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Abstract

In Italy, approximately 16% of mortality is attributed to ischemic heart
disease. Myocardial ischemia arises from insufficient oxygen supply, caus-
ing cell damage and impacting on both ventricular mechanics and my-
ocardial cell electrical properties. At present, no curative devices are
available to treat myocardial infarction, except for a limited number of
approaches focused on repairing damaged cardiac or vascular tissue with-
out establishing electrical integration with the tissue. A promising area of
research involves myocardial tissue engineering, using hydrogels, scaffolds,
and patches to support damaged tissue through cellular and non-cellular
approaches. For the latter, it’s crucial to restore the electrical proper-
ties while maintaining normal heart function. As a result, the mechanical
properties of the patch should closely match those of heart tissue. The
objective of this thesis is to study the design of an auxetic cardiac patch
capable of conducting electrical signals while minimizing the impact on
the mechanical functionality of an infarcted ventricle, addressing first the
mechanical aspect, then the electrophysiological one. The first step ex-
plores the feasibility of utilizing an optimization tool to obtain the desired
mechanical properties in an auxetic patch. The employed code proved suit-
able for this purpose. The mechanical simulations assessed how a patch
affects ventricle deformation throughout the cardiac cycle. The findings
indicate that applying a patch does not significantly alter the strain field
already affected by the infarct. The electrophysiological study evaluated
the patch conductivity. The outcomes confirm the capability of the device
to conduct electrical signals while preserving the essential characteristics
of the stimulus. This work marks an initial phase in developing a ther-
apeutic patch and does not permit a cost-benefit analysis at this point.
Nonetheless, it serves as a foundation for future and more comprehensive
research on the topic.

Keywords: myocardial ischemia, optimization tool, auxetic patch, heart
tissue strain field, electrical signal conduction
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Chapter 1

Clinical context

1.1 Heart morphology

The heart has a predominantly muscular constitution (i.e., myocardium)
and has rhythmic, autonomous contractions (on average 60-70 beats per
minute in the subject at rest) that ensure blood circulation in the vessels
(Figure 1.1). Each beat corresponds to a contraction phase (i.e., systole)
and a relaxation phase (i.e., diastole). Inside it presents four cavities: two
posterior-superior, the atria, and two antero-inferior, the ventricles, right
and left respectively [2].
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Figure 1.1: Heart morphology [2].
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1.1.1 Structure

The heart consists of three layers that run from the surface to the
inside and are: the epicardium, the myocardium, and the endocardium.

The epicardium covers the entire outer surface of the heart, making
it smooth and translucent. On the surface, the epicardium consists of
a mesothelium covered by a liquid veil and provided with a thin lamina
propria rich in elastic fibres. It is deeply connected to the myocardium by
a connective layer, the subepicardial layer, which is in direct connection
with the interstitial connective tissue of the musculature. In the subepicar-
dial layer run the main branches of the coronary vessels, which are often
partially surrounded by fat deposits that are visible on the surface of the
heart as yellowish spots.

The myocardium represents the thickest layer of the heart wall and
is made up of a particular variety of striated muscle tissue, the myocar-
dial tissue. Two types of myocardium can be distinguished: the common
myocardium, which accounts for about 90% of all myocardium, and con-
stitutes the cardiac musculature, both atrial and ventricular, ensuring the
contractile activity of the heart, and the specific myocardium, which con-
stitutes the conduction system specialised in performing pacemaker and
contractile impulse transmission functions.

The common myocardium is made up of mononucleated elements (i.e.,
cardiomyocytes), with a cylindrical shape, a length of 80-100 ym and a
thickness of 10-20 ym. The ends of the cardiomyocytes are divided into
two or more branches that take close relationship with the ramifications
of the adjacent elements by means of the intercalary discs.

The specific myocardium constitutes the conduction system and there-
fore the cellular elements that make it up are more oriented towards a
stimulus-transmitting function rather than a contractile function. Three
types of elements belonging to the specific myocardium can be distin-
guished: nodal cells, transition cells and Purkinje cells. Nodal cells (i.e.,
P cells) are concentrated in the sinoatrial and atrioventricular nodes. Tran-
sition cells are located especially at the periphery of the sinoatrial and atri-
oventricular nodes. Purkinje cells, also present in the division branches
of the atrioventricular bundle, form the subendocardial networks in the
ventricular walls.

The endocardium is a whitish, smooth, shiny membrane that covers the
cardiac cavities, adapting to all the irregularities of their surface. Its thick-
ness varies from 20 to 500 pm, reaching its maximum in the left atrium.
The subendocardial layer contains the terminal branches of the heart con-
duction system with Purkinje cells (i.e., subendocardial networks) [2].
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1.1.2 Cardiac muscles

The muscular component of the heart, consisting of myocardial tissue
(i.e., common myocardium) is more developed in the ventricles (especially
the left) than in the atria. Myocardial fibers (i.e., cardiomyocytes) tend
to gather in bundles of varying size. The atrial and ventricular muscula-
ture represent two independent systems as there are no muscle bundles
connecting the two types of cavities. The atrioventricular bundle is the
only connection system between the atrial and ventricular musculature.

The ventricular musculature presents a very complex organisation that
is not yet fully defined in detail. However, also in the ventricles one
can distinguish a specific musculature for each cavity and a common one.
Three overlapping layers can be identified in the ventricular musculature
(Figure 1.2). In the subepicardial position there is a muscular sac common
to the two ventricles, formed by the superficial descending portion of the
common systems, anterior and posterior. The second layer is formed by
the two pockets, one for each ventricle, made up of its own fibers. The
third layer is given, in each ventricle, by the continuation of the superficial
common systems that, after becoming deep, assume an ascending course.
In the constitution of this layer, on the right, sutural fibers also participate;
on the left, these fibers are mixed with their own fibres [2].

Figure 1.2: Schematic representation of the ventricular musculature layers [2].

1.1.3 Heart conduction system

The conduction system consists of specific myocardial tissue, which can
be distinguished from the common myocardium, that forms the cardiac
musculature, due to its histological characteristics.
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The conduction system (Figure 1.3) includes the sinus node, the atrial
conduction tissue, the atrioventricular node, the atrioventricular bundle,
and its intraventricular branches.

The sinoatrial node (SA node) represents the heart pacemaker, as the
contractile stimulus responsible for the heartbeat originates from it and
spreads rhythmically and autonomously. It is located in the thickness of
the right atrium wall immediately next to the outlet of the superior vena
cava and consists of small, densely packed myocardial specific elements
(i.e., nodal cells).

The atrial conduction tissue aids the rapid propagation of the impulse
to the atrial myocardium and leads it to the AV node.

The atrioventricular node (AV node) is located on the right side of the
basal part of the interatrial septum. It is characterised by very slow prop-
agation of the impulse, which thus reaches the ventricle after a signicant
delay, and whose cells possess marked pacemaker activity such that, in
the absence of the impulse from SA node, AV node is able to maintain a
rhythmic and functionally effective contraction of the ventricles.

The atrioventricular bundle (i.e., bundle of His), after its origin from
the node of the same name, reaches the interventricular septum and di-
vides into two branches: right and left bundle. The nodal cells, as they
move away from the atrioventricular node, run parallel to each other and
increase in volume, until they gradually take on the appearance of typical
(i.e., giant) Purkinje cells in its branches.

The contractile wave in the ventricles propagates from the apex to-
wards the base and from the subendocardial region towards the subepicar-
dial one, (i.e., from inside the cavities towards the surface).
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Figure 1.3: Heart conduction system [2].

The contractile stimulus that underlies cardiac automatism can arise at
any level of the conduction system, but the specific part of the tissue that
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possesses the highest frequency of automatism takes on the role of true
pacemaker, imparting its rhythm to the entire cardiac mass and blocking
the activity of other excitation centres.

Since in the components of the conduction system located below the
sinoatrial node the frequency of stimulus onset is lower than that of the
node itself, decreasing progressively as one approaches the tip of the heart,
it follows that under normal conditions it is the sinoatrial node that as-
sumes the role of true pacemaker. From the latter, in fact, the con-
tractile stimulus autonomously originates and spreads to the atria and
then through the atrioventricular system to the ventricles. The resulting
rhythm is called sinus rhythm with an average resting frequency of 60-70
beats per minute.

When the sinoatrial node is unable to play the role of pacemaker, due
to the excessive slowing down of the frequency of its excitatory discharges
or the impossibility of propagating its stimuli (i.e., sinoatrial block), the
atrioventricular node comes into play as pacemaker, imposing its rhythm
of 50-60 beats per minute on the heart.

The occurence of an additional heartbeat (i.e., an extrasystole) can
manifest even in individuals who are in good health. It is a premature
contraction of the heart that interrupts the normal cardiac rhythm and
originates from an ectopic centre, which therefore momentarily assumes
the function of a pacemaker. Extrasystoles may be sporadic or grouped in
pairs, triplets or larger groups and may originate from centres located in
the atria or in any case above the bifurcation of the atrioventricular bundle
(i.e., supraventricular extrasystoles), as well as from centres located in the
ventricular myocardium (i.e., ventricular extrasystoles) [2].

1.2 Mechanics of heart contraction

The cardiovascular system consists of a central pump, the heart, and
cylindrical conduits, the vessels, whose function is to transport blood from
the centre to the periphery and from the periphery to the centre. In
particular, there are two mechanical pumps: the right one, constituted by
the right ventricle, that gives rise to the pulmonary circulation (or small
circulation), and the left one, represented by the left ventricle, that gives
rise to the systemic circulation (or large circulation).

The heart pumping function consists of filling the ventricles with blood
coming from the atria and subsequently emptying into the arteries. These
two phases are called ventricular diastole and ventricular systole. The
sequence of mechanical events that affects the right ventricle is similar
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to that which occurs in the left ventricle, only the levels of pressure that
develop in right systole (i.e., 25-30 mmHg) change from those that occur
on the left (i.e., 120 mmHg).

Ventricular diastole begins with the closure of the aortic semilunar
valve when the intra-aortic pressure exceeds the intraventricular one, fol-
lowed by isovolumetric ventricular relaxation (i.e., isovolumetric diastole).
In this way, the wall tension is reduced and the intraventricular pressure
decreases. The pressure drop is rapid, so that the intraventricular pressure
becomes lower than the intra-atrial one. At this point, due to the pres-
sure gradient between the atrium and ventricle, the atrioventricular (i.e.,
mitral) valve opens and blood flows from the atrium into the ventricle.
The ventricular cavity enlarges as the fibers stretch. When the ventricle is
about 85% full of blood, atrial systole occurs, which completes ventricular
filling.

When ventricular systole intervenes, the mitral valve leaflets are pushed
towards each other by the blood filling the ventricle and are pressed to-
gether. When the intraventricular pressure of the blood exceeds the intra-
aortic pressure, the opening of the semilunar valve occurs, allowing blood
to flow from the ventricle into the aorta. In the heart of a healthy adult
man, the pressure rises until it reaches values of 120 mmHg. The outflow of
blood from the ventricle is accompanied by a reduction in intraventricular
pressure, but ventricular ejection (i.e., reduced ejection) continues, until
the prevalence of total energy of blood from the ventricle is exhausted.
Then, with aortic pressure higher than intraventricular one, blood from
the aorta tends to flow back towards the ventricle, but as it flows along
the arterial wall it fills and distends the valve leaflets, causing them to
close again. At this point, ventricular diastole begins. Both the semilunar
and atrioventricular valves are closed as the wall tension begins to fall and
the cardiac cycle begins again.

Under physiological conditions, the volume of blood put into circula-
tion by the left ventricle in an adult male is about 70 ml: this volume of
blood is called systolic output. At the end of ventricular systole, a volume
of about 50-60 ml remains in the ventricle, which is called the telesystolic
volume [13].
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1.3 Electrical conduction in the heart
tissue

The mechanical activity of the heart is initiated by the propagation
of an action potential both through the conduction system and in the
muscular tissue, which constitutes a functional syncytium with electrical
continuity through gap junctions between one cell and another. A portion
of the conduction system is organised in such a way that the electrical im-
pulse propagates very slowly: this allows the atrium to efficiently contract
while the impulse is delayed, before passing through the fibrous septum
that separates atria from ventricles, in the atrioventricular node. This al-
lows the atrial contraction to effectively end while the ventricle is released.
The impulse then rapidly spreads to the ventricular musculature resulting
in contraction and emptying of the ventricle.

The SA node cells depolarize at rest until they reach the action po-
tential discharge threshold and then discharge automatically and rhythmi-
cally. The bioelectric characteristics of the cells of the conduction tissue
determine both the heart rate and the speed of impulse propagation and
the resulting delay between atrium and ventricle.

The currents during the action potential, which are regulated and differ
in the various myocytes, determine the duration of depolarization and,
consequently, the input of calcium (C'a*") and the intensity, speed, and
duration of muscle contraction. The main regulations of the electrical
characteristics concern the pacemaker current (I;) and the activity of
voltage-dependent C'a** channels [13].

1.3.1 Action potential of cardiac cells

Cardiac cells express a considerable number of voltage-dependent con-
ductances, with varying kinetic characteristics, which allow the cell itself
to give rise to different trends in membrane potential following activation,
generating action potentials of very different forms and with different func-
tional consequences [13].

Phases of action potential

Five phases are distinguished in the description of the cardiac action
potential (Figure 1.4): i) rapid depolarization, ii) early partial repolariza-
tion, iii) plateau, iv) repolarization, and v) diastolic depolarization.

Rapid depolarization (i.e., phase 0) occurs in response to exceeding
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Figure 1.4: Action potential of cardiac cells [13].

the threshold for the opening of sodium channels. This phase is sustained
by an intense sodium (Na™) current and is self-limiting due to the rapid
inactivation of the channels themselves. Phase 0 is only evident in cardiac
cells that express significant levels of Na™ conductance and are called fast
cells.

Early partial repolarization (i.e., phase 1) is caused by the concomitant
inactivation of Na™ channels with the transient activation of a potassium
(K™) current (i.e., transient outward current, Iry,) and a chlorine (C17)
current (in Purkinje cells in particular). Phase 1 is only evident in cardiac
cells that have a clear phase 0 and in which the K transient conductances
are significant.

The plateau (i.e., phase 2) is determined by the activation of voltage-
dependent slow Ca?* conductances (which generate a slow inward current,
I,;) counterbalanced by the slow activation of voltage-dependent K con-
ductances (which generate [k, or delayed rectifier) that produces a more
or less prolonged equilibrium between Ca?" conductances, which tend to
depolarize the membrane, and K conductances, which tend to repolarize
it.

