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Heart Failure with preserved ejection fraction (HFpEF) has emerged as a prevalent heart disease
which has high risk of short-term and long-term mortality rate. The progression of HFpEF along
with the key factors which contributes to this process is an area of active research. Since the
structural and functional changes of Left Ventricle (LV) governs the progression of HFpEF,
computational models have emerged as a robust tool to study the features of HFpEF as well as to
develop effective treatment plan in recent years. Though the ejection fraction is preserved
apparently, the proper understanding of the left ventricular function in HFpEF patients is not well
understood. Moreover, the synergy between the left atrium (LA) and the left ventricle (LV) is also
disrupted in HFpEF. The malfunction and remodeling of LA frequently occur in the HFpEF
patients, as a result of which the proper functioning of the LV is also affected due to having the
direct connection between the LV and the LA through the mitral valve. In the present study a
coupled left ventricular finite element-lumped parameter systemic circulatory modeling
framework has been used to assess the effect of left atrial malfunction on the performance of left
ventricle in HFpEF patients. The model was calibrated using the measurements taken from the
literature for a healthy person and patients with HFpEF. To account for the wide range of LV
geometry reported in HFpEF patients in the literature, two distinct LV geometries have been used
in this study, one with a smaller LV cavity (HFpEF I) and one with a slightly dilated LV cavity
(HFpEF 1I) in comparison to the healthy LV geometry. Both HFpEF geometries had a thicker
wall and higher mass than the healthy case. Simulations were performed using the normal,
HFpEF-1, and HFpEF-II LV models to quantify the effects of the variation of LA contractility
(90% and 110% of healthy contractility) and LA stiffness (90%, and 110% healthy stiffness) on
LV function. Increased LA contractility produced elevated pressure and enlarged volume in LA
and as a consequence, the LV function gradually improved as indicated by higher ejection fraction
and higher peak longitudinal and circumferential strains in both HFpEF cases. In case of increased
LA stiffness, similar results have been found for both HFpEF cases where LV ejection fraction
and peak longitudinal and circumferential strains have gradually increased. Finally, combinations
of both LA contractility and stiffness were used which also showed a gradual improvement of LV
function as indexed by the ejection fraction and the peak longitudinal and circumferential strains
with elevated LA pressure for both HFpEF cases. The results of the study suggests that the

enlargement of LA and elevated LA pressure improves the overall LV function. As enlargement

XV



of LA with elevated LA pressure is a common feature found in HFpEF, the results suggest that

this mechanism could be a possible way which aid LV to preserve its ejection fraction.
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Pulmonary and systemic circuits functionally consist of the blood flow circulation in the human
body. The human heart consists of four major muscular chambers: two ventricles, and two atria.
The two ventricles and atria are divided into two distinct right and left heart pumps. The systemic
circuit is related to the left two chambers and the pulmonary circuit is related to the right two
chambers of the heart, respectively. The left ventricle (LV) and left atrium (LA) compose the left
heart which pumps oxygen-rich blood through the systemic circulation. On the other hand, the
right heart pump is composed of the right ventricle and the right atrium that pumps oxygen-poor
blood through the pulmonary circulation [1]. The detailed representation of the human heart is

depicted in Fig. 1.1.

Source: http://surl.li/bjcfo

Figure 1. 1: Human heart blood circulation circuits

Cardiovascular disorders are the leading cause of death worldwide, accounting for 30% of all
fatalities [2]. Heart disease and stroke are responsible for the majority of these deaths (more than
75%) [2]. Smoking, being overweight, not getting enough exercise, having high cholesterol,
having high blood pressure, and having poorly managed diabetes are all risk factors for

cardiovascular disease. Cardiovascular disorders often go unnoticed since they don't show any


http://surl.li/bjcfo

symptoms like chest discomfort or shortness of breath. The most common methods of diagnosing
heart illness include collecting a medical history, listening to the patient's heart sounds using a
stethoscope, doing an ECG, and using ultrasound equipment. Cardiologists use Ejection Fraction
(EF) as a clinical marker for heart failure (HF) because it is the most important clinical parameter
for HF detection. It is the percentage of each heartbeat's volume ejected from the left ventricle

divided by the volume of blood in the left ventricle when it is maximally filled.

