the identification of a realistic
constitutive equation, together with a suitable parameters estimation; the formulation
of balance laws and boundary conditions for the solution of the continuum problem.
In the literature, several models have been implemented so far for a deeper
understanding of the ventricular mechanics. Some of these models are based on
biventricular geometries and patient-specific material optimization [35], multi-scale
approaches [33, 39, 40] and fluid-structure interaction to simulate the blood flow
into the ventricle [41].

Despite this, none of these models accounts for the presence of the cardiac
trabeculae at the endocardium. In this work, a finite element model of the left
ventricle specifically designed to study the influence of the trabeculated layer on
ventricular mechanics was developed. The finite element problem was solved by
means of the commercial code Abaqus (Abaqus® 6.10, SIMULIA, Dessault
Systémes.).
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3.1. VENTRICULAR GEOMETRY

From a mechanical point of view, the ventricles are basically thick-walled pressure
vessels, which substantially vary wall thickness and curvature during the cardiac
cycle. The ventricles are the most important chambers in the heart since they pump
the blood in the cardiovascular system; on the contrary, the atria are mainly thin-
walled reservoirs at low pressures, not having a prominent mechanical role. The
right and left ventricles have similar weights at birth, but in an adult individual the
left ventricle represents the major part of the myocardial mass: in fact the left
ventricle provides the distribution of blood into the systemic circulation, which is
characterised by an higher hydraulic resistance with respect to the pulmonary
circulation; thus, the left ventricle works at higher pressure than the right ventricle.
To support this higher pressure, the left ventricle needs a thicker muscular wall and,
consequently, a greater muscular mass. Therefore, in this work only the left ventricle
was modelled.

In order to reveal possible differences in ventricular mechanics due to the spongy
myocardial layer existence, the basic idea was to compare two different models: a
trabeculated model and a smooth model, namely one model with and one without
the trabecular layer. To permit an appropriate comparison between the two cases,
some geometrical parameters were set in the ventricular initial configuration. In
particular:

= the ventricular total mass: the mass of muscle must be equal for both
models as the amount of muscular tissue can affect the ventricular
behaviour in both the systolic and diastolic phase;

= the ventricular cavity volume: for a correct evaluation of ventricular
volume changes, the intra-ventricular volume was set in the initial
configuration.

In order to meet these specification, and to find a good compromise between an
accurate geometrical description and computational costs, the left ventricle was
modelled by an ellipsoidal shape. Actually, the left ventricle anatomy is
characterized by a spatially variable thickness and curvature; the ventricular wall is
thickest near the cardiac base and equator and thinnest near the apex. However, the
gross anatomy of the left ventricle can be well approximated by a thick-walled
ellipsoid of revolution truncated at the base level (Figure 3.1), as suggested by
previous works [42-46]. Thus, this simplified geometry was chosen in both the
smooth and the trabeculated case. The main difference between the two models
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shape is the endocardium morphology: while the inner ventricular surface is
represented by a regular ellipsoid in the smooth configuration, in the trabeculated
model the trabeculae carneae are attached to the endocardial surface. Thus, while the
wall thickness is constant in the smooth geometry, it varies spatially in the presence
of the trabeculae.

The geometrical models were designed by means of the CAD software Rhinoceros
4.0 (McNeel, Seattle, WA, USA). The detailed description of the smooth and the
trabeculated geometries, as well as the models discretization necessary for the finite
element formulation, are presented in the following sections.

®

3.1.1. Smooth model

The ventricular cavity of the smooth model was represented by an axisymmetric
ellipsoidal shape truncated at about 2/3 of the long axis.

To define the ventricular initial configuration, attention should be paid in the
definition of the reference stress free state. Firstly, residual stresses are present in the
ventricular wall at zero pressure; these stresses are the result of the cardiac growing
and remodelling processes, and can affect the wall stress and strains [47]. However,
the experimental evaluation of these residual stresses is not straightforward, and
quantitative data are difficult to be found. Thus, an initial stress free configuration
was considered and the residual wall stresses disregarded.

Secondly, the zero-pressure configuration should be defined. Indeed, at the
beginning of the first simulated cycle the ventricle is characterized by an internal
pressure of 0 mmHg, while the end-systolic pressure is higher than zero. Hence, a
reference ventricular volume at zero-pressure lower than the end-systolic volume
(ESV) was considered. In particular, the ellipsoid describing the smooth endocardial
surface is characterized by a minor semi-axis of 14 mm and a major semi-axis of 57
mm, according to previous works [48-50]. Consequently, the ventricular cavity
volume was set at 43 ml in the initial, stress free configuration. A constant wall
thickness of 9 mm was considered, thus obtaining epicardial minor and major axes
of 23 and 66 mm respectively and a ventricular wall volume of about 93 cm®. The
resulting geometrical model is shown in Figure 3.1.
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Figure 3.1. Geometry of the smooth ventricular model. Left: exterior view. Right: axial
section.

3.1.2. Trabeculated model

The cardiac trabeculae anatomy and structure was discussed in Chapter 1. The
complexity and irregularity of the trabeculated layer architecture make it difficult the
realistic reconstruction of the endocardial surface from e.g. diagnostic images.
Furthermore, a patient-specific geometry doesn’t allow neither a parametric
investigation of the spongy myocardium structure nor a comparison with the smooth
ventricular model at the same ventricular mass and intra-ventricular volume. For
these reasons, the left trabeculated ventricle was basically represented like the
smooth model by an axisymmetric ellipsoidal shape having the same epicardial
minor and major semi-axes (23 mm and 66 mm respectively). To design the
trabeculated pattern keeping constant the intra-ventricular volume and the muscular
mass, a set percentage of the total muscular mass was changed from compact layer
to trabeculae at the endocardium. This variation in the inner surface configuration
induces a thickness decrease in the inter-trabecular spaces and a thickness increase
at the trabeculae. Since the trabeculae are preferentially oriented along the apico-
basal direction in the physiologic case, they were described as cylindrical strands
oriented along the ventricular axis direction, laying onto the endocardium. Hence,
the ventricular trabeculated geometry was simplified in order to allow a parametric
study to be performed (e.g. changing the trabecular diameter), obtaining more
general results without losing the main features of the structure.

In particular, to optimize several aspects of the ventricular model (i.e. the material
parameters, section 3.2.3; the pre and afterload circuit components, section 3.4.1), a
reference trabeculated model was implemented. This model was characterized by a
trabecular mass equal to the 15% of the total muscular mass (about 14 cm?);
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moreover, the trabeculae were oriented in the apico-basal direction and were
characterised by a diameter equal to 4 mm (Figure 3.2). This model was considered
as the model of reference for the comparison with the smooth model, since all the
parameters of the trabeculated layers were set at the physiologic mean value.

(@) (©

Figure 3.2. Trabeculated ventricular model: (a) exterior view, (b) axial section, (c) top view.

Different trabeculated models were implemented to further investigate the influence
of some geometrical parameters of interest on the model outcomes. In particular,
these parameters were:

= the trabecular mass;
= the trabeculae dimension;
= the orientation of trabeculae at the endocardium.

Trabecular mass

As highlighted in section 1.1, the physiologic trabecular mass varies between the
12% and the 17% of the total ventricular mass in a healthy subject, while a
trabecular mass higher of the 20% is usually considered an index of pathology. To
investigate the possible influence of the trabeculated layer mass percentage on
ventricular behaviour, two different trabeculated mass were considered in addition
to the reference one (15%), in particular the 7% and the 22% of the ventricular mass
(Figure 3.3).
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Figure 3.3. Top view of the trabeculated models with a trabecular mass of (a) 7%, (b) 15%
and (c) 22% of the total ventricular mass.

This variation in trabecular mass means a change in the compact wall thickness: the
higher the trabeculated layer mass, the thinner the compact layer depth. Table 3.1
summarises the maximum and minimum wall thickness for all the models.

tmax

Table 3.1. Maximum (tyay) and minimum (t;,) wall thickness for
the smooth and the trabeculated models with different spongy
layer mass.

Smooth 7% 15% 22%
tin [MM] 9 8.2 7.25 6.5
i [MM] 9 10.3 10.45 10.1

Trabeculae dimension

The cardiac trabeculae size is variable in the physiologic left ventricle, but no
specific experimental data are available about their dimensional range. Generally
speaking, in echocardiografic analyses the myocardial trabeculations are identified
as localised protrusions of the endocardial surface with a diameter higher than 3 mm
[18, 51]. To study the influence of the trabecular size only, three different diameters
of the trabeculae were adopted at a constant spongy layer mass percentage of 15%:
5.2 mm, 4 mm and 3.4 mm (Figure 3.4). The compact layer thickness is the same for
all the models (7.25 mm, see Table 3.1), while the maximum wall thickness
decreases if the trabeculae diameter is reduced (Table 3.2). Within each model, all
the trabeculae have the same diameter.
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(@) (b)

Figure 3.4. Top view of the trabeculated models with different diameters of the trabeculae.
The trabecular diameter is equal to (a) 5.2 mm, (b) 4 mm and (c) 3.4 mm.

Table 3.2. Maximum wall thickness (tqax) Of the trabeculated models characterized by
different trabeculae diameter and a trabecular layer mass equal to the 15% of the total mass.

Trabeculae diameter [mm] 5.2 4 3.4
tmax [MM] 11.85 10.45 9.6

Trabeculae orientation

Even if the preferential direction of the cardiac trabeculae is along the ventricular
axial direction, the myocytes orientation at the endocardium, as well as the heart
macrostructure which is the result of the twist of the muscular band (section 1.1),
suggest an inclination of the ventricular trabeculae with respect to the
circumferential direction. For this reason another trabeculated model was developed
to analyse a possible influence of the orientation of the trabeculae. This model is
characterized by an inclination of the trabecular pattern of about 60° at the mid-axis
level with respect to the circumferential direction (Figure 3.5). The choice of this
angular value was indicated by literature works about the cardiac fibres architecture
[10], and by observations on the reconstruction of the ventricular cavity obtained by
laser technique (see Appendix A). The mass of the spongy layer was set at the
physiologic value (15% of the total muscular mass), while the trabeculae have a
diameter of 4 mm.
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(b)

Figure 3.5. (a) Trabeculated model with an inclination of trabeculae of 60° with respect to the
circumferential direction (part of the compact layer was removed for a better view of the
trabeculated pattern); (b) fibres orientation in the left ventricle and short axis MRI slice (the
colouring depends on the fibres orientation) ([52] ,Copyright © 2012, IEEE); (c) laser
reconstruction of the ventricular cavity (see Appendix A). The arrow indicates the trabecular
direction

3.1.3. Discretization

To perform the finite element analyses all the models were discretized. The
geometry discretization is crucial in the implementation of a computational model,
because from this process depend both the convergence and the accuracy of the
solution. Of course, an increased number of elements implies an higher accuracy of
the solution, but higher computational costs too. Thus, the number of element is
always a compromise between this two objectives: precision of the solution and
computational time. In this work, all the models were discretized with 8-node
hexahedral elements by using the software Ansys Meshing® (ANSYS Inc.,
Canonsburg, PA, USA). Linear interpolation functions were chosen since the
presence of fluid elements to model the ventricular cavity (section 3.3) didn’t allow
the use of higher order shape functions. The number of elements for each model was
chosen also considering the fibres orientation in the ventricular wall; indeed, the
ventricle is composed by discrete sheets of parallel myocytes, with a changing fibres
orientation in the wall thickness (section 1.1). Thus, in the compact myocardium an
adequate numbers of “sheets”, namely the number of elements along the wall
thickness, were set to obtain a smooth variation in the myocytes orientation. The
number of sheet was kept as constant as possible among all the models to avoid any
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difference in the fibres orientation of the compact layer. In particular, the number of
sheet is equal to 9 for all the models with the exception of one trabeculated model,
for which a higher number of layers was required. Hence, a number of elements
equal to 18 along the wall thickness was set in this case, such that setting the same
fibre orientation for two sheets in a row the standard number of nine different
myocytes orientation in the ventricular wall was obtained. In Figure 3.6 the mesh of
the smooth model, of one trabeculated model and of the model with oblique
trabeculae are shown. A different number of elements was required for each model;
a higher number of elements was always necessary for the trabeculated models with
respect to the smooth case due to the geometry complexity. In Table 3.1 the number
of elements of all the models is summarized.

? ‘ ‘ ‘
(b) ' ' '
Figure 3.6. Top (a) and axial sections (b) of three discretized ventricular models: the smooth

model (left), the reference trabeculated model with longitudinal trabeculation (centre) and the
model with oblique trabeculae (right).
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Table 3.3. Number of elements of all the implemented models. The mass percentage
represents the mass of the trabeculated layer with respect to the total ventricular mass, while
d; is the cardiac trabeculae diameter.