Repolarization (i.e., phase 3) occurs due to the gradual inactivation
of Ca®** conductances, as opposed to a gradual increase in K+ currents.
From the momentary plateau equilibrium, a process of rapid and complete
repolarization takes place, due to two important concomitant and self-
amplifying factors: the closure of Cla?t conductances as repolarization
proceeds (closure that contributes to repolarization) and the activation
of K+ conductances, active at rest, that depolarization had switched off
and that are reactivated as the cell repolarizes (i.e., inward rectifier K+
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currents, Kj,).

With regard to the diastolic depolarization or resting phase (i.e., phase
4), the cell can show a more or less marked, gradual depolarization, which
can reach the threshold and lead to the initiation of a new action poten-
tial. The intensity of this process depends on the degree of expression of
a cationic conductance called pacemaker current (I;). The current gen-
erated by the Na/Ca®T exchanger also contributes to depolarization in
phase 4, which can be influenced by cyclic processes of local Ca?* release
at the sarcolemma by the sarcoplasmic reticulum (i.e., intracellular clock).
Diastolic depolarization is only present in the cells of the conduction tis-
sue and not in cardiac myocytes, which instead have a resting phase 4.
Furthermore, the automatic initiation process of the action potential will
only occur in the pacemaker cells because the others will be invaded by
the propagated action potential before they can reach the threshold on
their own.

Refractoriness

The inactivation of Na™ currents following depolarization persists un-
til the membrane resumes its correct polarization. Therefore, during the
prolonged cardiac action potential, the Na™ channels are inactivated and
will not become available to generate a new action potential as long as the
cell remains depolarized. This gives rise to a phenomenon referred to as
refractoriness: trying to stimulate a cardiac fiber, by injecting current, dur-
ing its normal action potential will only produce passive responses, until
an adequate number of Nat channels have emerged from the inactivated
condition, so that an active response can be initiated.

In particular, as long as the cell is highly depolarized, no active re-
sponse will be evoked (i.e., absolute refractory period). As the membrane
repolarizes, an increasing number of Na™ channels will come into play pro-
ducing an active response, which will become more and more pronounced.
Only if the number of active Na™ channels is sufficient, however, the ac-
tive response will be able to depolarize a larger membrane region to the
threshold value for Na* channels, initiating an active response in the sur-
rounding area as well and thus allowing the impulse to propagate. Until
then, from a functional point of view there will be a condition of effective
refractoriness, because the impulse cannot propagate, although an active
response is present. When, on the other hand, the active response becomes
able to propagate, there is no longer a condition of effective refractoriness,
but the response will still remain reduced and altered until all Na* chan-
nels are functional again. Until then, the cell will be in a condition of
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relative refractoriness. A representation of the refractory states of the
cardiac cells is illustrated in Figure 1.5.
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Figure 1.5: Representation of the refractory states of the cardiac cells [13].
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A similar situation is also found in cells that have no Na™ channels
and base the action potential on voltage-dependent C'a®t channels. Also
in this case channel inactivation is observed, which contributes to the ac-
tion potential switching off. In fact, if Ca*" channel kinetics is slower,
inactivation lasts longer. Thus, slow cells also exhibit refractoriness. Typ-
ically, the relative refractoriness extends beyond complete repolarization,
so that the ratio of refractory period to action potential duration is greater
in this type of cell.

The fundamental consequence of relative refractoriness is to alter the
impulse conduction velocity.

1.3.2 Physiological and pathological factors
influencing cardiac electrical activity

The physiological range of variability of the pacemaker discharge fre-
quency at rest is quite wide (e.g., 60/100 beats per minute). An exces-
sively slow or excessively fast heart rate (i.e., tachycardia) is usually an
indication of cellular distress in the SA node, either primary or secondary
to infection, metabolic or connective tissue disease, or resulting from al-
tered ionic conditions. Variations in heart rate, generally characterised
by rhythm irregularities (i.e., arrhythmias), may arise as a result of the
onset of automatic activity outside the sinoatrial node (i.e., ectopic foci
of automatism), in the presence of conduction disturbances, or due to the
concomitance of both alterations [13].
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Conditions for the occurrence of sustained arrhythmia

It is important to recognise that the occurrence of a premature beat,
although it may often be perceived by the subject himself as a discontinu-
ity in the heart rhythm, does not in itself constitute a particularly serious
problem: even if the ventricle performs a cycle without having filled up
properly, the interference with the pumping and perfusion activity of the
tissues is marginal and it is quickly compensated for by the subsequent
pulsations. The situation in which the premature beats become frequent is
dangerous, because the pump function is compromised. There are two gen-
eral situations in which a premature impulse sustains indefinitely: firstly,
phenomena related to the variability of cardiac cycle duration and action
potential, in particular regional differences in the process, and secondly,
the concomitance of the discharge of an ectopic focus (or at least the
genesis of premature impulses) with alterations in conduction.

In the course of the normal cardiac cycle, the succession of phases of
normal excitability and phases of relative or absolute refractoriness contin-
uously determines variable conduction properties. Consequently, while the
impulse that invades the cardiac tissue at rest may propagate in the cor-
rect manner and involve all the cells in the correct sequence, a premature
impulse may find different cell groups in different conditions of relative
refractoriness and undergo a more or less marked slowing of conduction
that varies from one region of the heart to another.

Re-entry mechanisms

In order for an abnormal automatic activity to give rise to an arrhyth-
mia that is sustained indefinitely, it is sufficient for an impulse, instead of
invading the entire cardiac musculature in sequence and exhausting itself
once the whole heart has been excited, to find a way to propagate itself in
a closed path through the cardiac tissue, so that it returns to invade the
region where it was originally produced and can propagate again along
the same route.

Generally, the conduction speed of the impulse in cardiac tissue is
such that, whatever pathway the impulse follows to return to a region
that has already been activated by its passage, it arrives there while the
tissue is still refractory. On the other hand, under conditions of relative
refractoriness, the conduction velocity can be greatly reduced. Therefore,
if the impulse moves along a closed pathway invading the tissue as soon as
it becomes excitable (but is still in relative refractoriness), it will propagate
slowly. It can thus continue to find tissue exiting the refractory period in
front of it and, consequently, circulate indefinitely, activating the cardiac
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muscle at even very high frequencies (e.g., above 300/s).

This clarifies how an ectopic premature impulse can initiate an arrhyth-
mia that is sustained over time. In fact, arrhythmias generated by this
mechanism are called re-entry arrhythmias.

Fibrillation

Fibrillation is a situation of desynchronization of the activation and
contraction of different regions of the heart muscle. Failure of the ventric-
ular muscle mass to contract synchronously is incompatible with normal
circulatory function and therefore with life.

In order for ventricular fibrillation to occur, many causes must be
involved: more than one re-entry mechanism must be initiated at the
same time, so that several impulses travel simultaneously through different
regions of the heart.

In the presence of tissue necrosis, surrounded by tissue that is electri-
cally unexcitable or otherwise depolarized and with greatly altered char-
acteristics of impulse conduction and refractoriness, a premature impulse
may find considerable differences in the conditions of polarization and
excitability between cells and pass through the region surrounding the in-
farct, leaving many cells unexcited and creating possible multiple re-entry
pathways. Ventricular fibrillation is, in fact, the most serious complication
of a myocardial infarction that does not destroy a portion of muscle mass
large enough to impair the heart mechanical function.

The difference between cells in the timing and pattern of repolarization
and recovery from the actual refractory period is, therefore, a predisposing
condition for the onset of fibrillation in response to a premature impulse.

1.4 Myocardial infarction: complications
and treatments

Myocardial ischemia is the suffering or damage of myocardial cells re-
sulting from an insufficient supply of oxygen with respect to their metabolic
demands.

In Italy, cardiovascular diseases are the cause of approximately 45% of
global mortality, and, among these, ischemic heart disease is responsible
for 35% of deceases, with an annual death toll of approximately 130,000.
Coronary atherosclerosis is by far the most frequent cause of ischemic
heart disease, although not the only one, and ischemia generally affects
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mainly the subendocardial layers, which are more exposed than the subepi-
cardial ones. Another cause of ischemia, for example, is coronary artery
spasm, characterised by intense vasoconstriction of a segment of one or
more epicardial coronary vessels, leading to occlusion of the vessel lumen
resulting in a severe reduction in oxygen supply to the myocardium. This
oxygen deficiency usually affects the entire thickness of the myocardial
region supplied by the vessel (i.e., transmural ischemia) [54].

1.4.1 Consequences of myocardial ischemia

Ischemia causes major myocardial alterations that usually occur ac-
cording to a typical time sequence, known as the ischemic cascade, which
involves, in a short time, first the metabolic, then the mechanical and then
the electrical activity of myocardial cells. Finally, ischemic cardiac pain
may appear in the patient, but not always. These changes are reversible if
the ischemia is transient. If it is prolonged beyond 20-30 minutes, the cel-
lular alterations become irreversible, necrosis of the ischemic area occurs,
and it’s called myocardial infarction.

If myocardial necrosis develops, the contractile dysfunction of the re-
gion affected by the ischemic damage will become persistent. The greater
the extent of the infarcted area, the greater the degree of contractile func-
tion impairment of the left ventricle and thus of the heart. Myocardial
ischemia alters not only ventricular contraction, but also ventricular relax-
ation, hindering normal ventricular filling.

The site of a myocardial infarction depends on the occluded coro-
nary artery, but usually necrosis affects the left ventricular and septal
myocardium. The thickness of the cardiac wall in the infarcted area ap-
pears reduced as a result of myocardial tissue necrosis and, over the course
of 3-4 months, the infarcted area becomes a hard, retracted scar. The time
required for complete replacement of the necrotic tissue and scarring de-
pends on the size of the infarct.

Myocardial ischemia significantly alters the electrical properties of my-
ocardial cells, many of which are maintained by energy (and thus oxygen)
consuming ion pumps, causing abnormalities in the depolarization and/or
repolarization phase, which are reflected on the electrocardiogram. Acute
ischemia of the myocardium can cause an alteration in the depolarization
phase, with a reduction in the amplitude of the action potential and a
slowing of the rising velocity (i.e., phase 0), which results in a slowing
of the depolarization of the ischemic region. At the same time, there is
a reduction in the duration of the action potential, with a shortening of
phases 2 and 3. Furthermore, the repolarization process of ischemic my-
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ocardial cells may be incomplete, so that the resting membrane potential
may be around -70 mV instead of the normal -90 mV. These alterations
generate a potential difference between healthy and ischemic tissue, and
thus abnormal currents from one tissue to the other. When necrosis of a
myocardial region (i.e., infarction) occurs, it no longer contains electrically
active cells.

In patients with previous infarction, especially if complicated by left
ventricular dysfunction, ventricular fibrillation and sudden death are more
frequently due to mechanisms that are independent of the occurrence of
ischemia and more related to arrhythmic phenomena favoured by the in-
homogeneity of depolarization and repolarization processes in peri-infarct
areas with electrophysiological abnormalities of myocardial cells [54].

1.4.2 Treatments

At present, there are no clinical methods to treat an acute myocardial
infarction, but mostly there are procedures to prevent aggravation of the
condition of the patients suffering from chronic ischemic heart disease.
The objectives of treating these patients are twofold and are related to
reducing the risk of serious coronary events (e.g., death, infarction) and
reducing the severity of ischemia.

The pursuit of these goals is based first and foremost on lifestyle cor-
rection with the aim of reducing cardiovascular risk factors (e.g., abstain-
ing from smoking, limiting the body mass index, doing regular physical
activity), but also on the use of drugs that corrects cardiovascular risk
factors, in particular hypercholesterolaemia, hypertension and diabetes,
when lifestyle optimisation has not been sufficient to achieve this.

Other methods to improve the condition of high-risk patients are per-
cutaneous myocardial revascularization (i.e., coronary angioplasty) and
coronary artery bypass.

Numerous scientific articles consulted indicate that there are currently
no devices or technologies that can be used to repair and treat the in-
farcted area of the myocardium, except for a few solutions that only aim
to regenerate damaged cardiac or vascular tissue, for example pericardial
closure, valve and annulus repair and great vessel reconstruction [8, 9, 24,
29]. Other companies are exploring the application of technologies based
on stem cells to treat acute myocardial infarction, but these studies are
still at the stage of clinical trial [26].
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1.5 State of the art on cardiac patches

The devices approved for clinical use that were cited in subsection 1.4.2
are not curative, they provide only limited tissue regeneration and are not
capable of establishing electrical integration with the tissue [8].

A promising new field of study is that of myocardial tissue engineer-
ing, which uses hydrogels, scaffolds and patches to support and replace
damaged tissue with cellular and non-cellular approaches [5, 22, 30, 41,
58, 67].

Focusing on acellular patches, just as it is important to restore the
electrical characteristics of the infarcted tissue area, it is also necessary
that the patch applied to the heart tissue does not compromise the regular
function of this organ. Therefore, the mechanical characteristics of the
patch must resemble those of the heart tissue as closely as possible, altering
only slightly the state of deformation established during the cardiac cycle
[21].

The spatial organisation of the muscle fibres of the cardiac tissue allows
simultaneous contraction or expansion of the organ in both transverse and
longitudinal directions, with a volumetric deformation up to 20% [7, 9, 14].
This characteristic is also refferred to as auxetic surface of organs.

Cardiac tissue exhibits a Poisson’s ratio between -0.8 and -0.6 (i.e., trans-
verse strain is 60-80% of longitudinal one) and a conductivity of 0.3-0.6
S/m [8]. Other studies state that the Poisson’s coefficient may lie between
-0.5 and -0.2 [9], and electrical conductivity could fall between 0.5 S/m and
0.8 S/m in transverse direction, and between 0.15 S/m and 0.3 S/m in the
longitudinal one [14].

Therefore, patch geometries that can match the anisotropy of the heart
tissue are, for example, the re-entrant honeycomb, the arrowhead, and the
sinusoidal ligament architectures [8, 9]. Conductivity, on the other hand,
can be imparted by coating the patch with polyaniline, or polypyrrole or
the addition of gold or selenium nanoparticles [8].

Among the patch parameters to be checked there is the transverse-
longitudinal stiffness ratio. Indeed, as already mentioned, cardiac tissue is
characterised by an intrinsic anisotropy, such that it exhibits a transverse
stiffness of 0.1-0.5 MPa and a longitudinal stiffness of 0.05-0.25 MPa (i.e.,
the former being 2-4 times the latter) [9].
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1.5.1 Geometries

The most promising patch designs are the auxetic ones and have the
characteristics of being highly deformable, resistant to shear, resilient and
having an anisotropy ratio that can be modified by varying the geometric
parameters of the unit cells. They can be divided into three main cate-
gories: 1) re-entrant structures, ii) chiral structures, and iii) rotating unit
structures [34, 66].