HF basically appears in two different common types such as HF with preserved ejection fraction
(HFpEF) and HF with reduced ejection fraction (HFrEF). Nearly half of those who suffer heart
failure have HFpEF, whereas the other half have heart failure with decreased ejection fraction
(HFrEF). It is seen in the literature review, ejection fraction (EF) is more than 56 %, and less
than 56 % for normal and HFpEF patients, respectively [3]. Echocardiography (ECG) and
cardiac catheterization are the most appropriate methods to clinically measure the EF [4]. The
key risk factors for HFpEF include hypertension, diabetes, hyperlipidemia, smoking, and
obstructive sleep apnea [5]. Diastolic dysfunction is the most common symptom in HFpEF, and
the left ventricle becomes more rigid in patients with HFpEF. Increased pressure and/or poor
filling are the outcome when left ventricular relaxation is reduced during the diastolic phase [6].
Atrial fibrillation and pulmonary hypertension are frequently found in the patients with elevated

HFpEF [7].

Computer heart models have made remarkable progress over the years in describing cardiac
geometry and muscle architecture realistically [8]. The researcher is prompted by a computer
model to look into the underlying causes of heart illness, which is something that would be
impossible to study in a clinical context. Despite the substantial progress, there are still several
open questions and areas that need to be improved. To find out more about one of these problems,
researchers set out to uncover the underlying mechanics of heart failure with preserved ejection

fraction (HFpEF) through this study.

In this research, we have conducted a finite element modelling (FEM) analysis to investigate
the influence of LA dysfunction on the function of LV using open-source solver FEniCS [9].
To the best of our knowledge, very limited number of studies has been conducted on the LA
dysfunction- which is an important factor that adversely affects the LV function in HFpEF. In
our study, we have focused to find out the effects of LA dysfunction by changing the LA



contractility and stiffness which have a direct influence on the variation of pressure and volume
of the LV. This chapter discusses about basic anatomy and functioning of heart and the different
viewpoints regarding progression of HFpEF, challenges as well as reliability concerns for

impeding HFpEF progression.

1.1 Human Heart Anatomy in Brief

The heart is a muscle pump that is linked to the circulatory systems of the body as a whole as
well as the lungs. The primary function of the heart and vasculature is to ensure that all of the
tissues in the body receive an appropriate quantity of nutrients in the form of oxygenated blood
and metabolic substrates under a variety of circumstances. There are two functionally different
left and right heart pumps in an adult human heart, which is split into four distinct muscle
chambers, two atria and two ventricles (Fig. 1.2). The left heart pumps blood from the pulmonary
veins to the aorta through the left atrium and left ventricle. In humans, the left ventricleisa 1 cm
thick axisymmetric truncated ellipsoid. Billions of cardiac muscle cells (myocytes) are joined
end-to-end at their gap junctions to form a network of branching muscle fibers that wrap around
the chamber in a very structured way. An atrium and ventricle make up a right heart, which is
responsible for moving blood from the vena cavae to the lung arteries [10]. Myocardial fibers
(the right ventricular free wall) create an approximately crescent-shaped structure in the right
ventricle, where they interdigitate with the muscle fibers of the left ventricle's outer layer at the
anterior and posterior insertion sites. The interventricular septum, which separates the right and
left ventricles, is shared by both chambers [11]. Unlike the heart, which has a thick walled muscle
structure, the atria have thin walls and receive their blood through low-pressure veins. The
tricuspid valve in the right heart and the mitral valve in the left heart are two examples of valves
that divide the atrium from the corresponding ventricle and guarantee one-way flow through the
pump by preventing backward flow during the vigorous contraction of the ventricles. The free
ends of these valves attach through chordae tendinae to the papillary muscles that arise from the
ventricular walls via fibrous rings that encircle each valve annulus [1]. Ventricle-to-
atrioventricular pressure gradient controls valve opening and closure primarily. The papillary
muscles, on the other hand, contract in unison with the rest of the heart's muscles and assist keep
the valve leaflets in the appropriate place during contraction, preventing regurgitant (backward)

flow. In order to maintain unidirectional blood flow, the aortic and pulmonary valves separate



each ventricle from its associated arterial link. These valves prohibit blood from returning to the
ventricle from the arteries they separate. The magnitude of the pressure difference across the
valves determines whether or not they are open [12]. Heart and lungs are linked in a closed loop
to form a cardiovascular system. The average human heart is around the size of a fist and weighs
anywhere from 200 to 425 grams, depending on the individual. There are approximately 2,000
gallons (7,571 liters) of blood-flow occur every day on an average heartbeats of 100,000 per day
[13]. Heartbeats take around 864 milliseconds to complete on average Heart and blood vessels

(arteries, capillaries and veins) make up the circulatory system together with blood.