Model Smooth Trabeculated
Axial trabeculae Oblique
trabeculae
Mass Mass Mass Mass
7% 15% 22% 15%
dt dt dt dt dt dt
10.3mm | 3.4mm 4mm 5.2mm | 10.1mm 4mm
Number
of 17730 81915 144342 | 60921 | 357503 | 159858 147651
elements
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3.2. VENTRICULAR WALL MODELLING

In the mechanical modelling of the cardiac wall, two major features should be
considered for a realistic model response: the peculiar myocytes arrangement in the
ventricular wall and the constitutive relationship for the simulation of the
myocardium mechanical behaviour, which should be defined in an appropriate
theoretical framework for the description of the material stress and strain.

3.2.1. Wall fibres architecture

The cardiac fibres architecture was described in section 1.1. The ventricle is
characterized by a complex three-dimensional structure of the myocytes which
influences various heart functions, including the electrical stimulus conduction and
the ventricular mechanics [53]. The fibrous nature of the heart has been known for
centuries; in 1628 Harvey described in De motu Cordis the functional role of the
cardiac fibres [54], but until the half of the XX century the descriptions were largely
qualitative. After the works of Streeter [10], [46], the first extensive researches
about the orientation of fibres in the canine left ventricle, many studies have been
reported; at present, one of the most powerful method to assess the myocytes
arrangement is the Diffusion Tensor MRI (DT-MRI), a technique that measures the
self-diffusion of protons in fibrous tissues which allows the non-invasive
visualisation and quantification of the myocytes direction in the cardiac wall [52, 55,
56]. What clearly emerged from these studies is that the ventricular wall is
composed of discrete layers (or sheets) of aligned cardiac fibres, which are the
predominant fibre types (~70% of the muscle volume), tightly bound by collagen
endomysial fibres; the perimisial collagen couples the different sheets but allows an
easy sliding of the muscular layers over each other [11, 57]. The orientation of the
muscular sheets changes along the wall thickness, describing a characteristic helical
pattern. In particular, the myocytes orientation is equal to about -80° with respect to
the circumferential direction at the epicardium and reaches about +80° at the
endocardium, with an almost linear variation along the wall thickness [10]. A recent
statistical analyses on the fibres architecture variation in a population of human
hearts has revealed that the fibres orientation is quite preserved between individuals
[52]. The heart muscle layered organization can be described by an orthonormal set
of basis vector which characterize the fibres orientation at each point of ventricular
wall; the first axis fy is referred to the cardiac fibres direction, the second axis sg lies
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in the myocytes sheet plane and is perpendicular to the fibres direction (cross-fibres
axis), and the third axis nq is normal to the sheet plane (Figure 3.7).

Figure 3.7. Schematic representation of the fibres arrangement in the left ventricle (top right)
wall. The myocytes (top left, in red) orientation rotates along the wall thickness. At the
bottom, the interconnection between the sheets is represented: the perymisial collagen
connects the adjacent sheets, while the endomysial collagen bound the myocytes within the
single sheet (adapted from [37]).

To replicate the physiologic fibres architecture in the ventricular models, a routine
was implemented using MATLAB® (The MathWorks, Inc, Natick, MA, USA); the
algorithm assigns at each element of the mesh the orthonormal basis which defines
the myocytes orientation in the reference configuration. To do this, first the
circumferential, radial and axial direction are identified for each element at the
element centroid; then, the circumferential and longitudinal axes are rotated in the
sheet plane to obtain the three axes fy, So, Ng. Since the myocytes orientation is
almost constant along the circumferential and longitudinal direction [55, 56], a
variable cardiac fibres angle was assigned only along the wall thickness in order to
obtain the discrete layers arrangement. In Figure 3.8 the myocytes arrangement is
shown for the different types of model. Note that, as highlighted in section 1.1, the
myocytes in the trabeculae are oriented along the trabecular axis direction. Thus, the
-80°/+80° transmural range was kept constant for the compact layer also in the
trabeculated models, but an axial orientation was established for the trabecular
structures. To ensure un equal number of sheets (namely, an equal number of
different orientations across the wall) between all the models, the radial
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discretization was set by fixing the number of element across the ventricular wall
(see section 3.1.3)

Figure 3.8. Fibres orientation in (a) the smooth model, (b) the reference trabeculated model
and (c) the trabeculated model with oblique trabeculae. The trabeculated layer is coloured in
blue, while the compact layer is grey.

3.2.2. Finite deformation elasticity

Kinematic relations

During the heart cycle, the cardiac tissue undergoes deformations which are higher
than the 20%. When the material is subjected to such large displacements, the
reference configuration is different from the actual configuration; thus, for the
description of the kinematic relations, the finite deformation theory must be used,
since the linearization introduced by the small deformation assumption would lead
to inacceptable errors in the stresses and strains calculation.

Let the reference (undeformed) configuration of a generic body at the reference time
to = 0 be Q,, while Q is the current configuration after the motion of the same
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continuum. The vector X = (X; X,,X3) defines the position of a point in the
reference configuration; the same point in the actual configuration is characterized
by the vector x = (xy,x,,x3). The point vectors in the reference and current
configuration are referred to a common reference system, i.e. an orthonormal basis
fixed for all the time t. The motion equation y is the one-to-one relationship which
maps all the material points from Q, to Q, such that x = y(X,t) Vx € Q. This
relationship represents the continuous, differentiable, invertible trajectory of each
material point. Is then possible to define the deformation gradient Fas

Fo dx(X,t) _dx
T X dx

(CRY)

The Jacobian of the transformation | = det(F) (3.2) is known as the volume ratio,
and it describes the volume body changes during the deformation process. Since F is
invertible, J # 0; moreover, because of the impenetrability matter, negative volumes
are rejected, thus J > 0 for all X € Q, and for all the ¢ If ] = 1, there are no volume
changes between the reference and the current configuration, and the material is
incompressible.

In general, F has nine components for each time t, and it defines how a line element
in the undeformed configuration dX changes in the current configuration to the
corresponding line element dx. The deformation gradient can be split into two
contributes: a rotational component and a stretch component. Hence, it can be
written that F = RU, where R is the orthogonal rotation tensor and U is the
symmetric positive definite stretch tensor. It’s important to highlight that U contains
all the information about the body strains, without considering the rigid body
motions. Conversely, F is in general non-symmetric and contains both the material
strains and rigid rotations, so other quantities are usually defined to describe the
body deformation. In particular, deriving the right Cauchy-Green tensor by C =
FTF, a symmetric and positive definite deformation tensor is obtained. Now the
Green-Lagrange strain tensor E can be written as

1 1
E= E(FTF—I) =5(C-D
(33)
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where I is the second order identity tensor. Note that if € = I the line element is
unstretched and there is no relative motion of material points under y.
Consequently, the E vanishes and the body doesn’t change in size and shape.

There are three invariants of C, namely three linear combination of the components
of €, which don’t change under coordinate rotation at a fixed state of deformation:

I, = trC I, = >[I — tr(€?)] Iy = detC

(34)
These quantities are useful in the definition of the material constitutive law.

Stress measures

Consider the body at a certain time t under the action of internal and external forces
on the volume ¥ and on the body surface 6Q; let the body be cut by a plane that
passes through a generic point x € Q.

The plane separates the body into two parts; focusing on one of these parts, the
infinitesimal surface ds which surrounds the point x is characterized by a vector
normal to the surface n. An infinitesimal actual force df acts on the surface ds; this
force is the result of the interaction of the two portions across the plane surface. The
quantities x, n and ds in the deformed, current configuration are indicated as X, N
and dS in the reference, undeformed configuration. Thus, for every surface element,
holds the relation

df = tds = TdS
(3.5)
where

t=t(xtn) T=T(XtN)
(3.6)

In these equations, t represents the Cauchy (or true) traction vector, referred to the

actual configuration, while T is the first Piola-Kirchhoff traction vector, described
with respect to the reference configuration (Figure 3.9).
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e3=E;

Figure 3.9. Schematic representation of the traction vectors in the reference and actual
configuration.

In addition, for the Cauchy’s stress theorem, it is possible to write

t=t(x,t,n) =axt)n T=TX,t,N)=P(X,t)
3.7)

where a is the symmetric tensor field called Cauchy (or true) stress tensor and P
denotes the first Piola-Kirchhoff (or nominal) stress tensor, which is in general non
symmetric. These two tensors are related by the transformation P = JoF~T , where J
has been defined in Eq. (3.2); this relationship enables to switch from the true to the
nominal stress tensor. Many other definitions of the stress tensor exist; two of the
most used are the Kirchhoff’s tensor T, defined as T = Jo , and the second Piola-
Kirchhoff stress tensor S, equal to § = F~1P. The second Piola-Kirchoff stress
tensor does not admit a physical interpretation, but is convenient because, instead of
P, it is a symmetric tensor.

Hyperelasticity

The kinematic and stress relations just described, as well as the balance principles
for the formulation of the continuum problem, are at the base of any mechanical
problem and are valid for all types of materials. To solve a specific problem, the
description of the peculiar material behaviour, namely the constitutive law, is
needed. The hyperelastic constitutive theory is an ideal framework for the definition
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of the mechanical response of the cardiac tissue, even if, like all the constitutive
relationships, it is an approximation of the real material behaviour under some
conditions of interest. The definition of a hyperelastic material postulate the
existence of a Helmholtz free energy function i defined for unit volume. If ¢ =
Y(F), than the Helmholtz energy is referred to as strain energy function;
equivalently is possible to write the strain energy function considering the Cauchy-
Green tensor as argument (3 = ¥ (C€)). The hyperelastic materials set is a subclass
of the elastic materials set for which the material stress can be calculated by deriving
the strain energy with respect to the material deformation gradient

_0Y(F)
P=—3r
(3.8)
or alternatively
_OY(E) __9yP(C)
S="%F ~*ac -
(3.9)
Also, is possible to write the decoupled form of the strain energy function as
Y= lpvol(]) + Ipdev(z)
(3.10)

where the first term relates to a volumetric part while the second term refers to a
deviatoric (isochoric) part. C is the modified Cauchy-Green tensor, which is equal to

c=J"sc .
(3.11)
In addition, the deviatoric part of the strain energy can be further divided as
Yaev = Yiso (E) *+ Yaniso (E)
(3.12)

in the sum of an isotropic and an anisotropic part. For incompressible materials, as
mentioned above, ] = 1; these materials are called constrained materials. A generic
constitutive equations of an incompressible material has the form
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Yy=¢yF)-p(J-1)
(3.13)

where p is an indeterminate Lagrange multiplier which can be defined as hydrostatic
pressure. The calculation of p is possible only by means of the equilibrium
equations and the boundary conditions.

Referring to Eq. (3.8) and (3.9), and known that ¢ = J"FSFT, the Cauchy stress
tensor for an hyperelastic incompressible material can be derived as

il
G—Fﬁ—pl .

(3.14)

To characterize the material response, each one of the term which constitutes the
strain energy function must be specialized for the peculiar material under
examination. In the following section the specialisation of the strain energy for the
cardiac tissue will be described.

For a complete treatment of the finite hyperelasticity theory see ‘“Nonlinear solid
mechanics” by Holzapfel [58].

3.2.3. Constitutive model for the cardiac tissue

The myocardium, like most of the biological tissues, exhibits an highly non-linear,
anisotropic stress-strain behaviour. In particular, the stiffness of the material is
higher in the cardiac fibres direction (f,, see Figure 3.7), with respect to the other
two directions (So and ng) [59-61]. To model the mechanical response of the
myocardium, several features of the cardiac muscle should be considered. First, the
cardiac tissue is characterized by both a passive and an active behaviour; thus, to
model the diastolic and the systolic phase of the heart cycle, both the passive tissue
behaviour as well as its active contraction must be modelled by an adequate
constitutive relationship. Second, the material parameters of the constitutive law
must be identified to obtain a realistic material deformation against physiologic load
conditions. Finally, the structure behaviour must be considered: the material
optimization should lead to a realistic ventricular response in terms of pressure-
volume relationship, as well as stress and strains in the cardiac wall.