Among the re-entrant designs (Figure 1.6) there are honeycomb, star-
honeycomb, missing rib, arrowhead, sinusoidal ligaments, lozenge grid [34].
If classical auxetic geometry are to be used, the best for cardiac patches are
those with honeycomb and arrowhead structures because they are closer to
cardiac tissue in terms of mechanical properties [9]. Honeycomb structures
have a high deformation at break and together with the arrowhead have a
higher transverse/longitudinal stiffness ratio than the other architectures
[9]. The missing rib has the lowest Young’s modulus, which is closer to
that of the myocardium and is inherently anisotropic [66].

Figure 1.6: Re-entrant structures. (a) Re-entrant honeycomb, (b) double ar-
rowhead, (c) star honeycomb, (d) missing rib, (e) lozenge grid, (f)
sinusoidal ligaments [34].

Structures with rotating units (Figure 1.7) have units with different ge-
ometric shapes connected at some of the vertices and when they deform,
they rotate around them. There are different types of units: squares,
triangles, rectangles, rhombuses and tetrahedra. Those with squares, in
particular, have a large elongation capacity and a negative Poisson’s co-
efficient that can be adjusted according to geometric parameters. Those
with triangles have greater stiffness in the transverse direction than in the
longitudinal one, and the anisotropy ratio can be modified [66].
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(a) (b)

Figure 1.7: Rotating unit structures. (a) Square unit cells, (b) triangle unit
cells, (c) rectangle unit cells, (d) rhombus unit cells, (e) tetrahe-
dron unit cells [66].

In chiral structures (Figure 1.8), straight ligaments are connected to
the central node, that rotates and causes wrapping or unwrapping. The
negative Poisson’s ratio remains constant if the length of the ligaments
and the radius of the node increase. Its magnitude increases if the radius
of each node and the radius between the nodes increase, but the stiff-
ness of the structure decreases, while Young’s modulus increases with the
increasing of ligament thickness [66].

(a) (b)

Figure 1.8: Chiral structures. (a) Chiral structure with same units, (b) Chiral
structure with symmetrical units [34].

1.5.2 Materials

The most commonly used materials can be either non-conductive or
conductive, and often a combination of the two is used.

Non-conductive materials include natural materials (decellularized ex-
tracellular matrices and certain polymers such as collagen, algin, fibrin,
chitosan and hyaluronic acid) and synthetic materials, such as polyethy-
lene (PE), polypropylene (PP), polyethylene glycol (PEG), polyglycerol se-
bacate (PGS), polycaprolactone (PCL), polylactic acid (PLA), poly(lactic-
co-glycolic) acid (PLGA), poly-L-lactic acid (PLLA), polyurethane (PU),
polytetrafluoroethylene (PTFE) [33, 66].
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Conductive materials are divided into intrinsically and extrinsically
conductive. The former are polymers such as polypyrrole (PPy), polyani-
line (PANi), polythiophene (PT), and derivatives such as polyethylene-
dioxythiophene (PEDOT). They are conductive due to the movement of
electrons in the molecular chains. The latter consist of a non-conductive
matrix to which a conductive filler is added, such as carbon-based materi-
als (graphene, graphene oxide, reduced graphene oxide, carbon nano-tubes
(CNT) and carbon nano-fibres), or metallic nanoparticles of gold, silver,
titanium carbides [31, 37, 38, 61].

To pick one, PGS has mechanical and degradation characteristics that
can be adjusted by adjusting the percentages of glycerol and sebacic acid.
In general, its properties are close to those of myocardium and its cost is
limited. An example are films of (non-conductive) PGS coupled with 1%
graphene [60].

Conductive polymers are generally cytotoxic at high concentrations
and polypyrrole has low adhesion to cardiac tissue [21]. If adhesiveness
was to be increased, some cases were found where GelMA (i.e., gelatin
methacrylate) was added [6, 7]. Some examples are PCL + PPy, PANi
+ chitosan, PU + PANi + silicon dioxide [49]. Metallic nanoparticles
are easy to synthesise but have problems with biocompatibility at high
concentrations as do carbon nanotubes.

1.6 Objective of the thesis

In the context of research aimed at improving the condition of heart
attack patients, the objective of this thesis is to study the design of an
auxetic cardiac patch capable of conducting electrical signals while mini-
mizing the impact on the mechanical functionality of an infarcted ventricle,
addressing first the mechanical aspect, then the electrophysiological one.

The first step constists in verifying the possibility of using an opti-
mization tool to obtain a patch geometry that has mechanical properties
consistent with those of cardiac tissue. This is in opposition with the
existing geometries studied in literature and exposed in subsection 1.5.1
that require the modification of geometric parameters to make their me-
chanical properties as close as possible to those of the heart through an
iterative process.

Once the structure of the patch has been obtained, the following step
will consist in studying its behavior in the mechanical field to analyze
whether auxeticity is an advantage over using a material with a posi-
tive Poisson’s ratio and evaluate how much its presence affects the de-
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formations of the heart during the cardiac cycle, using simplified and
non-simplified heart models.

Regarding the electrophysiological aspect, the objective is to examine
the conductivity of the patch in terms of its ability to conduct the electrical
signal transmitted by myocardial cells, both in the case of a physiological
beat and in more abnormal situations, such as the presence of an extra
systole.






Chapter 2

Patch geometry definition

2.1 Optimization tool

Most of the studies found in literature [8, 9, 32] showed that an ad-
equate patch must have mechanical and electrical properties as similar
as possible to those of the healthy myocardial tissue. Since the infarcted
tissue is way more rigid than the healthy tissue, a thin patch can’t give
any support to the structure. Being put in parallel to the infarcted area,
all the stresses would be carried by the damaged region and not by the
patch. Since the device is unable to give mechanical support, the aim is
to realize a patch that doesn’t interfere with the mechanical properties of
the heart, hence giving to it similar properties.

If on one hand the geometry can simply be that of a square or a
rectangle with a certain thickness, for example 1 mm, on the other hand
more attention should be paid to the geometry of the device. In fact, if the
overall behavior of the heart tissue is auxetic, the patch must be formed
by a series of repeated unit cells whose macroscopic response is auxetic as
well [32].

For the definition of patch geometry, a topology optimization tool was
used [20] and it was run on FreeFEM (Pierre and Marie Curie University,
Paris, 2020). This tool allows to design lightweight structures that respect
the required properties in terms of mechanical behaviour and thermal
conductivity behaviour. The latter can be interchanged with the electrical
behaviour since the equations governing the two physical contexts are
analogous. Hence, this work focused on finding the best geometry that
fitted the mechanical properties and electrical conductivities required for
the patch to be matched with the heart tissue.

The inputs to the tool were the bulk material properties (i.e., Young’s

21
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modulus, Poisson’s coefficient, and electrical conductivity) and the patch
requirements, in terms of homogeneous mechanical properties and electri-

cal conductivity.
The code started creating a cell with a random density distribution

and a uniform mesh as it is seen in Figure 2.1.

Figure 2.1: Starting cell of the optimization code with a random density dis-
tribution and a uniform mesh.

Then, the optimizer iterations began, followed by filtering and mesh adap-
tivity phases. These operations were performed iteratively until the mesh
error was less than the imposed mesh tolerance or until the established
maximum number of mesh adaptivity iterations was reached. Asan output
the tool gave the topology of the cell, with a specific density distribution
which satisfied the boundary conditions that were imposed. An example
is shown in Figure 2.2.

Figure 2.2: Example of final density distribution in a unit cell. The mesh
is refined where the density is higher (red coloured region), and
it is coarser where the density has a value close to zero (yellow
coloured region).

The optimization tool allowed to directly set a range of interest for the
elements of the stiffness matrix F, which is the inverse of the compliance
matrix C.
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Ellll E1122 E1112
-1
E = E2211 E2222 E2212 =C
E1211 E1222 E1212

For orthotropic materials, the compliance matrix C' consists of ele-
ments that depend on the Young’s modulus, the stiffness ratio and the
Poisson’s coefficient.

1z
Sy B
0 0 3

where F; is the transverse stiffness, that in the contest of this thesis indi-
cates the circumferential direction of the heart fibres, Ej is the longitudinal
stiffness, GG is the shear modulus, and 45 and o are the Poisson’s ratios
in fibres direction (i.e., the one of interest) and longitudinal direction,
respectively.

Electrical conductivity properties were controlled through the elements
of k matrix.

ki1 ko
k=
{/{21 k‘zj

where kq; is the transverse conductivity, and koo the longitudinal conduc-
tivity.

Starting from the mechanical and conductive properties of the heart
found in literature, the requirements used for the topology optimization
were:

¢ Young’s modulus:

E,=01+0.5MPa

E2—025-05
5, = 02550,

An arbitrary value was chosen for the shear modulus G' due to lack
of information found in literature.

« Poisson’s ratio:

Vig = —0.8+-0.2
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e Electrical conductivity:

ky =02=0.85/m

While conductivity can be controlled in a direct way in the optimiza-
tion tool, the mechanical properties can’t. To set the requirements, i.e., to
get the ranges of constraints for the elements of the stiffness matrix, com-
putations were conducted starting from average values of the mechanical
properties.

El = 0.3 MPa
B,

= 0.375 = E3 = 0.1125 M Pa
1

v=-0.>5

The elements that needed to be controlled in this case were Ei111, E1122
and Fog9o. Substituting the average values of the mechanical properties in
the compliance matrix and then inverting it using Matlab (The MathWorks
Inc., Massachusetts, United States, 2018), the values of the stiffness matrix
were obtained.

0.3310 —0.0621 0
C~'= [-0.0621 0.1241 0 | =F
0 0 0.05

The requirements were given through a range of values, that was com-
puted considering the lower and upper limits proportional to the lower
and upper limits of the heart tissue properties. For instance, the average
value of F; was 0.3 MPa, and its lower and upper limits were 0.1 MPa and
0.5 MPa, which were respectively the average value minus its 66% and the
average value plus its 66%. Hence, to obtain the correspondent range of
values for Fq111, the 66% of the average value of Eyq1; obtained in Matlab
was removed from and added to itself to get the lower and upper limits of
this element. Thus, obtaining:

0.11 MPa < Eq111 < 0.55 M Pa

The same procedure was done for all the matrix elements of interest. For
the element E199 the Poisson’s coefficient range of values was used, since
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E1195 depends on it and on FEjq11, for which the range was already specified.
For the element Fyy99, the range of the stiffness ratio was used. The results
obtained were:

—0.099 M Pa < Ej190 < —0.025 M Pa

E
0.25 < =222 - 05

1111

For the conductivity values, the ranges found in literature were used,
because the transverse conductivity and the conductivity ratio were di-
rectly controllable through the elements of the £ matrix, obtaining:

0.2 S/m < ki1 <0.8 S/m

and

k
03< 2 .08
kll

The diagonal terms were not of interest.

The simulations gave as an output the elements of the stiffness matrix
and of the conductivity matrix of the unit cell.

Concerning conductivity, the values of interest were k; and ks, directly
extracted from the k matrix given as output of the optimization code, and
through these the conductivity ratio was easily derived.

Regarding the mechanical properties, the useful parameters were Ej,
E5 and v. However, these were not directly corresponding to the values of
the stiffness matrix elements in output from the optimization code, so they
were obtained performing some simple calculations on Matlab. First, the
stiffness matrix £ was imported and inverted so as to obtain the compliace
matrix C'. From the elements of the latter, via Equation 2.2, Equation 2.3,
Equation 2.4, the desired properties of the cell were obtained. Thus, being

c(1,1) C(1,2) C(1,3)
C=1(C(2,1) C(2,2) C(2,3)
C(3,1) C(3,2) C(3,3)
then,

(2.2)
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1
Fi= o0 (2.3)
E, C(1,1)
B =063 (2.4)

To make these equations valid, the elements Ei112, E9912, F1211, E1222
of the stiffness matrix must be close to zero. While E1999 and Eyg19 were
already very close to this value in all simulations, it was necessary to
impose an additional constraint on the value Fi115 so that the matrix
structure was the same as shown in Equation 2.1. Only one constraint
was imposed by exploiting the symmetry of the matrix and taking into
account that the simulations in general performed better the smaller the
number of constraints was.

If the results did not fall within the imposed ranges, the constraints
were slightly modified deviating from the original ones. This means that if,
for example, the value of F;11; was below the lower constraint, this value
was raised “forcing” the simulation to respect it. In addition to these
adjustments, other parameters were changed to meet the best result, such
as the maximum number of meshes on which the filtering was done and
the mesh tolerance value.

Once the requirements were specified, the tool needed to know the
properties of the bulk material of interest. After some simulations, it was
clear how some values of the bulk material properties were too high and
made the structure of the cell too thin. For example, by initially entering
a Young’s modulus of 6.73 MPa and a conductivity of 16.2 S/m [40], the
structure turned out to be extremely thin, as it can be seen in Figure 2.3.
This happened because the purpose of optimization was to minimize mass,
so if the initial properties were too high, less material was sufficient to meet
the constraints.

Figure 2.3: Unit cell for PANi, phytic acid and chitosan.
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2.2 Results

The objective of this topology definition was to match conductivity and
minimize stiffness so to create as little interference as possible with the
heart tissue properties and allow the electric signal to flow undisturbed.

However, the optimization tool was based on mass minimization, that
was not of particular interest in this case. Therefore, to follow this logic,
FE1111 minimization as objective function could have been a solution. Nev-
ertheless, mass minimization allowed to obtain a structure that was phys-
ically reasonable. Without this objective the tool could possibly create a
structure with lumps not connected to the main structure or other unrea-
sonable geometries, following the requirement of low stiffness and having
no requirement on the mass.

In the following paragraphs, the results obtained by using mass mini-
mization alone and mass minimization concurrently with Ei;;; minimiza-
tion are shown. This was achieved by customizing the objective function
within the original code [20].

2.2.1 Mass minimization

The bulk properties of the materials under consideration that yielded
satisfactory results are shown in Table 2.1.

Table 2.1: Bulk material properties of materials under consideration.

E [MPa] k[S/m] v

1. PANi + PGS [53] 6 1.77 0.4
2. PU + gelatin + CNT [65]  3.27 1.3 04
3. PANi + PCL [10] 14.1 1.62 04

Table 2.2 illustrates the constraints that, after several adjustments, led
to a geometry in accordance with the specified requirements.

As explained in section 2.1, the homogeneous material properties were
computed for each cell and are displayed in Table 2.3.

Figure 2.4, Figure 2.5, and Figure 2.6 depict cell structures and their
corresponding patterns.
The structure shown in Figure 2.6 is quite complex with respect to the
others, and since the aim was to simplify the solution and its realisation
as much as possible, this geometry was ruled out.
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Table 2.2: Applied constraints for each material.

Ein [MPa] Eq122 [MPa} E2222/E1111 k1s [S/m] k22/k11

1. 011-+055 -0.099~+-0.025 03505 0.25+0.8 035038

2. 011-+0.55 —0.099+-0.045 0.25+05 0.25+0.8 0.35+0.8

3. 0154055 —0.099+-0.025 0.3-+0.5 02+08 03038

Table 2.3: Homogeneous properties of each material.