Source: hitps://rb.ev/qldplr

Figure 1. 2: Simplified structure of the human heart, and direction of blood flow through the
heart chambers and heart valves.

The circulatory system includes the heart as well as the arteries and veins that carry blood all
over the body. To be alive, blood must be constantly pumped through the body. It is responsible
for transporting oxygen from the air we breathe to all of the cells in our body. Circulation moves
through arteries, capillaries, and veins because of heart pumping action. A single pair of blood
veins carries oxygen-rich blood to and from the lungs [14]. Other blood veins provide energy for
the organism as a whole. Pulmonary circulation and systemic circulation are both types of
circulation. Blood is circulated between the heart and lungs via the lungs' pulmonary circulation
system (Figure 1.1 and Figure 1.2). In order to absorb oxygen and expel carbon dioxide, it

transfers deoxygenated blood to the lungs for re-oxygenation. After returning to the heart, the


https://rb.gy/qldp1r

oxygenated blood returns to the lungs. A person's blood is circulated throughout their body via
systemic circulation. By returning deoxygenated blood to the heart, it helps keep cells healthy.
To initiate systemic circulation, the heart pumps oxygenated blood from the left ventricle into
the aorta. The blood returns deoxygenated blood to the right atrium of the heart after supplying
oxygen and nutrients to cells all over the body. The right atrium delivers deoxygenated blood to
the right ventricle. As a result, blood is pumped from the right ventricle into the pulmonary
arteries, where it begins its journey through the body's circulatory system. Upon leaving the
heart, blood travels to the lungs, where it picks up carbon dioxide and gives it back to the body
as oxygen. In order to restart systemic circulation, oxygenated blood flows from the left atrium
to the left ventricle below. Both the circulatory and respiratory systems operate in tandem to
keep the body well-oxygenated and to eliminate waste products [15]. The passage of
deoxygenated blood into the lungs is made possible by pulmonary circulation. Carbon dioxide
is exhaled and is exchanged for oxygen in the alveoli, which are small air sacs in the lungs.
Internal respiration is facilitated by systemic circulation. The remainder of the body receives
oxygenated blood via capillaries. The blood transports oxygen throughout the body and removes
carbon dioxide from the system. Deoxygenated blood leaves the right ventricle and travels via
the pulmonary trunk in the pulmonary loop. The right and left pulmonary arteries emerge from
the pulmonary trunk. Lung arterioles and capillary beds get deoxygenated blood from these
arteries. There's a balance between releasing CO; and absorbing O». After that, oxygenated blood
travels from the capillary beds to the pulmonary veins through venules [16] After passing
through the lungs, it travels to the left atrium of the heart, where it is stored. Only the pulmonary
arteries and veins transmit oxygenated blood and the deoxygenated blood across the body. The
aorta, the body's biggest artery, pumps oxygenated blood from the left ventricle of the heart via
the systemic loop. Blood travels from the aorta to the arterioles and capillary beds that nourish
the body's tissues through the systemic arteries. During this process, nutrients and oxygen are
exhaled while carbon dioxide and other waste products are taken in. Deoxygenated blood is
subsequently transported to the systemic veins from the capillary beds through venules. There
are systemic veins that feed into the larger body veins called the inferior and superior venae
cavae. The venae cavae provide the right atrium of the heart with deoxygenated blood [17] (see

Figure 1.3).