In the literature several constitutive laws have been proposed for cardiac tissue
modelling, starting from elastic, isotropic laws in the first models of the ventricle
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[62] to orthotropic relationships in the most recent works [37, 63, 64]. Despite this, a
full characterization of this biologic material has not been reached yet. The available
experimental data usually come from standard mechanical tests (uniaxial [61], bi-
axial [59] or shear tests [60]), which do not reproduce the in-vivo state of stress and
strain of the material. Also, all these tests have been performed on ex-vivo
myocardial specimens. But, soon after death, the rigor mortis causes a stiffening of
the cardiac muscle which can influence the test results. For these reasons some
recent works proposed an in-vivo material characterization using essentially cardiac
imaging techniques, but, even if this seems the most powerful way, a standard and
reliable method has not been defined yet [65, 66].

In this work, some assumptions were made to simplify the myocardium modelling
without disregarding the main features of the cardiac tissue. First of all, the
ventricular wall was considered as made of an incompressible material. In fact, the
main constituent of the heart cells and the extra-cellular fluid is the water. The
volume changes in the ventricular wall viewed as a continuum are due mainly to the
fluid shift in the coronary vessels: during the diastole, blood flows into the coronary
system thus producing an increase in the muscular volume; conversely, during the
systole blood is squeezed out from the coronary vessels by the heart contraction, and
the muscular volume decreases. But, since the coronary system modelling is out of
the aims of the present thesis, the approximation of an incompressible material is
justified, as in the majority of the literature works.

Furthermore, the application of the hyperelastic theory do not consider the
viscoelastic properties of the myocardium. In fact, even if a viscoelastic behaviour
of the cardiac tissue is present, it is not significant for the time range of the heart
cycle, which is small with respect to the relaxation time [60, 67]. Also, the available
data are very few, thus encouraging to treat the material as elastic.

Finally, for the cardiac tissue a transversely isotropic constitutive law was
considered. Actually, the literature experimental findings suggest for the
myocardium an orthotropic behaviour [60]; the orthotropic characteristic of the
cardiac tissue is also suggested by the tissue microstructure, where the collagen
fibres show different arrangement in the sy and ng directions (section 3.2.1, Figure
3.7). Nevertheless, the main features of the myocardium are well represented also by
a transversely isotropic material. In addition, the identification of the material
parameters is critical and not always supported by an adequate number of
experimental data. The choice of a transversely isotropic material allows the
optimization of the less possible number of parameters getting the characteristic
stiffening in the myocytes direction.
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In the following sections the specification of the strain energy function for the
passive and the active behaviour of the cardiac tissue will be presented, as well as
the parameters identification.

Passive behaviour of the myocardium

The strain energy function selected to model the cardiac tissue was derived from
Gasser, Ogden and Holzapfel [68]. The formulation of the strain energy is based on
the invariants theory [69]. To model the anisotropic behaviour of the material, in
addition to the three isotropic invariants described in Eq. (3.3), an additional quasi-
invariant is needed. This quantity is related to the transverse isotropy of the
myocardium, where the preferential direction along the myocytes axis, denoted as
fo in the reference configuration, is present. Let the fourth invariant of C be

Iy = fo.(Cfo)
(3.15)

Note that this invariant is not affected if the fibres axis is reversed (—f,). In the
invariant formulation, the strain energy function depends from a list of invariants
Y =y, 1, ..., Iy); hence, Eg. (3.10) can be expanded as

N
oY al;
o=F Z a—hﬁ—pl

i=1,i#3

(3.16)

with the index 3 omitted from the summation because the material is
incompressible.

Following Eqg. (3.13), the deviatoric part of the strain energy is equal to the sum of
an isotropic and an anisotropic contribution; the isotropic term refers to the collagen
matrix which bounds the myocytes, while the anisotropic term refers to the
myocytes mechanical contribution. Thus, the specialized forms of the two terms are
equal to

Yiso = Cro(l; = 3) Vaniso = 5= lexplko(l — D2 1}
(3.17)

51



Chapter 3: Computational model of the left ventricle

where I; and I, are the first and fourth invariants of C respectively, and C,,, k4, k
are the constitutive law parameters to identify. Note that the fibres contribution is
active only if the fibres are stretched, while there is no anisotropic contribution if the
fibres are compressed and the only isotropic matrix responds. The procedure used to
assign the fibres orientation to the ventricular wall (section 3.2.1) basically defined
the vector f, which influences the material behaviour through the fourth invariant
L.

A formulation of this constitutive relationship is already implemented in the
commercial code Abaqus. In Abaqus, a more complete equation of the Holzapfel-
Ogden anisotropic model is available. In particular, the anisotropic part of the strain
energy function is written as:

N
k —
Waniso = Z—,jz;{exp[kz (B = 1] - 1)

(3.18)

(Eq) = k(I; —3) + (1 = 3k)(I4,, — 1)
(3.19)

In Eqg. (3.18) the summation over the index i allows the possible presence of more
than one family of fibres; all the fibre families have the same mechanical properties
(i.e. the same k4, k,) but can be characterized by different orientations, specified in
the fourth invariant. In the myocardium, only one family of cardiac fibres was
considered and the myocytes orientation was changed assigning at each layer of the
ventricular wall a different fibre axis fo (section 3.2.1). In this way it is possible to
reproduce a realistic tissue structure, which exhibits one myocytes preferential
orientation within each muscular sheet only. Moreover, the term (E,) takes into
account a potential dispersion of the fibre around the axis f. Since the myocytes are
essentially aligned in the muscular sheet this parameter was set to zero, meaning no
fibres dispersion around the preferential direction. Hence, with these additional
hypotheses, the anisotropic contribution of the strain energy function described by
Eqg. (3.17) was obtained.

Once the mathematical description of the material mechanical behaviour has been
defined, the identification of the material parameters is required. The optimization of
the coefficients C;,, k4, k, was initially based on experimental literature data. In
particular, the uniaxial mechanical tests performed on myocardium specimens by
Ghaemi et al. [61] were considered. In the work of Ghaemi et al. ventricular wall
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samples of 5x5x0.15 mm were cut from bovine heart and tested under uniaxial and
bi-axial load conditions. A specific protocol was developed by the authors to ensure
the identification of the material preferential direction, i.e. the myocytes orientation.

To fit the material coefficients on the stress-strain curves obtained by Gahemi et al.,
a routine was implemented in Matlab. In the algorithm, the explicit mathematical
expression of the stress in the load direction was obtained for a uniaxial traction tests
performed on a specimen with perfectly aligned myocytes. In particular, if the
displacement is applied in the fibres direction f, the stress in that direction has the
form

1 2 2
o = =P +2C10(1% — 3 (12 + ) + 2ks (22 ~ Dexplhy (A2 = |G 42)
(3.20)

where A is the applied stretch and p is calculated by imposing o, = o,, = 0. Instead,
if the displacement is applied in a direction perpendicular to the fibres like sy, the
stress in the load direction is equal to

=—-p+2C /12—3/12+E
Os p 10( 3( /1))
(3.21)

In Figure 3.10 a schematic representation of the two types of uniaxial tests modelled
is given.

fo So

(@) (b)
1 1
n?)_)So no‘)_;fo g

Figure 3.10. Schematic representation of the two types of simulated uniaxial tests: (a) the
displacement is applied in the fibres direction; (b) the displacement is applied in the direction
perpendicular to the fibres.
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Given the explicit forms of the stress, the material parameters were identified by
fitting the experimental stress-strain relationships in the fibre and cross-fibre
direction based on literature uniaxial traction tests. The resulting coefficients values
are reported in Table 3.4. Figure 3.11 shows the experimental and modelled material
response.

0.04
—model fibre -
o experimental fibre Table 3.4. Material parameterss
003 | —model cross-fibre : obtained by flttlng_ the constitutive
’ e experimental cross-fibre model on the experimental data from
= Ghaemi et al. [61].
o
0.02
% Parameter Value
C1o [KPQ] 0.2
001 k, [kPa] 3.1
k, [-] 5.35
0 se-e
1.00 1.10 1.20 1.30
A

Figure 3.11. Stress-strain relationship based on
experimental data [61] (dots) and model results
(solid line) in the fibre direction f, and in the cross-
fibre direction s,.

After the coefficients identification, the simulation of the ventricular diastole with
the reference trabeculated model (section 3.1.2) was performed to validate the
parameter estimation. Even if the material fitted quite well the experimental
findings, the passive pressure-volume relationship didn’t show an adequate
behaviour. In particular, the resultant ventricular compliance was low with respect to
the physiologic, and at a normal diastolic intra-ventricular pressure did not
correspond a sufficient ventricular filling. The ventricular model was stiffer than the
physiologic ventricle and even of a pathologic ventricle (Figure 3.12).
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Figure 3.12. Experimental diastolic PV relationship of a healthy subject and of a heart failure
patient [70], compared with the PV curve obtained by the simulation of the filling phase of
the reference model characterized by the material parameters showed in Table 3.4.

Thus, a subsequent modification of the identified parameters was performed. Indeed,
a realistic hemodynamic behaviour of the ventricle is fundamental for a correct
evaluation of the differences induced by the presence of trabeculae at the
endocardium, which is the main aim of this work. Starting from the coefficients
values presented in Table 3.4, the parameters were scaled in order to obtain a
physiologic ventricular compliance. A similar approach was recently adopted also
by Krishnamurthy et al. [35]. Table 3.5 shows the scaled parameters values; note
that a physiologic compliance was obtained by changing only the parameters related
to the cardiac fibres. The scaled parameters were used to perform all the simulations,
thus from now on, any reference to the material parameters will be related to the
scaled parameters. Figure 3.13 shows the pressure-volume relationship of the
trabeculated ventricle in diastole obtained with the two different set of parameters
with respect to the experimental physiologic passive ventricular behaviour.

Table 3.5. Fitted and scaled parameters values.

Parameter Fitted Value Scaled Value
C1o [kPa] 0.2 0.2
k, [kPa] 3.1 1

k; [-] 5.35 2
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Figure 3.13. Experimental diastolic PV relationship of a healthy subject [70] compared with
the PV curve obtained by the simulation of filling phase of the reference model characterized
by the material parameters showed in Table 3.5.

Active behaviour of the myocardium

During the systolic phase, the myocytes generate a contractile force secondary to an
electrical stimulus. Normally, the electrical stimulus originates in the sino-atrial
node, which lies between the superior vena cava and the right atrium (see Figure
1.1), and then propagates in all the cardiac chambers following a preferential pattern
along the conduction system. While the membrane depolarization wave propagates,
it causes the myocytes to be flooded by extracellular calcium, which regulates and
sustains the contraction of the cardiac muscular cells; meanwhile, the extracellular
matrix is passively subjected to the fibres contraction. The cardiomyocytes
contraction produces, at a microscopic level, the fibres shortening and the stress
increasing along the myocytes longitudinal axis; at a macroscopic level, these
phenomena cause the blood to be ejected from the ventricle and the generation of the
cardiac output. More in detail, the ventricular systole consists of different phases:
the isovolumetric contraction phase is characterized by the muscular contraction
without blood ejection, since both the inlet and outlet valves are closed. The intra-
ventricular pressure increases, until the semi-lunar valves open to allow the blood
ejection. This event marks the start of the systolic ejection phase, which concludes
when the semi-lunar valves close secondary to a ventricular pressure fall
(isovolumetric relaxation phase). After, the atrio-ventricular valves open,
determining the beginning of the following heart cycle. Thus, to reproduce the
ventricular systolic phase, two aspects must be considered: first, the myocytes
contraction at the microstructural level; second, the presence of the fluid and the
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cardiac valves which change the boundary conditions, contributing to the ventricular
pressure and volume variation. In this section only the implementation of the
material contraction is described, while the fluid cavity and the valves modelling
will be presented in section 3.3 and 3.4.1.

As previously mentioned, the cardiomyocytes contraction produces an increase in
the stress in the fibres axis and a shortening of the cardiac muscular cells. To take
into account the muscular contraction, different approaches have been used in the
literature. The most common is to add a contractile force in the stress tensor in the
reference or current configuration (active stress model). This force is the result of
the local electrophysiology on the cellular level [34, 37, 71]. In this work a different
approach was adopted, similar to the one presented by Taber et al. [72]. In fact, the
myocytes contraction and the consequent increase in stress was simulated by a
stiffening of the material; this stiffening was obtained by changing the material
parameters during the systolic phase. In particular, during the diastolic phase the
material coefficients are constant and equal to the passive parameters. At the
beginning of the systole there is an increase in the parameter values, which reach the
maximum at about the 35% of the cardiac systole. Subsequently, these values
decrease, returning to their initial values at the end of the systolic phase. The
variation in the material coefficients follows the curve shown in Figure 3.14.
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Figure 3.14. Percentage variation of material parameters during the systolic phase.