E, [MPa] Poisson FEy/E; ki [S/m] ko/ky

PANi 4+ PGS 0.43 -0.23 0.27 0.24 0.35
PU + gelatin + CNT 0.48 -0.35 0.26 0.25 0.35
PANi + PCL 0.51 -0.21 0.31 0.24 0.34

||
J

~

}

(a) (b)
Figure 2.4: PANi + PGS (a) unit cell, (b) pattern.

(a) (b)

Figure 2.5: Polyurethane, gelatine and CNT (a) unit cell, (b) pattern.



2.2. Results 29

. e

() (b)
Figure 2.6: PANi and PCL (a) cell, (b) pattern.

In conclusion, comparing the three solutions in terms of geometry, the
first two were simple and quite similar with the advantage that the second
had a thicker structure, while the third had the most complex one.

In terms of properties, F, was quite similar, always tending to the up-
per limit. The second structure had a more pronounced auxetic behaviour,
while the others had a very similar Poisson’s ratio. The stiffness ratio al-
ways had a value around 0.3, about halfway between the minimum value
and the middle value of the range. The conductivity in the transverse di-
rection and the conductivity ratio had very similar values, always tending
towards the lower limits.

2.2.2 Mass and FEj;;; minimization

As seen before, mass minimization alone was not an objective function
tailored for this application. However, completely avoiding the objective
function of mass minimization didn’t lead to any reasonable solution.

One of the purposes of topology definition was to get a robust and eas-
ily realisable structure. From a biological point of view, in the perspective
of the presence of a transmural infarct, the patch, designed with a realistic
thickness of 1 mm, should be able to conduct an electric current equal to
that which flows through the ventricle wall. This wall typically presents
an average thickness of 10 mm, so the patch must be able to conduct
the same current through a thickness ten times smaller. To achieve this
target and contemporarily get thicker struts, it was increased the range
of constraints for the conductivity of five/ten times the one that was used
for mass minimization alone.

The purpose remained to create as little interference as possible with
the heart tissue mechanical behaviour. So, a possible solution to achieve
this requirement was to delete the constrain on Fii11, that was directly
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correlated to Fq, and introduce an objective function on Fy11; that mini-
mized it simultaneously with mass minimization.

The bulk properties of the materials under consideration that yielded
satisfactory results are shown in Table 2.4.

Table 2.4: Bulk properties of materials under consideration with modified ob-
jective function.

E [MPa] k[S/m] v
1. PANi + PCL + PGS [19] 1.3 63 04
2. PANi + PCL [19] 2 39 04

Table 2.5 illustrates the constraints that led to a geometry in accor-
dance with the specified requirements.

Table 2.5: Applied constraints for each material with modified objective func-
tion.

Ei120 [MPa] E2222/E1111 ks [S/m] k22/k11
1. —0.099 = —0.015 0.3=05 1.5+-4 035+0.8
2. —0.099 - —-0.035 0.3+0.5 1.5+-4 0.35+0.8

The homogeneous material properties were computed for each cell and
are displayed in Table 2.6.

Table 2.6: Homogeneous properties of each material with modified objective

function.
E, [MPa] Poisson FEy/E; ki [S/m]  ko/ky
PANi + PCL + PGS 0.25 -0.21 0.30 1.5 0.35
PANi + PCL 0.60 -0.20 0.30 1.49 0.35

Figure 2.7 and Figure 2.8 show cell structures and their corresponding
patterns.

From the results in Table 2.6, it can be seen that, by deleting the
constraint on Fjq11, the Young’s modulus of the second cell was higher with
respect to the case of mass minimization alone, in particular it exceeded
the upper limit. This was due to the fact that when a parameter was inside
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an objective function, the code changed its value freely so to respect as
much as possible the imposed constraints.

() (b)

Figure 2.7: PANi + PCL + PGS (a) unit cell, (b) pattern.

E | g
(a) (b)

Figure 2.8: PANi + PCL (a) unit cell, (b) pattern.

In both cases, it can be noticed that the conductivity value was in-
creased. This was due to the thickness of the struts that was increased,
and it was generally a positive outcome since the purpose was to get a
patch that substituted the role of the heart tissue in conducting current.

2.2.3 Mass minimization with modified constraints

An acceptable cell topology was found for five of the materials that
were chosen from literature for their properties and compatibility with
the heart tissue.

There were other materials with different mechanical and conductive
properties that did not give any admissible solution neither with the ob-
jective function of mass minimization alone nor with mass minimization
and FE711; minimization. This was due to a high value of the conductivity
of the bulk material, that led to cell structures composed by very thin
struts.
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An example is a simulation run for a material composed of PANi, phytic
acid and chitosan [40], that has bulk properties as follows:

E=6.73 MPa
k=16.2S5/m

Through mass minimization, the result of the simulation was a cell with
the structure shown in Figure 2.3.

The struts of this cell were extremely thin with respect to the others
that were obtained, and this may compromise the feasibility of the patch.
Since the shape of the cell was promising, the same material properties
were given as an input using mass and E7;1; minimization, but no accept-
able results were found. The requirements were met in some cases, but
the structure turned out to be too complex.

These simulations were very sensitive to the properties of the bulk
material, so it was possible that the Young’s modulus of this material was
too high and could not reach a well-defined structure and at the same time
minimize Fy111. For this reason, it was decided to remove the objective
function on FEjq11, restoring a constraint on it with more restrictive values,
which were:

0.01MPa < Eq111 < 0.25M Pa

These values were lower than the original ones and were chosen to force
the code to minimize Fi11; keeping the value of transverse stiffness F
acceptable (i.e. lower than 0.5 MPa).

The range of constraints for the conductivity was kept equal to five/ten
times the one that was used for mass minimization alone.

The bulk properties of the materials under consideration that yielded
satisfactory results are shown in Table 2.7.

Table 2.8 illustrates the constraints that led to a geometry in accor-
dance with the specified requirements.

The homogeneous material properties were computed for each cell and
are displayed in Table 2.9.

Figure 2.9, Figure 2.10, Figure 2.11, Figure 2.12 show cell structures
and their corresponding patterns.
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Table 2.7: Bulk properties of materials under consideration with modified con-

straints.
E [MPa] k [S/m] v
1-2. PANi + PCL + PGS [19] 1.3 6.3 04
3. Nanocellulose + PGS + PPy [1] 0.6 3.4 0.4
4. PANi + phytic acid + chitosan [40] 6.73 16.2 04

Table 2.8: Modified constraints for each material.

Einn [MPa] Er122 [MPa] E2222/E1111 k11 [S/m] k‘22/k711

0.01+0.25 -0.099+-0.015 0.3-=0.5 1.5+4 035+08

0.01+03 —0.101 =-—-0.038 0.35+0.5 1.5+-4 0408

1
2
3. 0.01+025 -0.099~+-0.015 03-+0.5 25+4 035+0.8
4. 00103 —0.099 =+ -0.025 0.25+0.5 41+8 03508

Table 2.9: Homogeneous properties of each material with modified con-
straints.

E, [MPa] Poisson FEy/E; ky [S/m]  ko/k

1. 0.25 -0.22 0.31 1.49 0.35
2. 0.20 -0.51 0.34 1.49 0.40
3. 0.17 -0.29 0.30 1.28 0.35
4. 0.29 -0.30 0.28 4.07 0.35

(a) (b)
Figure 2.9: PANi + PCL + PGS (1) (a) unit cell, (b) pattern.
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(a) (b)

Figure 2.10: PANi + PCL + PGS (2) (a) unit cell, (b) pattern.

(a) (b)

Figure 2.11: Nanocellulose + PGS + PPy (a) unit cell, (b) pattern.

(a) (b)

Figure 2.12: PANi + phytic acid + chitosan (a) unit cell, (b) pattern.
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2.3 Discussion

In section 2.2 one can find all cells whose mechanical and electrical
characteristics fell within the ranges of cardiac tissue properties.

By visually comparing the obtained geometries, the most suitable
structures from the feasibility point of view were those shown in Figure 2.8
and Figure 2.11, as they presented an enough simple pattern formed by
thicker struts with respect to the other solutions.

The importance of strut thickness derives from the fact that a pattern
with dimensions of 20 x 20 mm has cells with dimensions of 4 x 4 mm,
considering, for example, five cells per side. Therefore, in the case of the
two selected geometries, the struts had a thickness approaching one mil-
limeter. Considering thinner struts would make their manufacture more
demanding.

For the selected cells, an elastic and electrical simulation was made
with Abaqus (Dessault Systemes, 2019) to verify the consistency of results
obtained in FreeF’EM. This verification was done using a Matlab code
(already developed in previous works) that took as an input the geometry
of the cell in .inp format.

The values of the properties obtained with Abaqus, shown in Table 2.10
and Table 2.11, slightly differed from those resulting from the optimization
code, and were therefore considered satisfactory.

Table 2.10: Properties of cell in Figure 2.8.

Ey [MPa] Poisson FEy/E; ki [S/m]  ki/ko

FreeFEM 0.60 -0.20 0.30 1.49 0.35
Abaqus 0.62 -0.21 0.31 1.57 0.36

Table 2.11: Properties of cell in Figure 2.11.

Ey [MPa] Poisson FEy/E; ki [S/m] ki /ko

FreeFEM 0.17 -0.29 0.30 1.28 0.35
Abaqus 0.17 -0.32 0.30 1.33 0.47

Since the two cells were comparable, the first one was chosen to perform
all the activities explained in the following chapters, keeping in mind that
the entire procedure followed in this thesis can be declined for all the other
solutions found.






Chapter 3

Morphological
characterisation of the left
ventricle from clinical images

In order to simulate the behaviour of the patch, both from a mechanical
and conductive point of view, a model of heart tissue on which to apply
the model of the patch must be generated. By analysing clinical images
of cardiac computed tomography (CCT) the 3D model of a left ventricle
is generated by segmenting the anatomy of the heart for a specific phase
of the cardiac cycle. Once the model is obtained, it can be parameterized
using a Matlab code that takes as an input the 3D model and a scale
factor and gives as an output the 3D model scaled. The latter is used to
simulate the deformation of the heart that occurs during a cardiac cycle
as will be explained in chapter 4. Knowing the deformation of the heart
tissue during a cardiac cycle is important to verify which conditions the
patch needs to withstand.

3.1 Digital processing of clinical images

The reconstruction of the left ventricle involves the use of CCT images
in DICOM format (Digital Imaging and COmmunications in Medicine,
.dicom), provided by the research centre BioCardioLab of the Fondazione
Toscana Gabriele Monasterio situated in Massa. They were acquired on a
male patient of 82 years old. The data consisted in 10 sets of images, each
of which represents the heart in a certain phase of the cardiac cycle. These
images were originally used to study the morphology of the left atrium,
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therefore only one set out of ten includes the image of the entire left
ventricle. This is the reason why there was no possibility of reconstructing
the deformation of the heart tissue through the actual cardiac cycle images,
but it was necessary to use a tool able to scale the model obtained by one
single phase of the cycle.

The image set of interest was imported into 3D Slicer and the images
were processed using the segment editor function. First of all, an optimal
segmentation threshold needed to be determined. From a qualitative point
of view, it was possible to set the most suitable value of threshold by
looking at the segmentations obtained in the sagittal, axial and frontal
planes.

To understand the difference between the values of threshold, a com-
parison of three ranges is shown in Figure 3.1: 50-650, 150-650, 250-650.
These ranges were only useful to get a first approximation of the final
result and thus reduce the time for selecting the area of interest. The left
ventricle was less subjected to the upper limit of the threshold because
it had a white colour, but this limit was quite irrelevant to the result, so
it was kept constant. The first threshold shown (50-650) better identified
the pixels relative to the area of interest.

(a) 50-650 (b) 150-650 (c) 250-650

Figure 3.1: Comparison of the segmentation result with different thresholds
in the axial view of 8D Slicer.

After the selection of a suitable threshold, it was necessary to remove
all the parts that were not coincident with the left ventricle. This was done
in a first approximation, directly from the 3D reconstruction of the slices.
When all the redundant parts were deleted, a more accurate removal of
segmentation was performed.

The segmented ventricle was exported in STL format (i.e., STereo
Lithography, .stl), which represents a discretized shell. Subsequently, the
files were imported into Autodesk Meshmizer (Autodesk, California, USA),
a free software used for the post-processing of 3D models that need op-
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timisation of shape or remeshing. This step was necessary because, fol-
lowing segmentation, the ventricle model had several imperfections and
presented a very jagged surface. This problem was solved using some
filters to smooth out irregularities in the surface. Once the surface was
qualitatively improved, the model was exported again using STL format.

Figure 3.2 shows the result of the post-processing operations step by
step: segmentation, post processing in 3D Slicer, post processing in Mesh-
mizer.

(a) (b) (c)

Figure 3.2: Post-processing operations to obtain the ventricle model: (a)
Thresholding (b) 3D Slicer (c¢) Meshmizer.

In order to create a likely model of the heart, both the cavity of the
left ventricle and the tissue of the ventricle must be considered. Therefore,
with the same methodology that is described in this paragraph, two STL
models were generated: one was representative of the ventricular cavity,
the other represented the ventricle including all the tissue until its external
wall. Using HyperMesh (Altair HyperWorks, USA), the two shells were
combined together (one inside the other) to create a solid wall filling the
gap between them and incorporating a cavity (Figure 3.3).

(a) (b) (c)

Figure 3.3: Construction of a solid model of the ventricle: (a) External and
internal shells. (b) Complete model (c) Section of the model.
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3.2 Post processing of left ventricle model

The reproduction of the heart tissue deformation during the cardiac
cycle was performed to verify the entity of the deformation of the patch
once it was applied to the tissue. Since it was not possible to obtain all the
instants of the cardiac cycle from the heart segmentations, as explained in
section 3.1, another method needed to be found to reproduce a plausible
simulation of the swelling of the heart from a single model.

The idea was to derive from the model some typical measurements
of the ventricle, such as the volume of the ventricular cavity, the length
between the apex of the cavity and the mitral valve, and the area of
the mitral valve itself. Although it was not precisely known what phase
of the cycle the model corresponds to, it was known that it was in an
intermediate phase between the end of systole and the end of diastole, as
shown on a previous study on the same clinical images [25]. Thus, data
regarding the above measurements in the phases of end-systole and end-
diastole were searched in literature, for different samples of patients, to
find one or more samples such that the measurements of the reconstructed
model fall within their range.

To evaluate the characteristic parameters of the ventricle from the
model, different software were used.