Figure 1. 3: Heart's circulatory relay during systemic and pulmonary circulatory processes [§]

The atria and ventricles are relaxed at the start of the cardiac cycle (diastole). The coronary sinus
and the superior and inferior venae cavae provide blood to the right atrium. The four pulmonary
veins supply the left atrium with blood. The tricuspid and mitral atrioventricular valves are both
open, allowing blood to freely flow from the atria into the ventricles from the heart. This
procedure fills the ventricles to a capacity of 70-80%. Closed pulmonary and aortic semilunar
valves prohibit blood from flowing backward from the right pulmonary trunk and the left aorta

into the heart's right and left ventricles, respectively [18].

1.2 Physiology of Left Ventricle (LV)

The depolarization of the ventricles is followed by ventricular systole (Figure 1.4 and Figure 1.6),
which is indicated by the QRS complex on the ECG. It may be broken down into two halves, with
each lasting 270 ms in length. A standing adult's ventricles hold around 130 mL of blood toward



the end of atrial systole and immediately before atrial contraction. Also known as preload, EDV is
the last volume of a heartbeat [ 19]. Although blood pressure increases initially when the ventricle's
muscles contract, it is not high enough to open the heart's semilunar (pulmonary and aortic) valves
and evacuate the blood. Nevertheless, the blood pressure rapidly exceeds that of the newly relaxed
and diastolic atria, and cardiac arrest occurs [20]. As a result of the increased pressure, blood
returns to the atria and the tricuspid and mitral valves close. At the early stage of the cycle, no
blood is being evacuated from the ventricles hence the total amount of blood is not fluctuating
much. When the heart begins to beat normally again, it begins a process known as isovolumetric
contraction. At this stage, the pressure in the ventricle is larger than the pressures in the pulmonary
trunk and the aorta because the ventricular muscle has been contracted throughout the second
phase of systole. The pulmonary and aortic semilunar valves open as blood is pumped from the
heart. Because the aortic pressure is so much higher, the pressure created by the left ventricle will
be significantly more than the pressure generated by the right ventricle. Despite this, the volume
of blood pumped by each ventricle is the same. Stroke volume is the term used to describe this
amount of material. In most cases, the volume of a stroke will be between 70 and 80 mL. This
suggests that 50-60 mL of blood remains in the ventricle after contraction since ventricular systole
began with an EDV of around 130 mL of blood. The end systolic volume (ESV) is the medical

term for this amount of blood flow [21].



Source: hitps://rb.gy/5inbny

Figure 1. 4: Cardiac Cycle Overview: The cardiac cycle begins with atrial systole and continues
through ventricular systole, atrial diastole, and ventricular diastole before starting all over again.
Correlations with the electrocardiogram (ECG) are emphasized

The ventricular wall muscles contract and relax during each cardiac cycle, causing the chamber to
stiffen (to reach a peak stiffness at the end of systole) and then to become less rigid during the
relaxation phase (to reach its minimal stiffness at the end of diastole). A heart's cyclic rhythm is
reflected in the heart's mechanical characteristics, which change over time in a cyclic pattern
(Figure 1.5). The pressure-volume diagram may be used to depict the heart's mechanical
characteristics as they change over time. For our first step, we will focus at ventricular parameters
during systole and diastole at their stiffest points, before moving on to study mechanical properties

throughout the cardiac cycle.
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Source: http://surl.li/apcix

Figure 1. 5: A typical pressure — volume (PV) loop with identifiable physiological parameters,
and ESPVR and EDPVR

Point A marks the end of diastole or, the beginning of systole, as seen in the diagram. The
isovolumic contraction phase, where the ventricle contracts with both valves closed, occurs in the
initial half of the cycle, where pressure rises but volume remains constant. Ejection commences,
the aortic valve opens (B), and volume decreases throughout the ejection phase as the pressure in
the ventricular chamber rises. The aortic valve shuts and isovolumic relaxation begins once the
ventricular pressure decreases below aortic pressure (C, top left corner of PV loop). Finally, the
filling process begins when the mitral valve opens (D, lower left corner) and ends when the valve
shuts (A), with the cycle then repeating itself again and again. The PV loop may be used to
determine a number of physiologically significant factors and variables (Figure 1.5). End-diastolic
volume (EDV) is a terminology used to represent the maximal volume of the cardiac cycle, which
may be calculated from point A. (Figure 1.5). Using point D, or the ventricular volume at the

conclusion of the ejection phase (the ESV), one may obtain this value, which is known as the