This curve was chosen with reference to the curve of force generated by a cardiac
fibre due to an intracellular calcium variation [73]. The parameters change was
imposed simultaneously to the whole ventricle, thus all the ventricular muscle
contracts at the same time. Actually, the depolarization wave propagates with time,
but this propagation is so fast in the ventricles that the heart is usually referred as a
functional syncytium. Thus, for the aim of the present work, a simultaneous
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contraction of the whole structure was considered. Finally, the maximum material
parameters in the systolic phase were found. In particular, the maximum coefficients
values were chosen to obtain a physiologic torsional behaviour of the ventricle. The
ventricular torsion is the mutual rotation of the ventricular base and apex (like the
“the wringing of a linen cloth to squeeze out the water” [74]) which characterises the
ventricular behaviour during systole. A positive torsion means a counter-clockwise
rotation of the apex with respect to the base, viewing the ventricle from the apex
(Figure 3.15).

Figure 3.15. Schematic representation of the ventricular twist. The ventricular torsion is
defined as the difference between the apex angle of rotation (o) and the base angle of rotation
(B) with respect to the ventricular axis.

The cardiac torsion is due to the fine interconnection of the cardiac wall
components, and several studies have highlighted the sensitivity of this index to
alterations in the wall mechanics [75-77]. Hence, a physiologic torsional behaviour,
together with a physiologic pressure course, were considered as reliable indicators of
the ventricular systolic modelling accuracy. The optimized diastolic and systolic
maximum material parameters are shown in Table 3.6. The contraction force is
mainly due to the stiffening of the myocytes, as reflected by the increase of the
coefficient k;.

Table 3.6. Diastolic and maximum systolic material parameters values.

Parameter Diastolic Value Maximum systolic value
C1o [kPa] 0.2 6
k, [kPa] 1 150

k; [-] 2 2
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3.3. VENTRICULAR CAVITY MODELLING

The basic mechanical parameters of the cardiac pump are the ventricular pressure
and volume. The variations of these quantities during the heart cycle are due to the
cardiac passive and active behaviour and to the boundary conditions. From the point
of view of wall mechanics, the main boundary condition is the ventricular pressure,
which depends both to the ventricular inward and outward fluid and to the muscular
activity. To realistically model the pressure and volume variations in the ventricular
cavity, a model of the ventricle should account also for the presence of the fluid in
the cavity itself. The software Abaqus allows the simulation of fluid-filled cavities
by means of a special type of elements called hydrostatic fluid elements. These
elements provide the coupling between the deformation of the fluid-filled structure
and the pressure exerted by the contained fluid on the boundary of the cavity. Hence,
it is possible to model the mutual interaction of the ventricular cavity volume and
pressure, as well to obtain the PV relationship of the ventricle. The hydrostatic fluid
elements can be used only if the pressure and the temperature in the fluid cavity are
uniform. Thus, any pressure gradient in the ventricle is disregarded. The hydrostatic
elements are surface elements which cover the surface of the fluid-filled cavity.
Some constraints have to be respected for a correct evaluation of the cavity volume.
First, the fluid cavity must be closed. Hence, in all the models a surface was add at
the ventricular base to close the fluid cavity. Further, where the cavity is delimited
by structural elements, the hydrostatic elements must share the same node with the
structural elements themselves, to allow the coupling between the displacement of
the structure and the cavity volume change. In Figure 3.16, the ventricular fluid
cavity is shown for the smooth and for a trabeculated model. Note that the node
sharing was obtained by maintaining the same discretization for the ventricular inner
surface and for the cavity.

(@) (b)

Figure 3.16. Axial section of the ventricular model (left) and ventricular fluid cavity only
(right) for the smooth (a) and the trabeculated model(b).

59



Chapter 3: Computational model of the left ventricle

The fluid cavity volume is computed by the software through the definition of a
reference node inside the cavity. Connecting the nodes which describe the cavity
elements to the reference node, the hydrostatic fluid elements are no more surfaces
but volumes, pyramidal elements. Furthermore, the element nodes must be
connected such that the positive normal to the element surface points into the cavity.
The positive normal is defined by the right-hand rule (Figure 3.17).

cavity reference node

Figure 3.17. Definition of a hydrostatic fluid element. The element nodes are enumerated such
that the normal to the element (red arrow) pointed into the cavity. The volume is calculated by
connecting all the element nodes to the cavity reference node.

For a faster implementation of the fluid cavities respecting all the described
specifications a Matlab routine was developed. The routine implements the fluid
element cavity having the nodes defined by the discretization of the ventricular
endocardium as input.

The fluid was considered as incompressible, thus the fluid volume V doesn’t depend
on fluid pressure.

v _,
ap_

(3.22)

The total fluid volume is the sum of the volumes of all the elements which constitute
the cavity. Hence, to obtain V, the calculation of the volume of each element is
needed. Let the element volume be V. The coordinates x of any point in the element
depend on the nodal coordinates x" and on the interpolation functions for the base
of the pyramid NV, expressed in terms of the parametric coordinates g and h
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x= ) NV(g,h)x" .
2
(3.23)

The infinitesimal volume dV associated to an infinitesimal area dA with normal n is
given by

1
dv =§(xR —x)-ndA

(3.24)
where
dA—( xxax>d dh
nea=\ag "9
(3.25)
ox Ny a_x:ZaNNxN
ag ag oh ~ £ oh
(3.26)

and x; are the coordinates of the reference node. The element volume is then
obtained by integration

(3.27)

where the relative position ¥ = (x — xz) has been defined. The variation in the
element volume are consequently obtained by

P JHJH 1[8_ (afxaf)_i_ _ (66?)(024_6?)(06?)]‘1 dh
e=) ), 731" g ag) T* ag “on " ag " an )10
(3.28)
The hydrostatic elements also allow the modelling of a flow exchange between fluid
cavities, which is useful in the definition of the preload and afterload circuits

(section 3.4.1) and to simulate the diastolic and systolic blood flow. The cavities are
characterized by their reference node, and the fluid transfer is possible by defining

61



Chapter 3: Computational model of the left ventricle

an element, called fluid link element, that connects the two reference nodes. The
cavities can be physical entities, like the ventricle, or can be represented only by the
reference node, where it is possible to apply pressure boundary conditions. The fluid
mass flow q in the link element is considered as a homogeneous function of the
pressure difference between the two cavities. Let the two cavities be identified by
the indexes 1 and 2; the fluid mass variation Am can be formulated as

Am = q(Ap)At
(3.29)

where Ap = p,; — p, is the pressure difference between the cavities and At is the
time interval.

The fluid mass variation in a cavity due to the inflow or outflow is converted into a
volume variation by means of the fluid density p:

AVy; = —Am/p, AV, = Am/p,
(3.30)

The fluid density was kept constant for all the cavities involved, and equal to 1000
kg/m?®. After the implementation of the fluid cavities, the only factor to be specified
is the relationship between the mass flow rate and the cavities pressure difference
q(Ap). These function can be defined fixing some points of the function; a linear
interpolation between the given values is considered.

For a detailed treatment refers to Abaqus Documentation [78].
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3.4. BOUNDARY CONDITIONS

During the beat, the heart is subjected to the action of various structures which
surround the cardiac cavity and are connected to the heart itself. For example, the
cardiac skeleton, the pericardial sac and the great vessels that originate from the
heart chambers can influence the ventricular movements, limiting and constraining
the heart displacements. In addition, the ventricular pressure depends on the
ventricular preload and afterload, which consequently affects the performances of
the ventricle. For an adequate model response, the modelling of both kinematic and
pressure boundary conditions are needed. In the following sections the ventricular
preload and afterload modelling as well as the kinematic constraints applied to the
ventricular model are presented.

3.4.1. Preload and afterload circuits

In section 3.3 the ventricular cavity modelling has been described. The hydrostatic
elements allow the simulation of a fluid at uniform pressure in the ventricular cavity.
Since these elements permit also the simulation of a blood inflow and outflow from
the fluid cavity, they were used to implement a preload and an afterload circuit for
the ventricle. In particular, the modelling of a preload circuit is fundamental for the
simulation of the diastolic phase, while an afterload circuit is needed for the
simulation of the systolic phase.

During the cardiac diastole, the ventricular filling is due to the inflow of blood in the
ventricle secondary to a pressure difference between the atrium and the intra-
ventricular cavity. The mitral valve regulates this blood transition, ensuring a
unidirectional flow from the left atrium to the left ventricle. Since just a functional
modelling is desired, the complete modelling of the atrium and the valve structures
is not necessary; thus, the atrium cavity was represented only by a reference node at
a constant pressure. The atrium and the ventricular cavity were connected by a fluid
link element, and the fluid flow was regulated by the function g — Ap showed in
Figure 3.18; Ap = p, — p,, Where p, is the intra-ventricular pressure and p,
represents the atrial pressure.
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Figure 3.18. g — Ap relationship defined at the fluid link element which regulates the blood
flow from the atrium to the ventricle.

The linear relationship between pressure difference and flow simulates a linear
resistance placed between the ventricular and the atrial cavity (Figure 3.19). This
resistance represents the mitral resistance to blood flow. The unidirectional flow was
set by imposing zero flow for negative pressure difference. The left atrium reference
node pressure was initialized at 5.25 mmHg during the first diastole and kept at this
constant value for all the subsequent cycles. The ventricular filling starts when the
intra-ventricular pressure drops under the atrial pressure; soon after the beginning of
ventricular contraction the rising of the ventricular pressure above the atrial pressure
value causes the stop of the inflow from the atrium, and establishes the end of the
diastole.

Systolic phase is characterized by the myocytes contraction, which increases the
ventricular pressure generating the cardiac output. The blood outflow depends on the
characteristics of the systemic circulation, which includes the aorta and all the
downstream vessels. If the afterload conditions change (e.g. an increase in the aortic
pressure), this variation affects the ventricular pressure, and the ventricle adapts its
performance to obtain a physiologic cardiac output. To model the afterload, a circuit
composed by a resistance which represents the aortic resistance, in series with the
parallel of a resistance and a compliance was developed (Figure 3.19). The parallel
of a resistance and a compliance models in a simple but effective way the systemic
circulation. Since Abaqus doesn’t allow the mathematical modelling of compliances,
the systemic compliant element was structurally implemented by defining a sphere
of adequate diameter and stiffness [79]. This sphere is composed by shell elements
with a thickness of 5 mm consisting of an isotropic elastic material; hydrostatic fluid
elements were also add to model a fluid cavity. To guarantee a constant value of the
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compliance, the sphere dimensioning was performed under the hypothesis of small
deformation (radius variation during the cardiac cycle lower than 1%). The resulting
sphere diameter is equal to 208 mm, while the material young modulus and
Poisson’s coefficient are equal to 12 MPa and 0.3, respectively. To avoid rigid body
motions of the sphere, an encastre was set at a single node of the structure. The
circuit resistances and flow unidirectionality were modelled, similar to the preload
circuit, by imposing a suitable piecewise linear function Ap — q between the fluid
cavities. Note that, besides the left atrium and the sphere cavities, the definition of
another fluid cavity reference node was necessary to model the right atrium. The
right atrium pressure was set at a constant value of 5 mmHg. Moreover, in the first
simulated cycle the compliance cavity pressure was initialized at 80 mmHg in order
to have a suitable ventricular downstream pressure during the first systole; this
boundary condition was removed after the first cycle.

Pra

Figure 3.19. Electric analogue of the ventricular preload and afterload. (P_s=left atrium
pressure; Pra=right atrium pressure).

The values of the resistive and compliant elements in the two circuits were
optimized in order to obtain physiologic pressure curves in the ventricular and
systemic compliance cavity reference node. The resulting values are consistent with
the literature experimental data [80]. Referring to Figure 3.19, the pre and afterload
circuit parameters values are summarized in Table 3.7.
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Table 3.7. Resistances and compliance values of the preload (R;) and afterload (R, Rs, C)
circuit (see Figure 3.20).

Ry R, Rs C
[mmHg*min/I] [mmHg*min/l] [mmHg*min/l] [I/mmHg]
0.2 0.375 18 0.0012

3.4.2. Kinematic boundary conditions

The left ventricular movements are restricted by many structures which surround the
heart. Especially the ventricular base motion is affected by the constraint induced by
various elements: the cardiac fibrous skeleton, composed by the connective tissue
that constitutes and anchor the cardiac valves and that separates the atria from the
ventricles; the aorta, which originates from the ventricle; the left atrium, which is
directly connected to the ventricular base. To replicate the effect of all these
structures on the ventricle, the models were constrained by preventing all the
displacements of the nodes at the ventricular base, thus reproducing the limited
motions of this portion of the ventricle (Figure 3.21).