For the volume, Autodesk Meshmizer simply allowed to import the
STL model and look for the volume inside the shell model. What was
found is:

Vie =296 ml

Where V;; is the volume of the internal cavity of the ventricle in the
intermediate phase of the cycle, while V; . is the volume of the ventricle in
the same phase of the cycle comprising both the cavity and the ventricle
tissue. Assuming that the volume of the heart tissue remained constant

during the cardiac cycle, it was possible to derive its value, that will be
useful for the total volume:

Vi = Vie — Viy 2 131 m

Autodesk Meshmizer was used also for the evaluation of the length [
of the ventricle, that was found to be:

[ =76 mm

To evaluate the area A of the mitral valve, 3-matic (Materialise, Leu-
ven, Belgium, 2022) was used (Figure 3.4), by selecting an approximate
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area of the mitral valve based on anatomical images (Figure 3.5). This
measure was probably not very accurate, but a possible value was:

A =128 mm?

Figure 3.4: Mitral valve highlighted (in orange) on ventricle model using Ma-
terialise 3-matic.
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Figure 3.5: Heart in diastole: view from base with atria removed [17].

A large number of studies concerning healthy ventricle measures were
found [3, 11, 15, 35, 39, 42-46, 48, 5052, 55-57, 59, 62, 68|, but no one had
information about all the three parameters together. Also, the value of the
mitral valve area was not coherent and thus could not be used. Moreover,
all the studies that give information about the ventricular cavity length
did not mention any measure of the volume.

Therefore, it was decided to focus the attention only on one parameter,
the one with more data available, that in this case was the volume of the
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ventricular cavity. Since the value of interest was 165 ml, a possible range
that had this value as an intermediate value was found in a study concern-
ing 20 healthy male subjects [11] for whom the volume of the ventricular
cavity at end-diastole and end-systole was calculated, obtaining:

V.q=181.1+30.3ml

V., =70.7+18mi

Where V. 4 is the volume at end-diastole and V, ; is the volume at end-
systole. For all the other studies, these values were too small, and the
volume of interest did not fall within the results.

A new model of the ventricle was then created, scaling the original one
till it reached a value of the volume more or less equal to V.. Then, a
pressurization test was done to see if, applying a physiological pressure on
the internal wall of the ventricle, the value V. ; was reached.

To scale the model, a Matlab code was used, that took as an input a
scale factor and the 3D model with .inp format and gave as an output the
3D model scaled with the same format. The scale factor was not known,
so a procedure of trial and error was done, starting with a random value,
and then measuring the volume of the model obtained using Autodesk
Meshmizer. The value of the scale factor was regulated until the volume
of the ventricle reached approximately V. ;.

To obtain the model of the external wall of the ventricle in the end-
systolic phase, the same procedure was used, knowing that the volume
that has to be reached was V., + V;;, since it was supposed that the
volume of the tissue did not change. At the end, the correct values of
volume were approximately reached, using as scales factor for the internal
cavity volume and the external wall volume respectively 0.75 and 0.88.
The result is shown in Figure 3.6.

(a) (b)

Figure 3.6: Scaling of the ventricle with cavity volume equal to (a) 165 ml (b)
70 ml.



Chapter 4

Cardiac cycle simulation with
pressurization tests

Once obtained the model of the ventricle at end-systole, i.e. in the
phase when it is most contracted, the purpose was to simulate the fill-
ing of the ventricle due to the inflow of blood, in order to evaluate the
deformations that the heart tissue and the patch are subjected to.

Before running simulations on the model obtained in chapter 3, two
simplified models (i.e. a parallelepiped and an ellipsoid) were used to
assess the most suitable material to be used and the parameters to be
associated with it.

4.1 Tests on parallelepiped

4.1.1 Model design

To identify the most appropriate material for mimicking cardiac tissue
mechanics, initial simulations were conducted on a simplified geometry for
rapid and straightforward interpretation.

Using Abaqus, the model was designed with a parallelepiped-shaped
geometry. The infarcted region was modeled as a smaller parallelepiped
obtained in the centre (Figure 4.1). This arrangement allowed to assign a
distinct material to the infarct, characterized by higher stiffness [16, 23].
The dimensions of the parallelepiped were 120 x 60 x 10 mm, the ones of
the infarcted region were 10 x 10 x 10 mm.

To evaluate the potential advantage of using an auxetic patch, an
initial simulation was performed with a solid rectangular-shaped patch
(Figure 4.2), followed by one using the actual patch geometry (Figure 4.3).
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Figure 4.1: Simplified representation of heart tissue and infarct with a
parallelepiped-shaped geometry.

Figure 4.2: Simplified model of heart tissue and rectangular-shaped patch.

As shown in Figure 4.2 and Figure 4.3, in both cases the patch was po-
sitioned at the centre of the upper surface of the heart model and adherent
to it with dimensions equal to 20 x 20 x 1 mm.

Creating the fully-solid patch as a component in Abaqus was straight-
forward. The process was different for the auxetic patch, because the
optimization tool that generated its geometry did not provide a CAD file,
but rather supplied a file in .vtk format showing the material density distri-
bution of the cell. This file was first imported in Para View (an open source
visualization application maintained by Kitware, Inc.) for post-processing.
The density distribution of the cell had intermediate values comprised be-
tween zero and one, especially at the edges of the struts. For this reason,
it was necessary to apply a filter to discriminate the solid part from the
void part of the cell, setting a minimum density value below which the
solid material was not considered. Then, the cell surface was constructed
and a triangular mesh was created, so that the file could be exported in
.stl format and used to render the three-dimensional geometry.
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(a) (b)

Figure 4.3: Parallelepiped-shaped model of heart tissue with auxetic patch.
(a) Complete model. (b) Enlargement of patch.

The cell in .stl format measured 1 x 1 mm, which was why it was
imported in 3-matic and scaled in order to obtain a dimension of 2.5 x 2.5
mm, so that, with eight cells per side, the desired patch size (i.e. 20 x 20
mm) was achieved.

Then, it was imported in Abaqus and a surface was created from the
mesh elements, a rectangular pattern with eight cells per side was made
and finally the surface was extruded of 1 mm.

4.1.2 Materials and boundary conditions

Materials

There are several material models in literature aimed at describing
the mechanical behavior of cardiac tissue [4, 18, 36, 69]. Due to their
complexity, these models are well-suited for uncomplicated geometries.

It was chosen to use Fung’s model [4] as it has already been imple-
mented, through its strain energy function, in Abaqus among orthotropic
hyperelastic materials.

The exponential constitutive law presented in Equation 4.1 demon-
strates a transversally isotropic material behavior which differs in the fibre
direction compared to the two orthogonal directions, where the response
remains consistent.

W = 10 (eblefffﬂ-bz(6$T+e§s+265r6m)+263(efsesf-i-efrerf) _ 1) (4.1)
2

The subscript f refers to the local fibre direction, while r and s are the
radial and cross-fibre direction, respectively. The parameters C', by, bs, b3
were experimentally derived with tests on pig hearts [4]. They were entered
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as input in Abaqus consistently with the fibre arrangement corresponding
to direction 1. The values of these parameters are reported in Table 4.1.

Table 4.1: Experimentally derived material constants for Fung’s model.

=

C [MPa] b b 5
6.95-107° 83.43 36.37 62.36

The incompressibility hypothesis was established through a parameter
(i.e., D in Abaqus) imposed equal to zero.

The auxeticity of Fung’s model was achieved through the arrangement
of a certain number of layers, each with a different fibre orientation. As it
will be shown in subsection 4.1.3, the auxetic behavior was not achievable
using the same fibre orientation for all layers.

For the present case, it was decided to divide the parallelepiped-shaped
model into four layers, following what is suggested in literature [4] and
using Abaqus. The individual layers, each 2.5 mm thick, were associated
to a local reference system. Here, direction 1 aligned with a particular fibre
orientation visually represented in Figure 4.4 and detailed in Table 4.2.

=l

L.

(b)

Figure 4.4: Representation of the partition of the model into four layers.
(a) Schematic representation of the four layers and (b) three-
dimensional model.
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Table 4.2: Angle of fibre orientation with respect to x-direction.

Layer 1 Layer 2 Layer 3 Layer 4
135° 0° 30° 60°

For both the infarcted region and the patch a linear elastic material
was imposed. For the former, the Young’s modulus was configured to be
tenfold higher than the value documented in literature for healthy heart
tissue [16, 23], effectively emulating a more rigid region. For the latter,
the bulk properties of the material selected in section 2.3 were used. The
values required by Abaqus are summarized in Table 4.3, assuming the
incompressibility of the materials.

Table 4.3: Properties of the linear elastic materials used for infarcted region

and patch.
Young’s modulus [MPa] Poisson’s ratio
Infarcted tissue 0.5 0.47
Patch 2 0.4

The mesh of all parts had tetrahedral elements and their average size
is reported in Table 4.4.

Table 4.4: Average size of mesh elements for the different parts of the
parallelepiped-shaped model.

Healthy heart tissue Infarcted region Simplified patch Auxetic patch

1.5 mm 1.5 mm 0.5 mm 0.19 mm

Boundary conditions

Between the different parts, in the contact regions, a constraint of type
Tie was set in Abaqus.

The load imposed on the parallelepiped consisted of a displacement in
the y-direction equal to 10% of the total length and exerted on the face
highlighted in red in Figure 4.5. The boundary conditions were applied to
the face opposing to the loading one and consisted of a zero displacement in
the y-direction. An edge of the same face was encastred to avoid excessive



48 Cardiac cycle simulation with pressurization tests

edge effects that would result from constraining the entire face in all three
directions.

Figure 4.5: Load and boundary conditions applied to the parallelepiped-
shaped model.

4.1.3 Results and discussion

To confirm the auxeticity of Fung’s model, a mechanical simulation
was conducted using a simplified parallelepiped structure arranged in lay-
ered configuration with varying fibre orientations, as explained in subsec-
tion 4.1.2.

When a load in y-direction is imposed, Poisson’s ratio v is defined as

y=_2 (4.2)
Ey
where €, and ¢, are the deformations in x- and y-direction, respectively.
These values were computed considering two points situated at the ends of
each pair of opposing sides, as illustrated in Figure 4.6, for different levels
of the model thickness (i.e., every 1.25 mm from z = 0 mm to z = 10 mm),
and the following equations were applied to determine the deformations:

le - Um2
LxO
Uys — Uy
Ey Lo (4.4)
where U,; and U, are the displacements in the x-direction of the two
points in Figure 4.6a, while Uys and Uy are the displacements in y-
direction of the two points in Figure 4.6b. L,y and L,y are the initial

distances between the points in their respective directions.

Ep = (4.3)
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ot
-7.033-01
-8.063e-01

(a) (b)

Figure 4.6: Selection of the points located on the top surface (i.e., z = 10
mm) to verify the auxeticity of Fung’s model. (a) Displacement
field in x-direction. Point 1 on the right, point 2 on the left. (b)
Displacement field in y-direction. Point 3 on the top, point 4 on
the bottom.

The value of Poisson’s ratio was obtained considering the mean value
of the deformations in the thickness, obtaining -0.02, meaning this model
was indeed exhibiting an auxetic behaviour.

To demonstrate that achieving the same result was not possible with-
out this arrangement of the layers, a mechanical simulation was performed
on a model with equally oriented fibres. The same parameters were ex-
tracted, as previously described, resulting in a Poisson’s ratio value of
0.26.

Simulations including an infarted region and a patch were then per-
formed to enable a comparative analysis of the deformation state of car-
diac tissue across four distinct cases: healthy tissue, tissue with infarc-
tion, damaged tissue with the incorporation of a rectangular or an auxetic
patch.

Initially, a verification of the behavior of both patch designs was con-
ducted by computing their Poisson’s coefficient. The same formulas ap-
plied to the parallelepiped were used for these calculations. The resulting
values demonstrated that the patch with the patterned configuration ex-
hibited auxetic performance characterized by v = —0.004, in contrast to
the rectangular patch that had v = 0.32.

To analyse the deformation field of the cardiac tissue, two paths aligned
with x- and y-direction were created for each layer at half of their thickness.
In Figure 4.7 only the paths on the superficial layer are shown as an
example.
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LE, LE11 LE, LE22

nd: 14288

(a) (b)

Figure 4.7: Selection of two paths in the superficial layer to evaluate deforma-
tions in the heart tissue. (a) Strain field in transverse direction.
(b) Strain field in longitudinal direction.

The acquired data, depicted in the graphs in Figure 4.8, demonstrated
the inevitable impact of the infarct on the deformation field of cardiac
tissue due to its higher stiffness. The influence of an auxetic patch was
comparable to the one of the rectangular patch. However, the deforma-
tions of the heart tissue in the presence of a patterned device were closer
to those observed in the infarcted ventricle. Outside the patch region,
strain values converged towards cardiac tissue levels.

Given the layered structure of the model characterized by an asymmet-
rical fibre orientation, the imposed displacement caused not only traction
but also slight bending. This effect was more pronounced in the upper
and lower layers. Regarding longitudinal deformations (i.e., analogous to
the circumferential ones in the heart), the first layer experienced a greater
impact from the patch application since it was the layer directly beneath
it. Comparing the case with infarction and the ones with the application
of the patch, the fourth layer exhibited no discernible difference in terms
of deformation. In the two intermediate layers, the presence of the device
was capable of redistributing mechanical overstress and reducing by ap-
proximately 16% the peaks of deformation caused by the infarct, which
behaved like a hard inclusion embedded within healthy tissue.

Regarding transverse deformations (i.e., analogous to the axial ones in
the heart), their magnitude, equal to approximately 1%, was lower than
that of longitudinal strains. Consequently, even with the presence of the
patch, which slightly modified the range of deformations compared to an
infarcted heart, the situation did not worsen.
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Figure 4.8: Deformation of the heart tissue in (a), (c), (e), (g)
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The graph in Figure 4.9 compares the maximum deformation value in
the longitudinal direction for the infarcted ventricle with and without the
auxetic patch. In presence of the device, this strain decreased in all the



52 Cardiac cycle simulation with pressurization tests

layers, with the exception of the first one, which, being positioned directly
beneath the patch, was most affected.
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Figure 4.9: Maximum longitudinal strain for each layer evaluated for infarcted
ventricle with and without auxetic patch.

4.2 'Tests on semi-ellipsoid

4.2.1 Model design

After choosing the Fung’s material to replicate heart tissue properties,
the geometry of the model was refined to closely resemble that of the heart,
while still maintaining simplicity.

An Abagus model was constructed, representing a hollow semi-ellipsoid
designed to mirror the left ventricle. In order to simulate the infarcted
region, a circular hole was initially generated within the ellipsoid wall.
Subsequently, this void was replaced with a geometric component that
matched the surrounding structure, differentiating it from the adjacent
healthy cardiac tissue with distinct properties. The model is shown in
Figure 4.10.