http://surl.li/apcix

minimum volume (ESV). To calculate how much blood is expelled during each cardiac cycle,
EDV and ESV must be compared (SV). The moment at which the ventricle begins to expel (the
point at which ventricular pressure barely surpasses aortic pressure and volume begins to decline)
may be observed towards the upper right of the loop. Therefore, the diastolic blood pressure is a
measure of the pressure in the aorta at the beginning of ejection (DBP). During the ejection phase,
the aortic and ventricular pressures are nearly identical. Because of this, the point of maximum
pressure on the loop represents the systolic blood pressure in the aorta (SBP). Perceived pressure
in the left upper corner of a loop (Pes) indicates end-systolic pressure (Pes). It is the pressure in
the ventricle that is at the conclusion of the cardiac cycle (point D in Figure 1.5) and is referred to
as the end-diastolic pressure (EDP). During the end-diastolic pressure-volume relationship
(EDPVR), the ventricle's passive filling curve occurs. An important factor in determining the line's
curvature is how effectively the muscle can contract, as well as how well it can expand (e.g., wall
thickness). Ventricle maximum pressure is determined by end systolic pressure-volume relation
(ESPVR). PV loops that are limited by both the ESPVR and EDPVR are depicted in Figure 1.5.
An end point (end systolic point) in the top left corner of each loop is shown on both the ESPVR
and EDPVR. End-systolic elastance, abbreviated as Ees, is a measure of the ESPVR slope. The
ventricular contractility is assessed with this test. An ECG, a phonocardiogram, and an aortic, left
atrial, and left ventricular pressure and volume Wiggers diagram (Figure 1.5) are all shown in

relation to heart cycle time [13].
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Figure 1. 6: Wiggers diagram showing aortic, left atrial, left ventricular pressure; left
ventricular volume; electrocardiogram; phonocardiogram with respect to heart cycle time [13]

1.3 Physiology of Left Atrium (LA)

There is no simple transport chamber in the left atrium (LA) because of the dynamic nature of its
reaction to strain and the production of atrial neuropeptides. Natriuresis, vasodilatation, and
suppression of the sympathetic and renin-angiotensin-aldosterone systems allow for partial
correction of fluid and hemodynamic balance [22]. In addition, an increased risk of stroke,
transient ischemic attack TIA, congestive heart failure (CHF), atrial fibrillation (AF), and other
cardiovascular events can be predicted by an increased size of the LA. There are generally three
integrated stages of left atrial function: reservoir, conduit, and booster-pump (Figure 1.7) [23-24].
During LV systole, the LA acts as a reservoir for pulmonary venous return, storing it during

contraction and isovolumic relaxation. During ventricular diastole, the LA acts as a conduit for
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blood to enter the LV. When atrioventricular rhythm is present, the LA actively contracts during
the last part of diastole and contributes between 15% and 30% of the LV stroke volume [23-24].
Due to the fact that the LA empties into the LV, its size and function are heavily dependent on the
LV's compliance during diastole. By boosting end-diastolic volume and pressures in patients with
ventricular failure, the active contractile component of the LA plays a crucial role in enhancing
ejection force. It's also a compensatory mechanism in people with less-than-perfect ventricular
compliance. When atrial contraction is lost due to conditions such AF or unsynchronized
ventricular pacing, cardiac output is reduced by 20% [25]. Due to improved reservoir function, the
atrioventricular pressure gradient may be maintained during diastole and the LA booster function
can be augmented by increased preload. According to the LA reservoir and booster functions as
well as the conduit's conduit function is not supported. When there is a drop in LA compliance,
the LA's conduit function rises. In reaction to changes in hemodynamics, the LA may be able to

optimally allocate LV filling across reservoir, conduit, and booster-pump functions [26].