Figure 3.21. Kinematic boundary conditions of the ventricular models. All the displacements
at the ventricular base were avoided.

The adequacy of this kinematic boundary condition was evaluated by analysing the
model displacements during the heart cycle simulation in terms of longitudinal and
radial displacements, as well as ventricular twist.
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3.5. OTHER SIMULATION CONDITIONS

All the simulations were performed under the hypothesis of quasi-static processes.
Thus, the pressure load varies during the analyses but the inertia effects are
neglected. To confirm the validity of this assumption, a preliminary dynamic
analysis was performed. The simulation results show that the kinematic energy is
negligible with respect to the strain energy of the system, justifying the use of a
quasi-static approach (Figure 3.22).

—strainenergy
—Kineticenergy

energy

time
Figure 3.22. Strain and kinetic energy trend during a preliminary dynamic analysis for the
ventricular model.

After the first cycle, when the atrial and aortic pressures were initialized and the
end-systolic configuration for the ventricle was achieved, a minimum of four
additional cycles were performed for each simulation to reach the steady state of the
system. A standard cardiac frequency f of 75 bpm was considered. According to
literature findings [81], the diastolic (T}) and the systolic (T) period were calculated
by the relationships

TS:VkT TD:T_TS
(3.31)

where T is the duration of one cardiac cycle in seconds (T = 60/f) and k =
0.096 s. Besides, to assess the influence of cardiac trabeculae on heart physiology,
simulations at different cardiac frequencies were also performed changing the
systolic and the diastolic duration according to Eq. (3.31). In particular three lower
(10, 30 and 60 bpm) and two higher (110 and 180 bpm) frequencies with respect to
the standard frequency were simulated.
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RESULTS

In this chapter the results of the numerical simulation are presented. The
comparison between the smooth and the trabeculated model outcomes are described
in section 4.2, while the influence of trabeculae layer parameters are described in
section 4.3. Finally, in section 4.4, the implications of the spongy myocardium
presence on some aspects of heart physiology are shown.



Chapter 4: Results

4.1. REFERENCE TRABECULATED MODEL

In this section the results of the reference trabeculated model are presented. As
described in section 3.1.2, the reference model is characterized by: a trabeculated
mass equal to the 15% of the total muscular mass, a trabeculae diameter of 4 mm
and an apico-basal orientation of the trabecular structure. Since this model is the
reference one, it should provide physiologic results in terms of hemodynamic
outcome, as well as wall mechanics and kinematics, in order to allow an adequate
comparison with the other models.

4.1.1. Hemodynamic outcomes

The main role of the left ventricle is to provide an adequate CO to the systemic
circulation to ensure the blood perfusion of all the body compartments. Therefore, to
analyse the model results, the first aspect to consider is the hemodynamic outcome
of the trabeculated reference model in terms of generated pressure and flow. In
Figure 4.1 intra-ventricular volume and pressure variation during the cardiac cycle
determined by the model are shown.

pressure [mmHg]

4 4
t[s] t[s]

Figure 4.1. Left: pressure course in the ventricular cavity (P,), the aorta (P,) and the left
atrium (Parium) during a cardiac cycle for the trabeculated reference model. Right: intra-
ventricular volume variation during the cardiac cycle for the trabeculated reference model.

The reference model is able to reproduce the physiologic hemodynamic behaviour
of the ventricle. The ventricular end-diastolic pressure is equal to 5.2 mmHg, while
the systolic pressure peak reaches 120 mmHg. Further, the aortic pressure shows a
physiologic trend: the maximum aortic pressure is about 115 mmHg, while the
minimum is about 70 mmHg. Besides, the ventricular cavity volume shows an
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adequate variation during the heart beat: the EDV is equal to 148 ml, while the ESV
reaches 81 ml. As a consequence of a physiologic variation of the intra-ventricular
volume and pressure, the PV loop shown in Figure 4.2 was obtained for the
reference trabeculated model.
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Figure 4.2. PV loop of the trabeculated reference model.

The ventricular SV is equal to about 65 ml; hence, at a frequency of 75 bpm, the
trabeculated ventricle is able to generate a mean cardiac output of 4.9 I/min, a value
close to the physiologic mean cardiac output, conventionally set at 5 I/min. This
mean CO is the result of the dynamic variation of the outflow during the systolic
phase. The instantaneous ventricular flow rate is represented in Figure 4.3. In this
graph, the convention of a negative inflow in the ventricular cavity and a positive
outflow from the cavity was considered. In particular, the negative flow represents
the mitral flow rate, while the positive flow is the aortic flow rate.
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Figure 4.3. Left: ventricular instantaneous flow rate. A negative value indicates an inflow in
the ventricle (mitral flow), while a positive value represents an outflow from the ventricle
(aortic flow). Right: literature curve of the aortic flow in a dog [82].
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The ventricular flow rate curve is in good agreement with the experimental literature
data; the two major differences are related to the outflow peak value and the inflow
pattern. Indeed, the maximum outflow rate for an healthy subject at rest is about 25
I/min, while in the model the outflow peak is about 40 I/min [1]. Even if during
exercise the physiologic CO increases to satisfy the increased body metabolic needs
and can reach peak values of 40 I/min, this was not the case of the simulation at rest.
This higher outflow peak can be explained by the absence of fluid inertia; since the
presence of a real fluid in the cavity was not considered, no energy was spent by the
ventricle to overcome the blood inertia, thus generating higher aortic flow peak.
About the inflow (or mitral flow), the curve trend for the reference model is different
from experimental because of the absence of the atrial contraction simulation. In
fact, the model filling is totally passive, due only to the constant pressure boundary
condition at the left atrium reference node. Conversely, the experimental mitral flow
curve exhibits a typical “two phase” filling pattern: the first phase refers to the early
diastolic filling, when a rapid filling secondary to the sudden opening of the mitral
valve occurs due to the maximum pressure difference between the atrium and the
ventricle [83]. Then, when the pressure difference tends to vanish, the atrial
contraction causes a second phase of rapid ventricular filling. Since the atrial
contraction was not simulated and no atrial pressure dynamic was considered, the
second filling phase cannot be recognized in the model outcome. Anyway, the end
diastolic volume is physiologic, as well as the mitral flow rate mean value,
highlighting an adequate simulation of the ventricular diastole for the study aims.

4.1.2. Kinematics

The analysis of the reference model displacements is important to understand if the
model is able to replicate the physiologic ventricular kinematics. This is a
fundamental aspect of the ventricular behaviour, since adequate wall motions are
needed to ensure good ventricular efficiency. For this reason, the ventricular wall
displacement velocities referred to the longitudinal and radial direction, as well as
the ventricular twist are considered as indexes of cardiac performance in the clinical
routine. In Figure 4.4 the comparison between simulated and experimental curves
which represent the radial and the longitudinal velocity variation during the systole
are shown. The diastolic phase was not considered since the totally passive
ventricular filling is responsible for a different displacement dynamics of the
ventricle. However, the order of magnitude and the displacement direction are
respected also during diastole with respect to experimental data [84].
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The velocities were calculated in the model from the radial and longitudinal
displacements of a node at mid-height of the ventricular axis. For an adequate
comparison the results are presented in terms of systolic period percentage. Positive
values of the longitudinal velocity means a ventricular extension, while a positive
radial velocity indicates a cavity enlargement.
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Figure 4.4. Radial (left) and longitudinal (right) velocity of the reference model during the
systole compared with experimental literature data [85].

The radial and longitudinal velocity patterns in the model are consistent with
experimental findings [85] in the systolic phase. However, the simulation results
highlight a higher peak velocity in both the radial and longitudinal direction. These
differences in the ventricular displacement velocities, both in the diastolic and in the
systolic phase, are directly related to the different ventricular flow pattern for the
model against the physiologic flow pattern. In fact, it’s clear from Figure 4.5 that in
the model the displacements velocities in both the analysed directions follows the
ventricular flow trend. Hence, the differences in the ventricular flow are related to
the variation in the ventricular displacement rate between the simulated and the real
case: a higher outflow peak generates larger values of the longitudinal and radial
velocities during the cardiac contraction, while the absence of a physiologic inflow
pattern is responsible for a different course of the diastolic velocities.
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Figure 4.5. Ventricular flow rate (solid line) and displacement velocity (dashed line) during
the cardiac cycle for the reference model. Left: longitudinal velocity. Right: radial velocity.

During the cardiac cycle, the ventricular behaviour is not only characterized by a
radial and a longitudinal displacement but also by a torsional movement (section
3.2.3) of the ventricular apex with respect to the base. In the literature several
studies have been proposed for the analysis of the cardiac twist during the cardiac
cycle, highlighting the validity of this parameter as an index of heart physiology [75,
76, 86-90]. Moreover, several model studies have revealed how ventricular torsion,
which is primarily due by the complex fibres arrangement in the cardiac wall, is
fundamental to obtain an adequate ventricular blood ejection and a uniform
myocytes strain [72, 91, 92]. The reference model twist pattern during the heart
cycle is presented in Figure 4.6, compared to experimental literature measurements.
A positive value of the torsion is due to a counter-clockwise rotation of the apex
with respect to the base, viewing the ventricle from the apex. On the contrary, an

apex clockwise rotation is indicated by a negative value of the twist angle (Figure
3.15).
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Figure 4.6. Comparison between the ventricular model twist and two experimental
measurements of ventricular twist [76, 90] during the cardiac cycle.
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The model torsional behaviour is consistent with experimental findings in terms of
twist pattern: during the systolic phase the apex undergoes a counter-clockwise
rotation with respect to the base, generating a positive torsion; during the
isovolumetric relaxation and the filling phase the ventricle recovers the systolic
torsion, going back to the initial position. Even if the majority of the literature
studies agree with this general behaviour of the cardiac twist during the heart beat,
different torsional values can be found among different works. In this context, is
difficult to find an optimal reference curve for the comparison with the model
outcomes. Anyway, the ventricular model is characterized by a twist behaviour
which reaches it maximum value too early in the cardiac cycle with respect to
experimental findings. In particular the peak occurs at the end of the isovolumetric
contraction, while in the heart the torsion peak is coincident with the aortic valve
closure. Again, this difference between the real and the simulated behaviour can be
influenced by the ventricular outflow pattern; indeed, the twist peak almost
coincides with the aortic flow peak, highlighting the strong coupling between the
model kinematics and the simulated blood ejection phase. Conversely, the maximum
twist angle of the ventricular model is in the physiologic range (8° [93]-16° [86]).
Despite the differences between the physiologic and the model kinematics, the
general consistency of the model outcomes in terms of radial, longitudinal and twist
behaviour ensure the reliability of the reference model for the comparison with the
other models.

4.1.3. Wall mechanics

The analysis of wall mechanics is fundamental in the developing of a reliable
ventricular model. To evaluate the ventricular mechanics, in literature several
studies have been presented to measure the ventricular wall deformations. On the
contrary, literature data about experimental stress measurements are basically
missing, and the stress distribution in the heart wall is usually investigated by
computational approaches.

Many authors have measured the ventricular deformation in-vivo by means of
different methods like imaging techniques, piezoelectric crystals and implantable
beads [94-98]. In particular, two different reference systems are usually considered
for strain calculations: the principal reference system, which almost lie in the
circumferential, longitudinal and radial direction [94], and the strain in the
coordinate system related to the fibres direction (i.e. the fibre, cross-fibre and
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normal direction, cfr. section 3.2.1, Figure 3.7), in order to analyse the myocytes
deformation during the cardiac cycle and through wall thickness.

The comparison between the model strains and experimental data [95] in terms of
longitudinal, circumferential and radial deformation are presented in Figure 4.7.
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Figure 4.7. Comparison between the model circumferential, longitudinal and radial strain and
experimental literature data [95].

While the model circumferential and longitudinal strains show similar pattern and
values with respect to experimental data, the radial strain exhibits a trend consistent
with the in-vivo measurements but a lower maximum value during the systolic
phase. However, other values of the radial strain can be found among different
authors, while there is a good agreement in the strain pattern within different studies.
For example in Waldman et al. [94] the maximum radial strain is equal to about 0.3,
while Langeland et al. [99] reported a maximum value of about 0.25, similar to
what has been found for the reference trabeculated model.

Furthermore, the strains along the fibre direction were investigated. The analysis of
the fibre strains is important since the myocytes contraction strongly depends on the
stretch of the cardiac fibres during the passive ventricular filling. Indeed, the
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interconnection between the actin and myosin filaments is efficient only if the
sarcomeres are stretched at an optimum level which is about the 10-15%. In Figure
4.8 the experimental and numerical strain distribution along the wall thickness are
shown. The strains are referred to the end-diastolic state in the intra-trabecular
spaces, taking the end-systolic state as reference.
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Figure 4.8. Experimental [100], [101] and numerical strain in the fibre direction along the
wall thickness from endocardium to epicardium.