As explained in subsection 4.1.1, the optimization tool that generated
the geometry of the patch did not provide a CAD file, but rather supplied
a file in .vtk format showing the material density distribution of the cell.
Using Paraview and 3-matic and following the same procedure described
in subsection 4.1.1, a two-dimensional planar cell was obtained and im-
ported in Abaqus. A pattern was generated using five cells per side and it
was saved as a sketch. Following this, a plane tangential to the ellipsoid
was created in the region of the infarct and onto it the previously crafted
sketch was imported, enabling the creation of an extruded cut. This pro-
cedure produced a two-dimensional patch following the ellipsoid curvature.
Subsequently, $-matic was employed to establish the patch thickness (i.e.,
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1 mm) and the mesh, with tetrahedral elements of average size of 0.1
mm. The final outcome was reintegrated into the Abaqus environment,
obtaining the model shown in Figure 4.11.

Figure 4.10: Simplified representation of the infarcted ventricle using a hollow
semi-ellipsoid. Wall thickness: 10 mm, height: 85 mm, radius of
internal upper circumference: 20 mm.

Figure 4.11: Hollow semi-ellipsoid with a patch that follows its curvature.

4.2.2 Materials and boundary conditions

Materials

To establish four layers and enable the assignment of distinct fibre
orientations to each of them, as outlined in Fung’s model, the Abaqus part
was partitioned into four hollow semi-ellipsoids with thickness equal to 2.5
mm, as shown in Figure 4.12.

The infarcted ventricle model was meshed with tetrahedral elements
measuring 2.5 mm, on average.

In this scenario, unlike the case of a parallelepiped geometry, assigning
a singular local reference system to each layer was unfeasible due to the
model curvature. For highest accuracy, the optimal approach allocates a
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distinct local reference system to each element of the mesh, based on both
its angular position and the layer it belongs to. Given the clear imprac-
ticality of this procedure, a Matlab code was developed to systematically
divide each layer into 10° wide circular sectors (Figure 4.13) and to assign
the pertinent reference system to each of these portions. To effectively
segment the mesh elements, a shift from Cartesian coordinates to polar
coordinates was necessary. Then, a rotation matrix was used to assign the
corresponding reference system to each sector, taking into account both
its angular position and the orientation angle of the fibres within each
layer.

Figure 4.12: Longitudinal section of the hollow semi-ellipsoid partitioned in
four layers.

Figure 4.13: Segmentation of one layer of the healthy tissue into 10° wide
portions using Matlab.

The parameters of Fung’s model and the material properties for the
infarcted region and the patch were those reported in subsection 4.1.2.

Boundary conditions

Between the different parts, in the contact regions, a constraint of type
Tie was set in Abaqus.
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The applied load consisted of a pressure equal to 40 mmHg (i.e., 0.0053
MPa), exerted on the inner surface of the ellipsoid, following a ramp func-
tion. This simulation mirrored the physiological condition present within
the left ventricle. The imposed value was the difference between the av-
erage maximum arterial pressure of 120 mmHg and the minimum of 80
mmHg. The simulation lasted for one second, i.e., the duration of a single
heartbeat.

Boundary conditions were established by restricting the displacement
of the upper circular crown along all three directions, as shown in Fig-
ure 4.14.

Figure 4.14: Load and boundary conditions applied to the ellipsoidal model.

4.2.3 Results and discussion

Volume variation

Simulations were conducted to reproduce as far as possible the defor-
mation cardiac tissue undergoes during the cardiac cycle, particularly in
terms of variation of cavity volume.

Referring to the numerous studies that have assessed left ventricular
cavity size at the end of systole and the end of diastole [3, 11, 15, 35,
39, 42-46, 48, 50-52, 55-57, 59, 62, 68|, on average, the volume variation
experienced by the cavity during the cardiac cycle is 70 ml. This value is
indicative and can exhibit significant variability, as it is derived from the
difference between average volume measurements at the end of systole and
the end of diastole, both of which possess substantial standard deviations,
typically on the order of tens of millilitres.

The simulation involved the ellipsoidal model of healthy tissue, to
which an internal pressure was applied, as outlined in subsection 4.2.2.

Starting from a cavity volume of 62 ml, calculated using Meshmizer,
a volume of 90.7 ml was reached, and thus, there was a volume change of
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28.7 ml. A visual representation of the outcome is found in Figure 4.15.

A,
(a) t=0s (b) t =15

Figure 4.15: Pressurization test on ellipsoidal model at initial and final in-
stants, with internal pressures equal to (a) 0 mmHg, and (b) 40
mmHg.

The same simulation was also conducted on both the simplified ellip-
soidal model with infarcted tissue and the model with the patch, that were
illustrated in subsection 4.2.2, obtaining approximately the same result in
terms of variation in cavity volume.

The way Fung material was modelled in this work revealed some lim-
itations, as it failed to predict the expected volume variation. This dis-
crepancy might arise from approximations made in modelling the layers.
Specifically, the reference systems established for each 10° wide circular
sector, which varied between layers, may not accurately reflect the ori-
entation of the fibres in the apex of the heart, where curvature is more
pronounced.

Deformation field on cardiac tissue

A comparative analysis was conducted to evaluate the strains on car-
diac tissue during a simulated heartbeat across three distinct cases: healthy
tissue, tissue with infarction, and damaged tissue with the application of
an auxetic patch.

From the results of the pressurization tests detailed in the previous
paragraph, longitudinal and circumferential deformations were extracted
along two paths situated near the patch, as illustrated in Figure 4.16.
To achieve this, a cylindrical reference system was established within the
Abaqus results environment, with the three directions ordered as radial,
circumferential, and axial.

The acquired data are depicted in the graphs in Figure 4.17 and demon-
strated the inevitable impact of the infarct on the deformation field of car-
diac tissue. The presence of the infarcted region reduced by approximately
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70% the value of deformations in the damaged area, due to its increased
stiffness. Nevertheless, in the surrounding tissue, the percentage of this
strain variation lowered. Notably, the introduction of the patch did not
have a negative impact, as indicated by the similarity in strain trends
between infarcted tissue with and without the patch. This outcome was
predictable, as it had already been achieved in the simplified model.

LE, L33 (C5¥S-1)

LE, LE22 (CSY5-1)
I (avg: 75%)

() (b)

Figure 4.16: Selection of two paths to evaluate deformations in the ellipsoidal
model. (a) Strain field in circumferential direction, (b) Strain
field in axial direction.
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Figure 4.17: Circumferential strain of the ellipsoidal model in (a) circumfer-
ential direction, (b) axial direction. Axial strain in (c) circum-
ferential direction and (d) axial direction.
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4.3 Tests on realistic left ventricle

4.3.1 Model design

Although the auxetic material obtained with Fung’s model cannot be
easily used on complex designs, some simulations were nevertheless con-
ducted on the realistic ventricle model described in chapter 3, using a
more manageable material.

Through Abaqus, the left ventricle was meshed with tetrahedral ele-
ments having an average side length of 1.5 mm. Then, it was modified by
adding the damaged region, in particular a set of elements corresponding
to the infarct was created and converted into a part. In this way, two
distinct parts were obtained, one for healthy tissue and one for damaged
tissue, and different mechanical characteristics could be assigned.

In the region above the infarct, a patch that adapted to the curva-
ture of the heart was obtained, following the same procedure described in
section 4.2. The mesh elements of this part measured 0.1 mm on average.

The model with and without the patch is shown in Figure 4.18.

(a) (b)

Figure 4.18: Model of left ventricle with (a) an infarcted region and (b) a
patch above it.

4.3.2 DMaterials and boundary conditions

Materials

The hyperelastic Neo-Hookean material was chosen as the simplest
material approximating the behaviour of the heart, even if it does not
truly represent it, being it isotropic.

However, it stands as the most straightforward hyperelastic material
already implemented in Abaqus and its coefficients are derived from well-
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known properties, i.e., Young’s modulus and Poisson’s ratio. In contrast,
other material models demand parameters that are not available.

Equation 4.5 shows the strain energy per unit reference volume char-
acterising this material model.

W =Ch (L —3)+ % (Jy —1)° (4.5)

Cho and D are temperature-dependent material parameters, and I is the
first deviatoric strain invariant. The parameter D was set equal to zero.
In this way, Abaqus established the incompressibility hypothesis. The
expression for C is defined in Equation 4.6.

ClO - % (46)
where
Fy
= — 4.7
Ho 2(1 + ) (4.7)

and FEj is the initial Young’s modulus of the material, while v is its Pois-
son’s ratio. The imposed values were Fy = 0.05 MPa and v = 0.47.

The material properties for the infarcted region and the patch were
the same as the ones reported in subsection 4.1.2.

Boundary conditions

Between the different parts, in the contact regions, a constraint of type
Tie was set in Abaqus. The applied load consisted of a pressure equal to 40
mmHg (i.e., 0.0053 MPa), as it was set for the ellipsoidal model, exerted
on the inner wall of the ventricle. Boundary conditions were established by
restricting the displacement of the mitral valve area and the aorta along
all three directions, as shown in Figure 4.19.

Figure 4.19: Boundary conditions applied to the ventricle model.
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4.3.3 Results and discussion

Before applying the Neo-Hookean material to the more complex ven-
tricle model, a preliminary test was conducted on the ellipsoid. The test
replicated the conditions described in section 4.2, changing only the mate-
rial used. The pressurization test resulted in an end-diastole cavity volume
of 112 ml (Figure 4.20), meaning a variation of 50 ml with respect to end-
systolic volume (i.e., 62 ml). This value was more closely aligned with
physiological conditions compared to the one obtained with the Fung’s
model.

(a)t=0s (b)t=1s

Figure 4.20: Pressurization test on Neo-Hookean ellipsoidal model at initial
and final instants, with internal pressures equal to (a) 0 mmHg,
and (b) 40 mmHg,.

Regarding deformations, the same strain values described in subsec-
tion 4.2.3 were extracted from this test, revealing a distinct behavior be-
tween the Neo-Hooke material and the Fung one, as shown in Figure 4.21.
This outcome was expected, due to the isotropic nature of the former and
the auxetic properties of the latter.

Nonetheless, it was decided that the Neo-Hooke material would be
employed for the ventricle model, aiming to evaluate both the entity of
volume variation and the deformations it underwent.

The pressurization test resulted in an end-diastole cavity volume of
116.3 ml (Figure 4.22), meaning a variation of 46.3 ml with respect to
end-systolic volume (i.e., 70 ml). This value was in accordance with data
found in literature regarding physiological volume variations of the left
ventricle during the cardiac cycle.
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Figure 4.21: Circumferential strain of the ellipsoidal model in (a) circumfer-
ential direction, (b) axial direction, comparing Fung and Neo-
Hookean models. Axial strain in (c) circumferential direction
and (d) axial direction, comparing Fung and Neo-Hookean mod-

els.

(a)t=0s

(b)t=1s

Figure 4.22: Pressurization test on Neo-Hookean ventricle model at initial
and final instants, with internal pressures equal to (a) 0 mmHg,
and (b) 40 mmHg.
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To evaluate the deformations experienced by cardiac tissue, creating
a cylindrical reference system was unfeasible due to the absence of well-
defined global axial and circumferential orientations in the model. As an
alternative, a local Cartesian reference system was adopted in the heart
region near the patch, as depicted in Figure 4.23. This approximation
involved a local alignment of the x-direction with the circumferential one,
the y-direction with the axial one and the z-direction with the radial one.

u_{'

X

Figure 4.23: Local reference system in ventricle model.

Two paths were created as shown in Figure 4.24. For both, the ap-
proximated circumferential and axial deformations were extracted from

the test, as shown in Figure 4.25.

LE, LE11 (CSYS-1) LE, LE22 (CSYS-1)
(Avg: 75%) %)

(Avg: 75%

() (b)

Figure 4.24: Selection of two paths to evaluate deformations in the ventricle
model. (a) Approximated circumferential strain field, (b) ap-
proximated axial strain field.
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The healthy ventricle exhibited deformations in both directions of ap-
proximately 10%, aligning with existing literature findings [7, 9, 14]. In
presence of the infarcted region, these strains decreased to a value around
2% due to the increased stiffness. However, the values returned compara-
ble to those observed in healthy tissue outside the damaged area. When
comparing the results with the ellipsoidal model, even though they em-
ployed different materials for healthy heart tissue, the conclusions drawn
from the illustrated graphs remained consistent: the patch followed the de-
formation pattern of the infarcted heart, without having a negative impact
on it.
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Figure 4.25: Approximation of circumferential strain of the ventricle model
in (a) x-direction, (b) y-direction. Approximation of axial strain
in (c) x-direction and (d) y-direction.






Chapter 5

Simulation of the
electrophysiology of the heart

To verify that the designed patch was able to transmit the action po-
tential conducted through myocardial cells, an in silico model was created.
The Ten Tusscher’s model was used. It is a mathematical model of the elec-
trophysiological behaviour of human ventricular cells, based on the most
important ionic currents involved in the generation of the action poten-
tial. The membrane is modeled as a capacitor connected in parallel with
various resistances and bacteries representing ionic currents and pumps, re-
spectively. The electrophysiological behavior of cells is described through
a differential equation (Equation 5.1) as function of the current applied
through a stimulus and the sum of all transmembrane ionic currents.

dV
Cm% - _Istim - ]ion (51)
where C,, is cell capacitance per unit surface area, V' is voltage, ¢ is time,
Lgim is the externally applied stimulus current, and I;,, is the sum of all

transmembrane ionic currents, defined as

Lion = INag+H I x+ 1o+ T+ kst IcarHINacatINak +pca+ Tpx +1bca+Tona

(5.2)
where I, is the fast Na™ current, I is the inward rectifier K+ current, I,
is the transient outward current, I, is the rapid delayed rectifier current,
Ix, is the slow delayed rectifier current, Ic,z, is the L-type Ca®t current,
Inaca is the Nat/Ca*T exchanger current, Iy,x is the Na™/K™* pump
current, I, and Iy are plateau Ca*™ and K currents, and I,c, and
Iy, are the background Ca?' and Na™ leakage currents.

65
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These currents in turn are described by equations whose coefficients
are derived experimentally [63, 64].

5.1 Creation of the input files

To simulate the cardiac action potential propagation, LS-Dyna (Ansys
Inc., 2022), an advanced multiphysics simulation software, was used.

For simplicity and greater practicality, four input files were created in
order to separate the commands according to the field in which they were
involved. They were written in .k format, that stands for key-file (i.e.,
built up of keywords [28]), and were called main.k, struc.k, mesh.k and
em.k.

The main.k file contains parameters that are used in other files, making
it more convenient to modify them afterwards. Among these parameters,
there are the value of the time increment between one calculation step and
the following one, and the time increment between one state of graphical
display of the results and the following one. For the purpose of this thesis,
the most relevant parameters were the ones regarding electrophysiology,
that are the conductivity values of both the cardiac tissue and the patch,
the surface-to-volume ratio and the cell capacitance per unit surface area.