Figure 1. 7: Phases of left atrial function. During ventricular systole, the left atrial chamber
operates as a reservoir for blood from the pulmonary vein, whereas during ventricular diastasis,
the left atrial chamber serves as a conduit for pulmonary vein flow that empties into the ventricle
once the mitral valve opens. During ventricular end diastole, the left atrium finally contracts and
actively empties, completing ventricular filling. LV, left ventricle; V), left atrial volume before
atrial contraction; Vmax, maximum volume (measured at left ventricular end-systolic phase); and
Viin, left atrial minimum volume (as defined at left ventricular end-diastolic phase) [27]
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The LA pressure—volume loop is made up of an active (A) loop that represents the LA stroke work
and a passive (V) loop that represents the entire passive elastic energy stored by the LA during
reservoir phase. The slope of the end-systolic pressure—volume relationship quantifies changes in
the inotropic condition of the lungs. The pressure—volume loop may test LA static compliance by
measuring the slope of the line between the A loop's minimal LA pressure and the V loop's

maximum LA pressure (Figure 1.12).

Figure 1. 8: Pressure volume loop of the left atrium (LA)
By changing the left atrium contractility, the ESPVR slope of both left atrium and left ventricle
have been changed. By increasing the contractility the slope of the ESPVR has been increased

and vice-versa.

1.4 Heart Failure and Ejection Fraction

Blood flow through the left ventricle (or right ventricle) is measured by the ejection fraction (EF).
The quantity of blood pumped out of the left ventricle each time it contracts is commonly referred
to as the EF (ejection fraction). The heart's primary pumping chamber is the left ventricle. End
diastolic volume (EDV) is the unit used to measure EF. The lower the EF, the more likely it is that
the heart is failing. Heart failure (HFrEF) may be diagnosed based on an individual's EF, which
indicates how serious their illness is. With each heartbeat, the left ventricle (the primary pumping
chamber) pumps a portion of the heart's blood out of the left ventricle and into the rest of the body.
This is the percentage of blood pumped from the right ventricle of the heart to the lungs for
oxygenation. Most of the time, "ejection fraction" refers to the percentage of the left ventricle that

pumps blood out of the heart.
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The EF can be measured in several clinical ways such as echocardiogram (ECG), magnetic
resonance image (MRI) scan of the heart, and nuclear medicine scan or multiple gated acquisition
(MUGA) of the heart also called a nuclear stress test. Among these methods, the ECG is the most
commonly used method to measure the EF. The EF is critical in determining whether or not a
patient's heart is healthy or unwell. Having heart failure indicates that a person's heart isn't pumping
as efficiently as it should be. From 55% to 70% of the heart's blood flow is considered normal [4].
As an example, having an LVEF of 65 percent indicates that 65 percent of the left ventricle's total
blood volume is pumped out of the body with each pulse. Because of an individual's cardiac disease
and how effectively their medication is working, one's EF might fluctuate wildly.
e Ejection Fraction (EF) %: 55% to 70%
v Pumping Ability of the Heart: Normal
v' Level of Heart Failure/Effect on Pumping: Heart function may be normal or may
have heart failure with preserved EF (HFpEF).
e Ejection Fraction (EF) %: 40% to 54%
v Pumping ability of the heart: Slightly below normal
v" Level of heart failure/effect on pumping: less blood is available so less blood is
ejected from the ventricles. There is a lower-than-normal amount of oxygen-rich
blood available to the rest of the body. The patient may not have symptoms then.
e Ejection Fraction (EF) %: 35% to 39%
v Pumping ability of the heart: Moderately below normal
v Level of heart failure/effect on pumping: Mild heart failure with reduced EF
(HFrEF).
e Ejection Fraction (EF) %: Less than 35%
v Pumping ability of the heart: Severely below normal
v" Level of heart failure/effect on pumping: Moderate-to-severe HFrEF. Severe HFrEF
increases  the risk  of  life-threatening  heartbeats and  cardiac

dyssynchrony/desynchronization (right and left ventricles do not pump in unison).

Patients with heart failure due to left ventricular dysfunction require regular consultations with
their doctors to monitor their progress. A pacemaker or an implantable cardiac defibrillator may

be recommended in some cases, depending on the underlying cause. Cardiac resynchronization
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therapy or cardiac contractility modulation may be beneficial in some moderate or serious cases.
If the disease persists despite all other treatments, a ventricular assist device (for the left, right, or
both ventricles) or a heart transplant may be necessary. It is a prevalent, expensive, and possibly
deadly condition known as heart failure. Adults have heart failure at a rate of 2 percent, but this
rises to 610 percent among those over 65. Rates are predicted to rise. About 35 percent of people
who are diagnosed die within the first year of their diagnosis, whether this number drops to fewer
than 10 percent by the second year of the diagnosis [2].