The model strain in the cardiac fibres direction is in any case in the standard
deviation of literature experimental data [100, 101]. It’s worth to be noticed that the
myocytes strain is quite constant along the wall thickness, thanks to the
characteristic cardiac fibres arrangement in the ventricular wall.

Since the model is able to reproduce a realistic distribution of the wall strains, the
stress distribution obtained by solving the equilibrium problem is reasonable
physiologic. In Figure 4.9 the fibre stress in wall thickness for the trabeculated
model is represented. The presence of trabeculae makes the wall thickness not
uniform; hence, for comparison purpose, the wall thickness was normalized and the
stress distribution in both the trabeculae and in the inter-trabeculae spaces are

shown. The stress are referred to a mid-axis ventricular section, at the systolic peak
pressure time.
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Figure 4.9. Stress distribution along the wall thickness for the trabeculated model at two
different sites (trabeculae, dashed line, and inter-trabeculae, solid line).

The stress distribution is influenced by the myocytes helical orientation in the
ventricle: the maximum stress is reached in the inter-trabecular spaces at the mid-
wall, where the wall thickness is lower and cardiac fibres are oriented
circumferentially. On the contrary, at the epicardium and at the endocardium the
fibre stress is minimum, because the myocytes are characterized by a oblique
orientation with respect to the circumferential direction. This effect is even more
evident at the trabeculae: the trabecular structures are oriented axially, as well as the
cardiac fibres. As a consequence, the endocardial stress decreases much more on
trabeculae than in the inter-trabecular spaces. A reduction in the stress at the
endocardium is an advantage since this portion of the heart wall is the less perfused
one. In fact, different studies have revealed how the myocytes arrangement can be
useful to obtain a more homogeneous stress distribution in the heart wall [91, 92,
102], but the possible role of the trabeculae within this context has never been
considered.

Note that the stress distribution during the systolic and the diastolic phase are nearly
coincident, even if they are characterized by different values (Figure 4.10). Thus, the
implemented contraction mechanism is able to replicate the Frank-Starling law: the
myocytes which are characterized by higher stretch and stress during the passive
filling are able to develop a higher contraction force.
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Figure 4.10. Stress distribution along the ventricular wall thickness at the end of the diastole
and at the systolic pressure peak time.

4.2. COMPARISON BETWEEN THE TRABECULATED AND THE SMOOTH
VENTRICLE

To investigate the influence of the presence of the spongy layer on the endocardial
surface of the ventricle, the reference trabeculated model outcomes were compared
with the outcomes of the smooth model. In this section the differences between the
hemodynamic, kinematics and wall mechanics of the trabeculated and smooth model
are presented.

4.2.1. Hemodynamic outcomes

Firstly, the intra-ventricular pressure and volume curves for the ventricle with and
without the trabeculated layer were analysed. In Figure 4.11 the ventricular, aortic
and atrial pressure are presented for both types of ventricle for the last two simulated
cardiac cycles. At the same atrial pressure, and taking constant all the model
parameters, the ventricular and aortic pressure for the trabeculated ventricle are
significantly higher with respect to the smooth ventricle.
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Figure 4.11. Pressure curves for the smooth (left) and trabeculated (right) model. The solid
lines represent the ventricular pressure, the dashed lines the aortic pressure and the grey solid

lines the atrial pressure.

The raise in the ventricular systolic pressure, and the consequent increase in aortic
pressure, are due to the higher EDV which characterizes the trabeculated model
(Figure 4.12): at the same end-diastolic pressure, the EDV of the trabeculated model
is equal to 148 ml, while the smooth model one is 113 ml. Hence, if the spongy layer
is present, the ventricle exhibits a higher compliance. The larger ventricular filling
volume causes an increase in the amount of blood ejected by the ventricle in the
systolic phase. Indeed, according to the Frank-Starling law, a larger EDV means an
higher myocytes stretch, which are consequently able to increase the developed
force and SV. The instantaneous flow rate increases too (Figure 4.12), as well as the
SV which is 54 ml for the smooth model and reaches 65 ml for the trabeculated
model. Thus, at a constant cardiac frequgnacy of 75 bpm, the mean CO is equal to
4.9 I/min in the presence of trabeculae and 4 I/min in case of compact endocardium.
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The differences in the trabeculated and smooth model behaviour are summarized in
the PV loop of the two models (Figure 4.13).
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Figure 4.13. PV loop of the smooth and the trabeculated model.

The smooth model PV loop settles on the left side of the graph, which means lower
ventricular volumes and pressures. Therefore, from a hemodynamic point of view, a
trabeculated ventricle is able to guarantee better performances than a totally compact
myocardium: the presence of trabeculae allows an easier ventricular filling, which
induces the generation of a higher cardiac output for the systemic circulation.

4.2.2. Kinematics

To better understand the source of the ventricular compliance increase in the
trabeculated ventricle, the radial and longitudinal displacements of the smooth and
the reference model were calculated. In particular, the longitudinal displacement was
measured at the ventricular apex, while the radial displacement referred to a section
at the mid-ventricular axis (Figure 4.14).
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Figure 4.14. Left: apex longitudinal displacement of the smooth and the trabeculated model.
Right: radial displacement of the smooth and the trabeculated model. The dashed line
indicates the end of the diastolic phase (ED).
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The larger ventricular filling in the trabeculated case is due to a larger radial
displacement during the diastolic phase; on the contrary, the longitudinal
displacement is lower in the presence of trabeculae with respect to the smooth case.
This displacement behaviour is probably caused by trabeculae orientation: since the
trabecular structures are oriented along the axial direction, their presence limits the
axial stretch of the ventricle.

4.2.3. Wall mechanics

The fibre strain in the trabeculated wall with respect to the fibre strain in the smooth
wall at the end of the diastole is presented in Figure 4.15. The fibre strain was
normalized in order to neglect the different EDV of the two models. For the
trabeculated model, the fibre strain is referred to the inter-trabecular spaces.
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Figure 4.15. Normalized fibre strain along the wall thickness at end-diastole for the smooth
and the trabeculated model.
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The trabeculated and the smooth model exhibit a quite uniform fibre strain
distribution in the ventricular wall, and no significant differences can be recognized
between the two cases. Also the radial, longitudinal and circumferential strains are
similar in the trabeculated and smooth ventricle.

This similarity in the ventricular strains is reflected in the myocytes stress
distributions in the wall thickness (Figure 4.16): the stress distribution in the
compact layer of the trabeculated model is similar to the smooth ventricular stress
pattern. The fibre stress was normalized on the maximum stress value to avoid
differences due to the different EDV.
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Figure 4.16. Stress distribution along the wall thickness at the systolic pressure peak for the
trabeculated and the smooth ventricle. For the trabeculated case both the stress in the
trabeculae (dashed line) and in the inter-trabecular spaces (solid line) are presented.

Therefore, the ventricular mechanics quantified by the ventricular stresses and
strains is quite similar with respect to the smooth ventricle, while the presence of
trabeculae strongly influences the model outcomes in terms of cardiac output and
PV loop.
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4.3. INFLUENCE OF THE TRABECULATED LAYER PARAMETERS

In the previous section the trabeculated ventricle performance was evaluated against
the smooth ventricle behaviour. The model outcomes can be dependent on the
selected trabeculated layer parameters, like the trabeculae diameter and the
trabecular mass. In this paragraph the comparison between models characterized by
different trabeculated layer parameters is described.

4.3.1. Trabeculae diameter

Three different trabeculae diameters were implemented (section 3.1.2). The
modelling of the fluid, which consists not in a fluid-dynamic approach but in the
coupling between the cavity volume and a uniform pressure, is responsible for an
identical hemodynamic behaviour at the different trabeculae size (Figure 4.17).
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Figure 4.17. PV loop of the smooth and of the three trabeculated model with different
trabecular diameter.

The ventricular PV loop doesn’t change if a variation of the trabecular size from 3.4
to 5.2 mm is present; hence, the three different trabeculated models are able to
develop the same cardiac output and are characterized by an identical trend of the
intra-ventricular pressure and volume during the heart beat. As a consequence, also
the displacement pattern of the different trabeculated models are nearly coincident,
as demonstrated by the twist pattern during the cardiac cycle shown in Figure 4.18.
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Figure 4.18. Twist angle of the trabeculated models with different trabecular size.

Nevertheless, the dimension of trabecular structure influences significantly the
ventricular wall mechanics. Looking at the stress distribution between the
endocardium and the epicardium, it can be pointed out that if the trabeculae diameter
decreases, the stress distribution relative to the trabeculated case and the one relative
to the inter-trabecular spaces tend to be closer (Figure 4.19). Note that the fibre
stress in Figure 4.19 are not normalized since the EDV is the same for all the
models, while the wall thickness was normalized to allow the comparison among
different thickness. Therefore, the ventricular stress pattern shows that a reduction in
the trabecular size is responsible for a more homogeneous stress distribution in the
wall. The uniformity in the myocytes stress is fundamental from an energetic point
of view: a homogeneous stress distribution suggests a uniform work and oxygen
consumption of the cardiac fibres. In fact, even if the trabeculae diameter is variable
in the normal ventricle, mostly the dimension of these finger-like structures varies in
the range of a few millimetres.
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Figure 4.19. Stress distribution at the systolic pressure peak along the wall thickness in the
trabeculated models characterized by a diameter of trabeculae equal to 5.2 mm (brown line), 4
mm (reference model, red line) and 3.4 mm (orange line). The distributions referred to both
the inter-trabeculae thickness (solid line) and the trabeculae thickness (dashed line) are
shown.

4.3.2. Trabecular mass

Different trabecular masses were considered in order to analyse the influence of this
parameter on ventricular performances. In particular, three trabeculated layer masses
were implemented (section 3.1.2): in addition to the reference model trabecular mass
(15% of the ventricular mass) the 7% and the 22% of trabecular mass with respect to
the total muscular mass were considered.

The simulation results are first shown in terms of hemodynamic performances. The
intra-ventricular pressure and the instantaneous flow rate during the cardiac cycle
are presented in Figure 4.20; for comparison purpose, also the smooth model
outcomes are shown. The ventricular pressure trend highlights how a larger amount
of trabecular mass is responsible for a higher systolic pressure peak, even if this
pressure raise is not significant from a clinical point of view (the pressure peak
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increases from 116 mmHg for a ventricle with the 7% of trabecular mass to 123
mmHg for the model with the 22% of trabecular mass). Consequently, also the flow
rate curves obtained by the different trabeculated models are quite similar.
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Figure 4.20. Ventricular pressure (left) and instantaneous flow rate (right) during the heart
cycle for the trabeculated models at different trabecular mass (Mt) and for the smooth model.

An increase in the trabeculated models EDV causes the slight increase in the
ventricular pressure during the systole (Figure 4.21, left). The EDV increase is
proportional to the trabecular mass growth. The hemodynamic performances of all
the trabeculated models at different spongy layer mass and of the smooth model are
summarized by the PV loops in Figure 4.21 (right).
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Figure 4.21. Ventricular cavity volume variation during the cardiac cycle (left) and PV loops
(right) for the trabeculated models at different trabecular mass and for the smooth model.

The differences between the ventricular hemodynamic behaviour in case of a smooth

ventricle and in case of a trabecular mass of the 7% are significantly higher with
respect to the differences induced by a further increase of the spongy layer mass.
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Both the EDV and the SV exhibit a non-linear variation with respect to the
trabeculated layer mass (Figure 4.22).
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Figure 4.22. EDV (left) and SV (right) values against the trabecular mass variation for the
different models. A trabecular mass of 0% represents the smooth case.

The same trend characterizes the CO, which increases from 4 I/min in the smooth
ventricle to 4.875 I/min for a trabeculated mass of the 7%, and further increases to
5.175 I/min with the 22% of trabeculated mass.

A similar kinematic behaviour is also present in all the different trabeculated mass
models, as shown by the twist pattern during the heart beat (Figure 4.23).
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Figure 4.23. Ventricular torsion during the cardiac cycle for the smooth and the trabeculated
models at different trabecular mass.

Therefore, an increase in the spongy layer mass around the physiologic range

doesn’t affect significantly the trabeculated model outcomes in terms of wall
mechanics and hemodynamics. Nevertheless, an interesting trend was noticed in the
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ventricular EDV, SV and CO; the mere presence of a trabeculated mass is more
relevant than the growth of the spongy mass, as demonstrated by the non-linear
relationship between the trabecular mass and the hemodynamic parameters.