The struc.k file declares how many parts the model is divided into, so
that it is possible to assign to each part the proper material, defined in
this same file. It also contains a parameter that establishes the duration
of the propagation phenomenon to be simulated.

The mesh.k file contains the list of elements into which the model is
divided. For each element, the part to which it belongs and the nodes that
make it up are specified. There is also the list of nodes with their spatial
coordinates. For the simulations that will be described in the following
paragraphs, it was necessary to define some sets of nodes from which a
stimulus started. These sets are defined in this file.

The em.k file contains all keywords regarding electrophysiology. One
of them establishes the solving method of the problem, which, in the
case of interest, can be electrophysiology bidomain or electrophysiology
monodomain. The former represents the most complete model of cardiac
electrical activity and it consists of two equations describing intra and
extracellular potentials, coupled with a system of equations describing
ionic currents, as it follows.
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(XC’ma” — div(D;Vug) + XLion(v,w) = I¢

Bt app

—XCm% — div(D.Vu.) — xlion(v,w) = —I¢ . (5.3)

app

\88_1: B R(U’w> =0, U<X7 t) = Ui(X,t) — UE(X, t)

where u; and u, are the intra and extracellular potentials, v is the trans-
membrane potential, w represents the gating and concentration variables,
and the coefficient y is the ratio of membrane area per tissue volume.
Lion(v,w) is the ionic current described before, and R is a function that,
together with I;,,, depends on the membrane model employed. D; and
D, are the conductivity tensors of the intra and the extracellular medium,
x is the position in the myocardium, and 7, égp are the applied currents per
unit volume.

The electrophysiology monodomain is a simplified model and consists of an
equation describing the evolution of the transmembrane potential coupled
with an ionic model (Equation 5.4). For this reason, it is less computa-
tionally expensive and less time consuming [12].

Xcm% - dZU<D(X)VU) + XIion(U7 w) = Iapp
(5.4)

%—?—R(v,w):O

Each material defined in the struc.k file is associated with a keyword in the
em.k file, that describes the behavior of the material from the electrical
point of view, specifying the conductivity values. For the simulations that
will be described, the conductive materials were active, meaning they can
carry a source, or passive, meaning they are not connected to any current
or voltage source. Every active material must be related to a cell model,
such as Ten Tusscher’s, which is already implemented in LS-Dyna and
was defined in this file by expliciting the coefficients of the equations cited
at the beginning of chapter 5.

The parameters of the applied stimuli were explicited here, in the em.k
file. They are the set of nodes to which the stimulus was applied, the
starting instant, the duration and the amplitude.
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5.2 Simulations on simplified model

5.2.1 Input parameters

Since the primary aim of this thesis was to verify whether the patch was
able to conduct the electrical stimulus by following the action potential
of the heart, it was firstly used a simplified model of both the heart and
the patch to better understand how to set up more realistic simulations
afterwards.

Using LS-PrePost (Ansys Inc., 2022), the heart was represented with
a parallelepiped measuring 60 x 24 x 6 mm following a model used in
literature [47]. The patch was also represented with a parallelepiped, mea-
suring 12 x 12 x 1 mm, positioned at the centre of the upper surface of
the heart model and adherent to it, as shown in Figure 5.1.

Figure 5.1: Simplified model of heart tissue and patch. The nodes highlighted
in yellow constitute the set from which the stimulus starts.

To simulate an infarct, a region with a square cross-section of 8 x 8
mm was created below the patch and through the entire thickness of the
heart tissue model, as shown in Figure 5.2.

The assembly obtained was thus composed of three distinct parts, for
which a mesh was created with brick elements of dimension 1 x 1 x 1 mm.
Note that, for the correct functioning of the software, the nodes in the
regions where the parts are in contact must be coincident.

The electrophysiological parameters set are 140 um ™" for the surface
area to volume ratio and 0.01 uF/mm? for the cell capacitance per unit
surface area.

The conductivity values in direction x (S ), v (Syy) and z (S,,) for the
three different parts are displayed in Table 5.1. The fibers were assumed
to be oriented along y-direction.



5.2. Simulations on simplified model 69

(a) (b)

Figure 5.2: Simplified model of heart tissue and infarcted region. (a) Com-
plete model with section plane in evidence. (b) Section of the
model.

Table 5.1: Conductivity values in direction x, y and z for heart, infarct and
rectangular patch.

Sex [S/m] Sy, [S/m] S [S/m]

Heart tissue 0.06 0.2 0.06
Infarcted tissue 0 0 0
Patch 3.9 3.9 3.9

The values for healthy heart tissue correspond to the conductivity values
found in literature [8, 14, 22]|. For the infarct, zero conductivity was set
since this type of scar tissue does not contain cardiomyocytes and therefore
does not conduct the action potential. The conductivity of the material
selected in section 2.3 was used for the patch [19].

The stimulus started from the nodes of the face shown in Figure 5.1 of
the parallelepiped model of the heart, following the path in a longitudinal
direction and crossing both the infarct and the patch.

This stimulus had the characteristics shown in Table 5.2, corresponding to
a healthy heartbeat with a frequency of 60 bpm (i.e., beats per minute).

Table 5.2: Parameters of the stimulus.

Starting instant [ms] Duration [ms] Amplitude [mV] Period [ms]

0 2 50 1000
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5.2.2 Results and discussion

To assess the patch performance under the most basic conditions, sim-
ulations were initially conducted on healthy tissue alone. This allowed to
validate the electrophysiological parameters of the model. Subsequently,
it was introduced the infarcted area, and finally, the patch was incorpo-
rated into the simulations. Given the simplicity of the model, bidomain
was chosen due to its greater precision.

The transmembrane potential was evaluated for healthy heart tissue
and infarcted region, constituted by active conductive materials. In con-
trast, the patch, a passive conductive material, lacks a transmembrane
potential, so only its external potential was considered.

The outcomes, shown in Figure 5.3 and Figure 5.4, indicated that the
patch efficiently conducted the external potential transmitted by the heart,
enabling the transition to a more realistic model.
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Figure 5.3: Transmembrane potential in a simplified model of the heart at
instant t = 100 ms. The colorbar values are expressed in mV.
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Figure 5.4: Extracellular potential in a simplified model of the heart at instant
t = 100 ms.
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Five distinct nodes, situated on the outer surface of the model (Fig-
ure 5.5), were selected: one belongs to the set of nodes from which the
stimulus starts (i.e., node A), two are on the healthy tissue before and
after the patch (i.e., nodes B and C), one on the infarct (i.e., node E, not
visible in the figure), and the last on the patch (i.e., node D). The trans-
membrane and extracellular potentials corresponding to these designated

~

points is graphically represented in Figure 5.6

Figure 5.5: Selection of five nodes in the simplified model of the heart (the
one on the infarcted region is not visible).

In healthy cardiac tissue, the resting transmembrane potential main-
tained a value of -85.23 mV, given by the difference between the negative
intracellular potential and the positive extracellular potential. Once the
stimulus began, the intracellular potential increased to positive values,
while the extracellular potential decreased towards negativity. As a re-
sult, their disparity generated the positive peak in the action potential
waveform (Figure 5.6a).

For the patch, the external potential had the same trend of the one of
the healthy heart tissue, meaning the electric signal was correctly trans-
mitted.

The infarct showed a constant transmembrane potential because it is
a non-excitable region.

Table 5.3 presents the transmembrane potential characteristics of the
node before and the node after the infarcted region (i.e., nodes B and C),
derived using a Matlab code. These attributes are the action potential
amplitude (APA [mV]), the action potential duration at 90% of the re-
polarization (AP Dy, [ms]), the value of maximum upstroke (dV/dt max
[mV/ms]), the resting membrane potential (RMP [mV]), and the maxi-
mum value of potential itself (V4. [mV]).
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Analyzing the action potential characteristics of nodes B and C, they
remained unaffected by the presence of the patch.
The only difference between node B and node C was in the activation

time, that had a value of 58.8 ms and 135.54 ms, respectively, as they were
sequentially activated.

50

T
—A
—B
—C|

/7 a ;

o

&
S

Transmembrane potential [mV]

o
o

| | | | |
400 600 800 1000 1200 1400 1600 1800 2000
Time [ms]

(a)

o
N
S -
s3

o
o

IS
o
444
gow

iy

200 400 600 800 1000 1200 1400 1600 1800 2000
Time [ms]

(b)

Figure 5.6: (a) Transmembrane and (c) external potentials of selected nodes.
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Table 5.3: Action potential characteristics for nodes B and C in the simplified
model, the first before and the second after the infarcted region.

APA  APD dV/dt max RMP V..
Node B 120.19 294.81 330.41 -85.23  32.39
Node C 121.44 298.91 345.25 -85.23  32.53
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5.3 Simulations on heart model

5.3.1 Input parameters

To verify that the patch was capable of conducting the action potential
in a more realistic configuration, the heart model described in chapter 3
was used. An infarcted region was added to this model and, above it, a
parallelepiped-shaped patch that adapts to the curvature of the heart had
been added, following the same procedure described in subsection 4.3.1.
The decision to use a simplified patch was made to avoid overly compli-
cating the model.

The model with and without the patch is shown in Figure 5.7.

T I

(a) (b)
Figure 5.7: Model of heart tissue with (a) an infarcted region, and (b) a patch
above it.

The mesh was generated with tetrahedral elements with an average
side length of 1.5 mm.

The electrophysiological parameters, i.e., electrical conductivities, sur-
face area to volume ratio and cell capacitance per unit surface area, were
kept the same as those described in subsection 5.2.1.

Remaining consistent with the physiological propagation of the action
potential in the ventricle, the stimulus started from the apex and moved
towards the base, and from the endocardium towards the epicardium. Con-
sequently, a set of nodes was created in the inner wall of the model in the
apical part, as shown in Figure 5.8.

This stimulus had the same characteristics that were reported in Table 5.2.

In order to test the conductivity of the patch also in an anomalous sit-
uation, an extra systole was simulated by creating a second set of nodes,
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shown in Figure 5.9, from which a stimulus with the characteristics ex-
posed in Table 5.4 started.

e

Figure 5.8: Set of nodes from which the stimulus started in the ventricle model
seen in a transversal section.

<

Figure 5.9: Set of nodes from which the extra stimulus started in the ventricle
model. Unlike the first stimulus, this one was realised throughout
the entire thickness of the myocardium.

This case corresponded to an arrhythmia with spiral waves that were cre-
ated by the extra stimulus in the refractory tail of the wave generated by
the first stimulus [27].

Table 5.4: Parameters of the extra stimulus [27].

Starting instant [ms] Duration [ms] Amplitude [mV] Period [ms]

410 2 200 200000
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5.3.2 Results and discussion

In order to determine the appropriate resolution method to employ,
two simulations were performed using identical inputs. The only variable
altered between the simulations was the parameter that differentiates mon-
odomain from bidomain.

For the sake of simplicity, a physiological heart beat was simulated
using the healthy ventricle model. The differences between these two
simulations are visually depicted in Figure 5.10. Notably, the temporal
evolution of action potential propagation exhibited distinct patterns. In-
deed, when observing the same time instants, the active and refractory
zones showed disparate characteristics and involved varying regions of the
heart.

If the behavior had remained unaltered between monodomain and bido-
main, the former would have been preferred due to its reduced computa-
tional requirements. In this case, however, the evolution of the action
potential was visibly different, so the bidomain method was chosen, given
its higher accuracy.

Physiological heartbeat

A physiological heartbeat was simulated under three distinct condi-
tions: one with entirely healthy heart tissue, another with the presence
of an infarct, and the last with a patch applied over the damaged region
(Figure 5.11).

The transmembrane potential was assessed for active conductive ma-
terials (i.e., healthy heart tissue and infarcted region), as they possess
both intracellular and extracellular potentials. In contrast, the patch, be-
ing a passive conductive material, lacks a transmembrane potential, and
consequently, only its external potential was considered.

Figure 5.11 displays how the infarct, having zero conductivity, did not
propagate the action potential. Conversely, the potential conducted by
the patch aligned with the extracellular potential of the heart.

In Figure 5.12, it is displayed the selection of three distinct nodes
situated on the outer surface of the ventricle: one within the infarcted
region (i.e., node C), another in the healthy tissue immediately below the
infarct (i.e., node A), and the third in the healthy tissue above the affected
area (i.e., node B).

The transmembrane potential corresponding to each of these desig-
nated points is graphically represented in Figure 5.13, and shows how, in
presence of an infarct, the trasmembrane potential of that region remained
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Figure 5.10: Temporal evolution of the action potential using monodomain
(a,c,e) and bidomain (b,d,f) at corresponding time instants. The
colorbar values are expressed in mV.

at its resting value (Figure 5.13b).

A node on the patch (i.e., node D) was selected to show its conductiv-
ity properties, shown in Figure 5.14. Here, the transmembrane potential
conducted by the patch was zero, since it is a passive material. Conversely,
the patch was able to follow the extracellular potential of the heart tissue
(Figure 5.14b).

Table 5.5 presents the action potential characteristics of nodes A and
B (i.e., before and after the infarcted region), derived using a Matlab
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Figure 5.11: Propagation of transmembrane potential in (a,b) healthy heart
and (c,d) tissue with infarct. (e,f) Propagation of extracellular
potential in presence of a patch.

code. These attributes are the same exposed in subsection 5.2.2 and are
referred to three distinct simulations: one with healthy tissue (HT), one
with infarcted tissue (IT) and one with infarcted tissue and patch (P).

Action potential characteristics of nodes A and B remained unaltered
in the presence of both the infarct and the patch. For node B, when
damaged tissue was present, the activation time increased to 231.16 ms
compared to the case of healthy tissue (i.e., 205.17 ms). Introducing the
patch mitigated this delay, reducing it by a few milliseconds, being the
activation time in this case equal to 225.77 ms.
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Figure 5.12: Selection of three nodes on heart tissue.
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Figure 5.13: Temporal evolution of action potential in three nodes of the
heart. (a) Healthy heart tissue, (b) heart tissue with an in-
farcted region.
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Figure 5.14: Temporal evolution of potentials in two nodes of the heart (A
and B) and one on the patch (D). (a) Transmembrane, (b) ex-
tracellular potentials.
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Table 5.5: Action potential characteristics for nodes A and B, the first before
and the second after the infarcted region.

APA APD dV/dt max RMP V4,

Node A HT 122.93 294.87 340.69 -85.23  34.78
IT 12293 294.87 340.70 -85.23  34.78

P 122.97 296.67 340.81 -85.23  34.83

Node B HT 123.21 300.19 341.14 -85.23  34.98
IT 123.14 305.13 345.47 -85.23 33.61

P 116.34 300.23 303.94 -85.23  30.82
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Extrasystole

In accordance with what was delineated in subsection 5.3.1, the exam-
ination of healthy heart tissue, a ventricle afflicted by infarction, and a
ventricle with both infarct and patch was conducted, running simulations
to emulate the occurrence of an extrasystole and test the conductivity of
the patch also in this anomalous situation. The attributes of the extra
stimulus are the ones previously exposed in Table 5.4.