Due to the overwork of the ventricle, a failing heart may have a lower contraction force. In a
normal heart, increasing ventricular filling leads to an increase in contraction force, which results
in an increase in cardiac output. Due to a dilated ventricle, this process begins to malfunction in
heart failure patients, resulting in fewer effective cardiac muscle contractions.

By the side of the heart affected, a historical way of classifying heart failure has been used in the
past (right heart failure versus left heart failure). It was formerly considered that the lungs were
compromised by right heart failure, while the aorta was compromised by left heart failure, which
affected the brain and all of the rest of the body's systemic circulation. Many patients have a
combination of symptoms, including both right and left heart failure. Heart failure type may be
more accurately classified by measuring ejection fraction, which is the percentage of blood
pumped out of the heart during a single contraction. End-diastolic volume (EDV) is divided by
stroke volume (SV) to get the ejection fraction (EF), which is the percentage of EDV that is

expelled every beat.

SV

Where the stroke volume is given by, SV=EDV — ESV

It is important to know that there are two forms of heart failure such as heart failure with reduced
ejection fraction (HFrEF): HFrEF occurs when the ejection fraction falls below 40% [4]. This
happens when the left ventricle contracts properly, but does not relax correctly during diastole,
since the ventricle is stiff. This hampers filling, which results in heart failure with preserved

ejection fraction (HFpEF).

Another type of heart failure is acute or chronic. Decompensated heart failure can cause acute

breathing problems that aggravate chronic heart failure symptoms. An ongoing condition, chronic
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heart failure is managed by addressing the symptoms. A rise in left ventricular diastolic pressure
due to an increase in cardiac demand can cause high-output heart failure, which can lead to
pulmonary congestion. Heart failure can be caused by a number of other conditions, however they
should not be confused with HF. When the heart stops beating, it is called cardiac arrest or asystole.
When left untreated, they might lead to an untimely death. Due to a lack of blood flow to the heart
muscle, myocardial infarction (also known as "heart attack") occurs. Specifically, cardiomyopathy
refers to the heart muscle's abnormalities, which can lead to heart failure. Myocardial infarction
caused by ischemic cardiomyopathy shows that coronary artery disease is to blame. Having dilated
cardiomyopathy indicates that the damage to the heart muscle has caused it to expand.
Hypertrophic cardiomyopathy, on the other hand, is characterized by heart muscle expansion and
thickening [28].

1.4.1 Heart Failure with Preserved Ejection Fraction (HFpEF)

HFpEF (heart failure with preserved ejection fraction) is a clinical condition in which individuals
suffer heart failure symptoms while having an ejection fraction of the left ventricle of 50% or
above [29]. A variety of diseases can contribute to HFpEF, making treatment more difficult.
Hypertensive heart failure (HFpEF) is on the rise because of an aging population and rising risk
factors such as hypertension, diabetes, and obesity (Figure 1.9). It has the potential to be a massive
drain on already overstretched healthcare systems across the world.

However, the diagnosis of heart failure with an abnormal echocardiographic parameter might be
difficult, as there is no one faulty echocardiographic parameter that can accurately identify it.
There must be a careful evaluation of all the echocardiography data, including left ventricular

mass and the volume of the left atrium [30].
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Figure 1. 9: HFpEF, or heart failure with preserved ejection fraction, as well as the risk factors
associated with it (comorbid diseases)

When the heart pumps blood, two factors come into play: (a) the contraction of cardiac muscle, or
how well the heart squeezes; and (b) the size of the blood vessels. A heart's ability to relax and
reabsorb blood

A patient's heart failure is classified according to which of those two functions is impaired [13].
Heart failure with a low ejection fraction (HFrEF) occurs when the heart muscle is too weak. Heart
failure with preserved ejection fraction (HFpEF) and heart failure with reduced ejection fraction

(HFrEF) are two different terms for the same underlying condition.