4.3.3. Trabeculae orientation

All the results presented up to now were referred to trabeculated models with an
apico-basal orientation of the trabecular structures. As described in section 3.1.2, an
oblique orientation of the trabeculae at the endocardium was also investigated. In
particular, the trabeculae were oriented at 60° with respect to the circumferential
direction; the spongy layer mass in this model is equal to the reference one (15%). In
Figure 4.24 the PV loops of the model with oblique trabeculation against the
reference model (axial trabeculae, trabecular mass=15%) and the smooth model are
described.
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Figure 4.24. PV loops of the smooth model, the reference trabeculated model and the
trabeculated model with a trabeculae orientation equal to 60° (left). On the right, also the
trabeculated model with an axial trabeculated mass equal to the 7% of the ventricular mass is
shown.

The inclination of the trabeculae at the endocardium doesn’t affect significantly the
intra-ventricular pressure and volume. The EDV is equal to 140 ml in the case of
oblique trabeculae, against a ventricular filling of 147 ml for the reference model.
Hence, the advantage in the ventricular compliance due to the presence of the
trabeculated layer remains, even if a different trabeculae orientation is considered.
However, the presence of a circumferential component of the trabecular arrangement
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tends to reduce this advantage: the macroscopic behaviour of the ventricle with
oblique trabeculae is the same of the ventricle characterized by a smaller but axial
trabeculated mass (Figure 4.24, right).

About the kinematic behaviour, the longitudinal and radial displacement and the
twist of the ventricle with oblique trabeculae are shown in Figure 4.25, compared
with the reference model outcomes.
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Figure 4.25. Ventricular longitudinal displacement, radial displacement and twist angle during
the cardiac cycle for the model with axial and the model with oblique trabeculae.

While the longitudinal displacement is not affected by the trabeculae orientation, the
radial displacement decreases if the trabeculae have an oblique direction. The
consequence of this radial displacement reduction is the lower compliance which
characterizes the PV loop of the model with non-axial trabeculation. Besides, the
twist pattern is quite different in this model with respect to the reference model: after
reaching the maximum torsion value, the recovery of the twist angle is slower in the
ventricle with oblique trabeculae. Therefore, the inclination of the trabecular
structure induces a slight decrease in the ventricular compliance and radial
displacement, while changes significantly the twist pattern of the ventricle.
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All the results presented in this chapter up to now were obtained to meet the main
aim of the work, namely the investigation of the role of the cardiac trabeculae on
ventricular behaviour. These results have demonstrated the significant variations in
ventricular performances if the trabeculated layer is present. Once this objective was
reached, the possible influence of this different behaviour of the trabeculated
ventricle on heart physiology was also investigated. In fact, the ventricle adapts its
performances to satisfy the body metabolic needs, which change for example with
the physical activity; the trabecular mass can potentially play a different role among
the different work conditions. The results of this part of the work are presented
hereinafter.

4.4. IMPLICATIONS ON HEART PHYSIOLOGY

As previously mentioned, the primary function of the ventricle is to generate an
adequate cardiac output for the nourishment of all the body cells. The blood
requirement of the body compartments is not constant with time, but it changes in
function of the body activity. When this requirement increases, the ventricle must
provide an higher outflow. Since the CO is obtained by multiplying the volume
ejected in the single heart cycle by the cardiac frequency, an higher outflow of the
ventricle can be achieved by acting on both these factors, namely the SV and the
number of beats per minute. These two parameters are not totally independent: when
the cardiac frequency increases, the diastolic and the systolic time change in a non-
proportional manner. According to Eq. (3.31), the major variation occurs in the
diastolic period, while the systolic time remains more constant even if the total cycle
time decreases. Since the SV strongly depends by the EDV, when the heart rate
increases at a frequency that doesn’t allow the complete ventricular filling, this
reduction in the EDV causes a reduction of the ejected blood volume. To assess the
effect of heart rate on the behaviour of the trabeculated and the smooth ventricle, the
simulations at different cardiac frequencies were performed. Further, some attempts
to calculate the ventricular efficiency were made. Indeed, the efficiency is probably
the most important parameter to investigate the ventricular performance, since it
describes the ability of the ventricle to transform the incoming energy (namely, the
myocardium oxygen uptake from the coronary circulation) into mechanical work
(pumping action of the ventricle).
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4.4.1. Effect of heart rate

In Figure 4.26 the PV loops of the trabeculated reference model at different cardiac

frequencies are shown; in Figure 4.27 the same curves for the smooth case are
presented.
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Figure 4.26. PV loops of the trabeculated reference model at different heart rate.
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Figure 4.27. PV loops of the smooth model at different heart rate.

The pressure-volume loops just described for the trabeculated and the smooth model
highlight a similar relationship between the ventricular hemodynamics and the heart
rate for the two types of model. If the heart rate decreases below the standard
frequency of 75 bpm (left side of Figure 4.26 and Figure 4.27), both the trabeculated
and the smooth ventricle are characterized by an increase in the SV and a decrease in
the systolic pressure peak. Conversely, if the heart rate is higher than the
physiological one (right side of Figure 4.26 and Figure 4.27), a progressive
reduction of the SV and a slight increase in the systolic pressure were obtained for
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both the models. These behaviours are consistent with physiological data, taking
into account the consistency of the ventricular pre and afterload with the heart rate.
But an essential difference in the behaviour of the smooth ventricle with respect to
the trabeculated ventricle is present, as highlighted by the left-shift for all the heart
rates of the PV loop of the smooth case against the trabeculated case. In fact, the
trabeculated ventricle is able to guarantee an higher CO at each simulated heart rate.
This higher CO is entirely due to an higher ventricular SV (Figure 4.28).
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Figure 4.28. CO-cardiac frequency (left) and SV-frequency (right) relationships for the
trabeculated and the smooth model.

The SV-cardiac frequency relationship is quite different for the smooth and the
trabeculated ventricle: the curve slope for the trabeculated ventricle is higher with
respect to the smooth ventricle. Hence, for the same variation of frequency, the
trabeculated ventricle shows a more extensive variation of the ejected blood volume,
and consequently an higher increment of the CO. Thus, in the trabeculated ventricle
a wider regulation of the CO is possible.
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4.4.2. Ventricular efficiency

The ventricular efficiency is one of the most important index to evaluate the
efficiency of the ventricle as a pump. Indeed, this index describes the amount of
incoming energy which is converted into work used to pump the blood into the
systemic circulation. From a mathematical point of view, the ventricular efficiency n
is defined as

4.1)

where E,, represents the work and E,,. is the total energy incoming into the
ventricle. In particular, the ventricular work is the area of the PV loop (§ pdV),
while the total incoming energy refers to the myocardium oxygen consumption.
Typical values of physiologic ventricular efficiency are around the 10%, but this
value changes with the body metabolic consumption [103]. Despite the relevance of
this parameter in the evaluation of ventricular physiology, the efficiency is in
general not considered in the clinical practice. Indeed, the oxygen consumption
evaluation is not straightforward, and even if in the literature several methods can be
found for the determination on the ventricular incoming energy, none of these
methods is able to give a complete insight into all the different aspects which
influence the efficiency of the ventricle. For this reason, in the following paragraphs
the evaluation of the ventricular model efficiency with three different methods will
be presented; the first two methods derive from experimental observations, while the
third method refers to a mathematical method.

= Method I
Several studies have been reported a linear correlation between the myocardium
oxygen uptake and the PVA (systolic pressure-volume area) [104], [105]. The PVA

can be calculated by the PV loop as the sum of the ventricular work and the PA
(Figure 4.29).

94



Chapter 4: Results

: v

= 60 / -
§4u / Ew /
B / PA payi
gz/ /

40 90 140 190
volume [ml]

Figure 4.29. Definition of the work E,, and the PA for the calculation of the ventricular
efficiency.

Hence, the Eq. (4.1) can be written as

_$pav_ $pdv
" PVA  $pdV +PA’

4.2)

Based on this equation, the ventricular efficiency was calculated for the trabeculated
and the smooth model at each frequency. As a result, the relationship between the
efficiency and the CO was obtained for both models (Figure 4.30).
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Figure 4.30. Ventricular efficiency-CO relationship of the smooth and the trabeculated model
(Method I).
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The efficiency calculated with this first method is characterized by an higher
maximum value with respect to the physiologic; the efficiency of the trabeculated
and the smooth model are very similar, thus highlighting similar energetic
performances for the two types of ventricle. Further, the efficiency is quite constant
with the CO. Conversely, in the real case the efficiency shows a characteristic bell-
type course against the ventricular outflow [106].

= Method Il

The second method for the efficiency calculation takes into account the dependence
of the myocardium oxygen consumption on the heart rate; in particular, to a higher
cardiac frequency corresponds a larger oxygen uptake, which tends to decrease the
ventricular efficiency. In the literature some studies have investigated the effect of
the heart rate on the myocardium oxygen consumption [107, 108]. From these
experimental data the ventricular efficiency was calculated at all the heart rates for
the trabeculated and the smooth model (Figure 4.31).
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Figure 4.31. Ventricular efficiency-CO (left) and ventricular efficiency-cardiac frequency
(right) relationships of the smooth and the trabeculated model (Method I1).

In this second case, the efficiency-CO relationship shows a total different pattern
with respect to the first method. First, the typical bell shaped curve was obtained; the
maximum efficiency value was reached at the physiologic frequency of 75 bpm, but
remains quite high also for heart rates around this value. Second, the smooth model
is characterized by a significantly lower efficiency with respect to the trabeculated
model. The highest difference can be recognized at the standard frequency of 75
bpm. Despite this, the ventricular efficiency values are still too high with respect to
the physiologic. Thus, the use of this second method can explain why the
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achievement of the same CO with a lower frequency could be an advantage for the
trabeculated heart; nevertheless, this conclusion cannot be reliable until the reasons
of the non-physiological efficiency value will be completely understood.

= Method IlI

The last method for the determination of the ventricular efficiency is a mathematical
method. It is well known that the ventricular incoming energy can be viewed as the
sum of two terms: the first term relates as usual to the work; the second term is
responsible for the amount of energy spent by the myocytes both to maintain their
basal condition and to sustain the muscular contraction (tension-time index, TTI)
[103]. In fact, the TTI accounts for the energy expenditure due to an isometric
contraction; the latter is characterized by a constant length of the muscular fibre, and
consequently at a macroscopic level this contraction doesn’t generate a change in
volume (namely no useful work). Nevertheless, the myocytes must spend energy to
maintain the isometric contraction, and this energy is proportional to the fibre
tension and to the contraction time. Hence, the efficiency can be defined as

$ pdV

1= $pav + 171

TTI = af Tdt
ts

(4.3)

where T represents the fibre tension, ¢, is the systolic period and a is a constant
parameter. In the literature there is a lack of mathematical method for the
identification of the fibre tension; the standard method consists in the experimental
estimation of TTI from the aortic pressure curve [109]. But the implementation of a
computational model has the fundamental advantage to provide the stress values in
all the ventricular volume. Thus, to overcame the discrepancies which characterize
the experimental methods previously described, an analytical formulation for the
definition of the fibre tension was developed. In particular, the fibre stress of was
integrated in the ventricular volume and in the systolic time to calculate the TTI.
Thus, the equation which describes the fibre tension was defined as

T = J. O_de = Z Uf_el * Vel
%4 el

(4.4)
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where V, is the volume of a single mesh element and oy ., the fibre stress pertaining
to that element. Subsequently, the TTI was obtained by

TTI = az Z Uf_el * Vel * At
ts el

(4.5)

where the value of a = 9 [1/s] was taken from a literature work [110] and At is the
time interval. By means of that formula, the ventricular efficiency was calculated for
the smooth and the trabeculated model (Figure 4.32).
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Figure 4.32. Ventricular efficiency-CO relationship of the smooth and the trabeculated model
(Method I11).

With this third method, as in previous case, the ventricular efficiency shows a bell
trend, since the efficiency tends to decrease at low and high CO. The maximum
efficiency value was reached at the physiological CO of 5 I/min for both the
trabeculated and the smooth ventricle, putting in evidence the optimization of the
implemented model to develop the physiological outflow. The smooth and the
trabeculated ventricle show a very similar pattern, and no significant differences can
be found between them in terms of efficiency. This third method is the only one
among the three investigated methods which results in a physiological maximum
value of the efficiency of the 13%.
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5.1. DISCUSSIONS

In this work, a computational model to study the influence of cardiac trabeculae on
ventricular behaviour was developed. The first step of the study was the
optimisation of the trabeculated reference model in terms of hemodynamic outcomes
and wall kinematics and mechanics. The simulation results highlighted the
suitability of the reference model to simulate the physiologic ventricular behaviour:
the model overall hemodynamic behaviour is consistent with experimental data, as
well as the model kinematics and mechanics. Nevertheless, careful consideration
must be given to the assumptions which were needed to develop the ventricular
model. The main model hypotheses are summarized hereinafter.