Y
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(e) t =420 ms (f) t = 1000 ms

Figure 5.15: Propagation of transmembrane potential with extrasytole in
(a,b) healthy heart and (c,d) tissue with infarct. (e,f) Propaga-
tion of extracellular potential in the same situation in presence
of a patch.
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For the active materials, i.e., the healthy tissue and the infarct, the
transmembrane potential was examined, while the external potential was
used to determine the behaviour of the patch when subjected to an action
potential.

Figure 5.15 illustrates how the additional stimulus initiated a spiral-
shaped action potential, mimicking a possible cardiac arrhythmia. This
happened because the action potential originating from the second set of
nodes encountered cardiac tissue that had not yet returned to its resting
potential. Instead, it interacted with regions that were still in a refractory
state and therefore could not be stimulated. The potential propagated
exclusively through excitable heart tissue and extended to other zones
only once they had exited the refractory state. It is evident that the
infarcted region remained incapable of conducting the action potential
carried by the healthy tissue. Conversely, the patch effectively transmitted
the extracellular potential.

The transmembrane potential of the same three nodes displayed in
Figure 5.12 is graphically represented in Figure 5.16 and shows how, in
presence of an infarct, the trasmembrane potential of that region remained
at its resting value (Figure 5.16b).

As explained in the previous paragraph, a node on the patch (i.e.,
node D) was selected to show its conductivity properties, as shown in
Figure 5.17. Here, the transmembrane potential conducted by the patch
was zero since it is a passive material (Figure 5.17a). Conversely, the
patch was able to follow the extracellualar potential of the heart tissue
(Figure 5.17b).

Table 5.6 presents the action potential characteristics of the nodes A
and B (i.e., before and after the infarcted region), derived using a Matlab
code. These attributes are the same exposed in the previous paragraph,
with the distinction that the action potential under consideration here
(Figure 5.17a) was not the initial one, which represents the physiological
beat, but the second, which represents the additional stimulus. The results
are referred to three distinct simulations: one with healthy tissue (HT),
one with infarcted tissue (IT) and one with infarcted tissue and patch
(P). Action potential characteristics remained unaffected by the presence
of the patch.
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Figure 5.16: Temporal evolution of action potential in three nodes of the heart
in presence of an extrasystole. (a) Healthy heart tissue, (b) heart
tissue with an infarcted region.

1000

Table 5.6: Action potential characteristics for nodes A and B, the first before
and the second after the infarcted region, in presence of extrasys-

tole.

APA APD dV/dt max RMP V..

Node A HT 115.65 251.32 263.78 -85.23 28.69
IT 115.65 251.38 263.77 -85.23 28.68

P 115.39 250.58 263.11 -85.23 29.48

Node B HT 111.46 249.41 252.45 -85.23 25.42
IT 11441 253.35 257.95 -85.23 25.84

P 113.54 252.55 259.00 -85.23 25.37
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Figure 5.17: Temporal evolution of potentials in two nodes of the heart (A
and B) and one on the patch (D), with an extrasystole. (a)
Transmembrane, (b) extracellular potentials.

5.4 Simulations with auxetic patch

5.4.1 Input parameters

After achieving promising conductivity outcomes, the model under-
went further refinement by substituting the simplified patch with the aux-
etic geometry selected in section 2.3. The solid patch was generated with
the same procudere described in subsection 4.1.1, and it was meshed with
tetrahedral elements of average size equal to 0.15 mm.

The healthy heart tissue was still represented by a parallelepiped that
was meshed using tetrahedral elements.

Since the nodes of the patch must coincide with those of the paral-
lelepiped, the mesh generated on the latter is not uniform. Specifically,
the average dimension of elements at parallelepiped extremities measures
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approximately 1.5 mm, but this value decreases moving towards the cen-
tral area where the patch is situated.

The infarct was generated as a set of elements in Abaqus and converted
into a part, enabling the assignment of distinct conductive properties to
it. The model is shown in Figure 5.18.

o
(a) (b)

Figure 5.18: Parallelepiped-shaped model of heart tissue (60 x 24 x 6 mm),
infarct and auxetic patch (12 x 12 x 0.6 mm). (a) Complete
model (b) Enlargement of patch.

The electrophysiological parameters (i.e., electrical conductivities, sur-
face area to volume ratio and cell capacitance per unit surface area) are
the same as the ones described in subsection 5.2.1.

The conductivity values in direction x (S ), ¥ (Syy) and z (S,) for the
three different parts were kept the same as those displayed in Table 5.1.
The different conductive properties of the patch in the two directions were
ensured by the auxetic geometry.

The set of nodes from which the stimulus started and its parameters
are the same as those illustrated in Figure 5.1 and in Table 5.2.

5.4.2 Results and discussion

To evaluate the conductivity of the patch with its actual geometry,
results were estracted similarly to those delineated in section 5.2 and sec-
tion 5.3.

Figure 5.19 and Figure 5.20 provide representations of the transmem-
brane potential and extracellular potential at a specific time instant. These
visuals suggest that the patch effectively conducted the stimulus similarly
to the behavior observed in cardiac tissue.
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Figure 5.19: Transmembrane potential in a simplified model of the heart with
an auxetic patch at instant t = 140 ms.
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Figure 5.20: Extracellular potential in a simplified model of the heart with
an auxetic patch at instant t = 140 ms.

To gain a more comprehensive insight into the patch performance over
the entire duration of a heartbeat (i.e., 1000 ms), three nodes were exam-
ined: one on the patch and two on the surrounding healthy heart tissue,
one before and one after the patch region.

The diagrams in Figure 5.21 display the temporal evolution of stimulus
propagation and the external potential.

Five nodes were chosen using a method similar to the one depicted in
Figure 5.5. Analyzing the action potential characteristics of nodes before
(i.e., node B) and after the patch (i.e., node C), they remained unaffected
by the presence of the patch, as it is illustrated in Table 5.7. As observed in
the previously examined cases, the parameter that underwent a noticeable
variation from node B to node C was the activation time, that was equal
to 96.82 milliseconds and 170.9 milliseconds, respectively, since the action
potential required a specific time interval to propagate.

In the context of this thesis, the electrical problem was addressed along-
side the mechanical one. As a result, incorporating the auxetic geometry
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patch into the electrical simulations ensured that its usage didn’t interfere
with conduction. Once the conductivity of both solutions is confirmed,

the choice between an auxetic and non-auxetic patch hinges primarily on
the results of the mechanical tests.
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Figure 5.21: Temporal evolution of potentials in the nodes before (B) and
after (C) the patch and on the patch itself (D). (a) Transmem-
brane potential, (b) extracellular potential.

Table 5.7: Action potential characteristics for nodes B and C, the first before
and the second after the auxetic patch.

APA  APD dV/dt max RMP V.
Node B 122.21 296.86 346.33 -85.23  33.36
Node C 122.81 302.30 334.85 -85.23  33.52




Chapter 6

Conclusions

Myocardial ischemia occurs when myocardial cells experience suffer-
ing or damage due to an inadequate oxygen supply in relation to their
metabolic requirements. The site of a myocardial infarction depends on
the occluded coronary artery, but usually necrosis affects the left ventric-
ular and septal myocardium, mainly in the subendocardial layer or in the
entire thickness of the damaged region.

If myocardial cell death occurs due to prolonged oxygen deficiency (i.e.,
ischemia), the loss of contractile function in the affected area will become
persistent. The larger the infarcted region, the more significant the re-
duction in the contractile function of the left ventricle and, consequently,
the overall function of the heart. Myocardial ischemia not only affects
ventricular contraction but also disrupts ventricular relaxation, impeding
the normal filling of the ventricle. Furthermore, it significantly alters also
the electrical properties of myocardial cells, many of which are maintained
by oxygen-consuming ion pumps, leading to irregularities in the depolar-
ization and/or repolarization phases.

Currently, there are no established clinical approaches for treating an
acute myocardial infarction. However, preventive procedures are employed
to mitigate the condition in patients afflicted with chronic ischemic heart
disease. The treatment goals for these individuals are dual, involving the
reduction of the risk of severe coronary events such as death or infarction,
as well as the alleviation of ischemia severity.

The literature analysis performed at the beginning of this work indi-
cates that currently no devices or technologies that can be used to repair
and treat the infarcted area of the myocardium exist, except for a few solu-
tions that only aim to regenerate damaged cardiac or vascular tissue, like
pericardial closure, valve and annulus repair and great vessel reconstruc-

87
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tion [24, 29]. The application of technologies based on stem cells to treat
acute myocardial infarction is also being explored by other companies, but
these studies are still in the clinical trial stage [26].

The devices approved for clinical application are not curative solutions.
Indeed, they offer only tissue regeneration capabilities and lack the ability
to establish electrical integration with the tissue [8].

A promising emerging field of research focuses on myocardial tissue
engineering, employing hydrogels, scaffolds, and patches to facilitate the
support and replacement of damaged tissue through both cellular and
non-cellular methods.

Considering acellular patches, it is crucial not only to substitute the
electrical properties lost by the infarcted tissue, but also to ensure that the
applied patch does not impair the normal function of the heart. Therefore,
the mechanical properties of the patch should closely resemble those of the
heart tissue, with minimal alteration to the established deformation state
during the cardiac cycle.

The first part of this thesis aimed at assessing the feasibility of using
an optimization tool to achieve a patch geometry having the desired me-
chanical properties. The employed code was well-suited for this purpose.
In fact, this approach requires only a limited knowledge of the bulk ma-
terial properties and it allows to avoid the long and iterative adjustments
of parameters, typically required when working with existing geometries.

Moreover, the outcome of the tool demands minimal post-processing
to be utilized for the creation of a CAD model for subsequent analysis.

For these reasons, this methodology can extend beyond its current
application and be leveraged for crafting medical devices designed to mend
various biological structures, such as arteries, lung tissue, skin, liver, and
more. The inherent flexibility of the code allows for effortless modification
of the objective function and matrix elements under control, facilitating
adaptability to diverse applications.

The mechanical simulations conducted in the second part of the thesis
involved assessing the impact of a patch on the deformation state of the
ventricle during the cardiac cycle, using both simplified and non-simplified
models.

It can be concluded from the results of this work that the application of
a patch onto a damaged area of the heart did not remarkably influence the
strain field already altered by the presence of the infarct. As expected,
incorporating this device without removing the necrotic region cannot
restore the deformations that characterize the completely healthy tissue,
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because the scar tissue has a high and not-modifiable stiffness.

The device was made auxetic through the creation of a pattern, based
on the assumption that cardiac tissue exhibits a negative Poisson’s ratio.
Consequently, benefits were expected from using an auxetic patch, since
its properties closely resembled those of heart tissue. Nonetheless, simula-
tions conducted on the simplified model revealed that the performance of
the auxetic patch did not significantly diverge from that of a patch with
a positive Poisson’s coefficient.

This outcome is potentially caused by the various limitations inherent
in the conducted tests. Therefore, a more precise inference regarding the
expected benefits can be derived through the implementation of more
rigorous simulations.

The electrophysiological problem, examined in the third part of the
thesis, was aimed at assessing the conductivity of the patch in terms of its
ability to conduct the action potential transmitted by the myocardial cells,
both in the case of a physiological beat and in more abnormal situations
such as the presence of an extra systole.

The results indicated that the patch was indeed capable of conduct-
ing the electrical stimulus in the illustrated cases, while maintaining the
essential parameters defining the action potential. Consequently, this de-
vice stands as a versatile solution for situations in which a conductive
substrate is necessary. An example is the cultivation and differentiation
of myocardial cells that require stimulation for their growth.

Moreover, as a result of applying the patch, there was a slight reduction
in signal propagation delay attributed to the presence of the infarct.

Within the scope of this thesis, the electrical problem was addressed
concurrently with the mechanical one. Consequently, the inclusion of the
patch with auxetic geometry in the electrical simulations allowed to ensure
that its utilization did not disrupt conduction. After confirming the actual
conductivity of both solutions, the selection between an auxetic and non-
auxetic patch primarily depends on the outcomes of the mechanical tests.

The primary limitation of this study was the selection of materials for
the healthy and infarcted heart tissue as well as the patch. In particu-
lar, the application of Fung’s material to a four-layer model introduced
a significant approximation, which deviates from the anatomical three-
dimensional architecture of ventricular musculature that naturally com-
prises multiple layers. Moreover, the coefficients associated with this ma-
terial were experimentally derived from porcine hearts and presented con-
siderable variability across the limited number of samples analyzed. Addi-
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tionally, while a precise local reference system indicating the orientation
of the fibers was meticulously created for each layer of the parallelepiped-
shaped model, the same level of precision was not achieved for the ellip-
soidal one. For the latter, the reference systems were roughly assigned to
small circular sectors and did not adequately account for the curvature at
the apex of the model. For a more rigorous approach, it is advisable to
establish a local reference system for each mesh element, ensuring greater
accuracy and reliability in the analysis.

To overcome these limitations, cardiac tissue should be modelled using
materials that are more representative of its behaviour, incorporating more
comprehensive strain energy formulations. One example is the Holzapfel-
Ogden model [18, 36].

Regarding the infarcted tissue, it has been assigned a linear elastic
material, whereas a more appropriate approach would involve the same
model used for healthy tissue adjusting the parameters to account for its
higher stiffness.

Similarly, the patch has been modelled using a linear elastic material,
although this choice does not faithfully represent the behavior of the poly-
mers used to manufacture it.

For simplicity, the boundary conditions have constrained the displace-
ments of the aortic and mitral valves in all three directions, even though
they exhibit slight movement throughout the cardiac cycle. To accurately
incorporate this displacement in the simulations, it would be necessary
to determine its magnitude. This measurement could be obtained hav-
ing CT images of the heart available throughout the entire duration of a
heartbeat.

The research presented in this thesis focused on a single material and
a specific auxetic geometry, utilizing a defined dimension for the patch.
Consequently, to obtain a more comprehensive understanding of its be-
havior, it is necessary to explore alternative geometries, materials, and
variations in size.

Moreover, the positioning of the device can also be subjected to change,
considering that the location of the infarcted area is dependent on the
specific pathological condition.

To achieve a comprehensive analysis of the phenomenon, a multi-
physics simulation is necessary, taking into account both the mechanical
stresses applied to the ventricle and the propagation of the action poten-
tial. The objective is to ascertain that the conductivity remains unaffected
by the deformations experienced by the patch.

It’s worth noting that this study represents a preliminary phase in the
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pursuit of developing a patch with therapeutic properties. Therefore, it
does not allow to conduct a cost-benefit analysis at this stage. However, it
lays the groundwork for future and more extensive research on the subject.
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