1. Geometrical model: a simplified ellipsoidal geometry with a constant wall
thickness was considered for the ventricle. Of course, regional variations in
ventricular wall thickness and shape may influence the model outcomes in terms
of local stress and strain, but the gross anatomy of the left ventricle is well
described by the ellipsoidal geometry. Moreover, this geometry has allowed a
parametric study to be performed on the trabeculated models.

2. Cardiac tissue modelling: some issues must be addressed regarding the material
characterization. First, the passive material parameters were chosen by fitting the
PV relationship of the structure during the diastole instead of optimising the
material response on experimental data; in fact, the material optimization based
on literature data obtained by mechanical tensile tests has demonstrated to lead
to unrealistic hemodynamic outcomes. A realistic hemodynamic behaviour is
fundamental for a reliable comparison between the reference and the smooth
model. Nevertheless, the discrepancy between the structure and the material
response highlights that the implementation of a suitable material constitutive
law for the myocardium and the material parameters optimization is still an open
issue. Secondly the active material behaviour was simulated by a stiffening of
the material which permits to capture the main features of the systolic heart
behaviour (e.g. the Frank-Starling mechanism), allowing an adequate
comparison between the different models also during the blood ejection phase.
Since the work was not focused on the microstructural characterization of
myocytes contraction, the stimulus propagation during time and the cellular
mechanism at the base of the myocytes contraction were disregarded (e.g. the
dependence of contractile force on the intracellular calcium concentration).
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3. Residual stress and strain: the normal ventricle is characterised by the presence
of residual stress and strain in the zero-pressure configuration. This residual
stresses are the result of the myocardial growing and remodelling processes, and
could influence the wall mechanics during the heart cycle. Despite this, an
adequate experimental quantification of these residual stresses is not present in
the literature, and this feature was not considered in the present model. The
consistency of the reference model strains with experimental data ensures the
validity of this assumption.

4. Boundary conditions: the ventricular displacements are limited at the base level
by the presence of several structures like the great vessels and the pericardium.
Hence, the encastre of the ventricular base was chosen as kinematic boundary for
the models. Actually, the movements of the mitral valve plane are not
completely avoided in the physiologic case, since all the structures are
deformable. Even so, the reference model kinematics is in good agreement with
the physiologic, showing the suitability of this boundary condition for a simple
modelling of the heart constraints.

5. Fluid inertia: the lack of fluid inertia modelling may influence the model
outcomes in terms of ventricular inflow and, especially, outflow, which shows a
systolic peak significantly higher than the physiologic and, consequently, affects
the ventricular kinematics (section 4.1.1). Despite this, the inclusion of the fluid
inertia means the use of a fluid dynamic approach, which is beyond the objective
of the thesis. Indeed, the adopted fluid cavity modelling permits to obtain all the
hemodynamics quantity of interest (e.g. the PV loop, the ventricular and aortic
pressure courses etc.), allowing an adequate comparison between the model
performances.

6. Preload: the ventricular preload consists of a constant atrial pressure. Actually,
the atrial pressure is characterized by a wave which varies during the cycle
around the mean value. Anyway, the role of the atrial pressure in the model is
only to achieve a physiologic value of ventricular filling. This result was
obtained with the assumption of a constant atrial mean pressure, and
consequently no pressure wave in the preload simulation was needed.

The assumptions just described refer to the modelling of the ventricle in general.
Some other considerations should be done on the specific subject of the thesis,
namely the modelling of a trabeculated ventricle in order to assess the influence of
the spongy endocardial layer on heart performances.
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First of all, only the left ventricle was considered. In fact, the right ventricle shows a
trabeculation which is apparently even more evident than the left ventricle, probably
because of the smaller wall thickness, so it would be interesting to study the role of
trabecular tissue also on the right ventricle. However, the left ventricle represents the
major constituent of the ventricular mass and the heart chamber which has the
preponderant mechanical role. Thus, the only left ventricle was modelled.

Secondly, regional differences in trabeculae dimension, shape and orientation were
disregarded. The trabeculae were considered as cylindrical rods laying onto the
endocardium to allow a parametric investigation of the trabeculae shape.

Once the reliability of the models were defined, some evaluation about possible
differences in the efficiency displayed by the trabeculated and the smooth ventricles
have been done. Even if this task was not present in the thesis aims, some brief
considerations about this last part of the work have to be pointed out. Indeed, the
ventricular efficiency is one of the most important parameters for the evaluation of
heart performances. The use of different methods for the efficiency calculation have
lead to different conclusions about the comparison between the trabeculated and the
smooth ventricle outcomes. This has been mainly due to the lack of information
about the myocardial oxygen uptake, which is necessary for the efficiency
calculation. To overcome this problem, the oxygen consumption was estimated
based on the computational model results. In this case efficiency didn’t show
remarkable differences between the two kinds of ventricles (trabeculated or smooth).
Summarising, the three different approaches used to evaluate ventricular efficiency
didn’t allow to reach a conclusion. This opens new scenarios and encourages further
investigations aimed at the deeper understanding of this fundamental aspect of the
ventricular behaviour.
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5.2. CONCLUSIONS

In the study of heart behaviour, the presence of a trabeculated layer at the ventricular
endocardium is almost disregarded, despite the evidences of a significant
contribution of cardiac trabeculae on the physiologic ventricular performances. For
this reason, aim of the thesis was to study the role played by trabeculae on the
ventricular mechanics by a computational approach. First, the trabeculated reference
model was developed. The reference model development has included several
issues: the implementation of a physiologic trabeculated ventricular geometry; the
modelling of the cardiac tissue, which accounts for a realistic fibre distribution and
for an adequate material constitutive law of both the active and the passive material
behaviour; the definition of suitable model boundary conditions; the modelling of
the ventricular fluid cavity. The model was able to reproduce the physiologic
hemodynamic, kinematic and mechanical behaviour of the left ventricle. Hence, it
has been demonstrated to be a reliable reference for the comparison with the other
implemented models.

The fundamental comparison was performed between the reference trabeculated
model and a smooth model. The smooth ventricle was implemented keeping
constant the total muscular mass and the intra-ventricular volume, in order to meet
the specifications declared in the thesis objectives. This approach has guaranteed a
reliable comparison between the two types of ventricle, which has highlighted a
remarkable difference in the ventricular compliance in the presence of trabeculae.
Indeed, the EDV shows a remarkable increase in the trabeculated ventricle with
respect to the smooth (+30%), and consequently a larger SV during the systolic
phase (+20%). The ventricular filling is a fundamental parameter in determining the
heart performances; more than the 50% of the patients suffering of heart failure
symptoms show a normal ejection fraction and are referred to as diastolic heart
failure patients [111]. Moreover, diastolic dysfunctions can be recognized also in
patients with systolic heart failure. In this context, the trabeculae play a fundamental
role, since they can significantly contribute to the achievement of a physiologic
EDV. Note that the advantage due to the presence of trabeculae is more evident in
the diastolic phase than during the ejection phase. This difference may decrease if a
contact between the trabecular structures was considered. In fact, the contact
between trabeculae could lead to an increase in the ventricular wall thickness during
the contraction phase, enhancing the systolic pressure generation. For this reason,
we are working on a modification of the model presented in this thesis to account for
this aspect of the ventricular behaviour.

103



Chapter 5: Conclusions

Further, the computational model has resulted suitable to perform a parametric
study, which allowed the variation of trabecular mass, size and orientation. In
particular, a non-linear dependence of the ventricular hemodynamics on the
trabeculated mass was found: a higher trabecular mass is responsible for a larger
compliance, but the main advantage in terms of ventricular filling is due more to the
mere presence of trabeculation than to a progressive increase of the trabecular mass.
In this work only a slight increase of the trabeculated mass above the physiological
maximum value of the 20% was considered, and the corresponding EDV was in the
physiologic range. However, based on the model results, it’s reasonable to infer that
further non-physiological increments of the trabecular mass would lead to an
excessive increase of the ventricular filling, which would lead to heart failure. Thus,
even if a greater insight into this pathological condition is needed, the present study
opens interesting scenarios for the investigation of the LVNC pathologies,
emphasising the importance of a physiologic balance between the compact and the
spongy mass in the ventricle.

Furthermore, the model outcomes highlighted how the trabeculae diameter affects
the stress distribution: the myocytes stress is more uniform in case of smaller
trabeculae. This finding could explain the preferentially presence of fine
trabeculations at the endocardium; indeed, the stress distribution uniformity is
important for a homogeneous energetic consumption of the cardiac cells and,
consequently, of a uniform myocytes work and oxygen demand.

Finally, the last part of the thesis suggests a possible role of the cardiac trabeculae
on heart energetics. Since the trabeculated ventricle is able to guarantee the same
CO at lower heat rate than the smooth ventricle, a higher efficiency could be reached
by the trabeculated ventricle based on the dependence of the efficiency on the
cardiac frequency, which has been reported in the literature.

To our knowledge, this is the first study focused on the analysis of the influence of
the trabeculae on the ventricular mechanics. The computational approach adopted in
the work has been demonstrated to be a reliable method to assess the significant
influence of cardiac trabeculae on different aspects of the ventricular physiologic
behaviour, laying the foundations for new approaches in the studies of this subject.
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Appendix A

RECONSTRUCTION OF THE VENTRICULAR INNER SURFACES

In Chapter 1 the lack of quantitative data about the structure of the cardiac
trabeculae was emphasized. Indeed, experimental measurements of the trabeculae
dimension, orientation and three-dimensional arrangement are mostly disregarded in
the literature. For this reason, the quantitative analysis of the trabeculated ventricular
surface was attempted as a starting point of the present work. Since the standard
imaging techniques (e.g. magnetic resonance imaging, echocardiography) are
characterized by an insufficient resolution for a correct trabeculae identification, a
different approach was used. This method consisted in the ex-vivo reconstruction of
the inner ventricular surfaces by means of a laser camera.

In the experimental protocol, a wild boar heart maintained in 50% formalin and
alcohol solution was sectioned in six parts (dissection performed in collaboration
with the Laboratory of Pathology, Fleming Institute, Milan). Each one of the six
parts were scanned by a laser camera (Non Contact 3D Digitizer Vivid 9i/VI — 9i,
Konica Minolta Optics Inc.) at the Reverse Engineering Laboratory of the
Mechanical Engineering Department, Politecnico di Milano. The laser camera
allows the acquisition and digitalization of an object surface with a plane resolution
of 0.3 mm and a resolution in the direction normal to the plane of 0.09 mm. For each
section some captures at different angles were performed, in order to acquire as
much surface details as possible. Two cardiac samples and the respective
acquisitions are shown in Figure A.1.

Figure A.1. Cardiac sections and relative laser acquisition.

The high complexity of the ventricular trabeculated surface didn’t allow the
exposition of all the surface details. The areas where the laser was not able to
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penetrate resulted in the presence of holes in the surface reconstruction. Hence, a
post-processing was necessary to refine the laser acquisitions. A hand repair of the
mesh surface was performed with Rhinoceros® to close the holes in the trabecular
surface (Figure A.2).

AL

Figure A.2 Four acquired sections of the left ventricle after the hand repair of the surface
mesh.

Both the right and left ventricular surfaces were acquired, but only the left ventricle
acquisitions were processed. After the adequate repair of all the ventricular sections,
the single parts were further elaborated to obtain the closed left cavity. The sections
were merged with MeshLab (ISTI-CNR, Pisa, Italia), and the cutting planes and the
atrial surface eliminated. Attention was paid to the merge procedure: the excised
ventricle is not stress-free, but residual stresses are present in the cardiac wall. As a
consequence, when the heart was cut a change in its shape occurred, and the
different portions didn’t matched perfectly after the sectioning procedure. Hence, the
cutting planes were used for an easier individuation of the contact points between
the different sections before the cutting planes removing. The result of the sections
merge is shown in Figure A.3.
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Figure A.3. Final reconstruction of the left ventricular surface.

This reconstruction of the left ventricular cavity allowed a deeper understanding of
the trabecular network arrangement, highlighting a preferential oblique orientation
of the trabecular structures. This feature was employed for the implementation of
one of the trabeculated model (section 3.1.2) in order to investigate the influence of
trabeculae orientation on the ventricular response.
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