Left ventricular diastolic dysfunction due to hypertrophy of the left ventricle is the most prevalent
cause of HFpEF, which is characterized by high left ventricular filling pressures (Figure 1.2). LVH
(left ventricular hypertrophy) is a classic example of this, in which prolonged systemic pressure
overload induces an increase in left ventricular muscle mass. Hypertrophy induces myocardial
ischaemia, which results in fibrosis and stiffness of the left ventricle as a result of myocardial blood
supply being overwhelmed by hypertrophy. In certain individuals with HFpEF, concentric
hypertrophy can shrink the left ventricle, resulting in a reduced stroke volume, even if the patient's
ejection fraction may appear to be normal. In the same way that long-term high blood pressure

causes LVH, significant aortic stenosis does the same.
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1.4.2 Progression of HFpEF

Elderly people are more likely to suffer from heart failure (HF) because they are more likely to
suffer from HFpEF, which has no effective treatment options. Heart failure with preserved ejection
fraction (HFpEF) has emerged as a common heart illness with a significant risk of both short-term
and long-term death [31]. Systolic function may be compromised in individuals with HFpEF,
however, this has not been adequately studied so far. HFpEF, on the other hand, has been linked
to an ever-decreasing impairment of the LV-systemic artery interaction [32]. In recent studies, it
has shown that the evolution of HFpEF is influenced by LV diastolic dysfunction, ventricular
remodeling, hypertension, myocyte stiffness, hypertrophy, fibrosis, and so on. HFpEF is a disease
that progresses at a much slower rate in people with a wide range of genetic and environmental
risk factors. Pre-clinical diastolic dysfunction (PDD) through the ultimate clinical phases of
diastolic dysfunction (DDD) are poorly understood. HFpEF and other more complicated clinical
models with multi-organ involvement, akin to heart failure with reduced ejection fraction (HFrEF),
continue to advance clinically in a manner that is poorly understood in the subclinical stage of
PDD. Patients with HFpEF need to be studied in order to understand the natural development of
their condition and to determine the specific left ventricular remodeling, or other associated
physiological variation, that explains this progression. There are several shortcomings in the
design of the relevant clinical studies, and the therapy is empiric at best [33]. Multiple factors are
thought to be involved in the pathophysiology of HFpEF [34]. A growing number of patients are
being diagnosed with HFpEF because of diastolic LV dysfunction as a result of age and other co-
morbidities. When it comes to diastolic LV function and the emergence of clinical symptoms of
heart failure (HF) syndrome, comorbidities play an important role [33]. In order to better

understand how the HFpEF develops, it is likely that we need to better understand what causes it.

1.5 Finite Element Analysis of Human Heart

Combining imaging sciences with mathematics, informatics, and cardiovascular biology,
computational modeling of the heart aims to increase mechanistic knowledge, inspired diagnostics,
and novel therapeutics for cardiovascular illness. Since the emergence of high medical imaging,
there has been an increase in the ability to create realistic three-dimensional (3D) computer models
of blood arteries and the heart. Finally, an effective FEM (Finite Element Method) solver is used

to solve the 3D model of the heart. Furthermore, the rise in clinical data has made cardiovascular
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informatics a better discipline. A sophisticated patient-specific model of cardiovascular disease
may be created using 3D computer models of heart architecture with function and clinical data.
Cost-effectively, computational simulations may be used to develop the mechanical and biological
properties of cardiovascular system components. For example, an electrical model of the
myocardial may be simulated after the heart's anatomy, and structure have been established in 3D.
Electromechanical heart models may also simulate the overall organ function to structures from
the molecular level [35]. Electromechanical performance may be affected by pathological
alterations in the heart structure and function. Researchers have devised ways to represent both
forms of remodeling. There has been a significant advancement in the field of cardiovascular
modeling, which is moving toward customized treatment. Cardiac and vascular hemodynamics are
studied separately. The former includes blood flow in heart chambers, while the latter confers
blood transport to/from these chambers via cardiac vessels. More advanced computational
modeling focuses on the circulation of smaller arteries by combining more complex mathematical
lumped-parameter models to simulate the heart's cycle. As boundary conditions play a substantial
role in the validity of computational hemodynamic models, their accurate establishment is critical.
Consequently, lumped-parameter models may be used in computational investigations of bigger
vascular hemodynamics to adjust the boundary conditions of the external arteries. It has been
widely accepted by both manufacturers and regulators that computational modeling is a cost-
effective and reliable way to optimize device design. Virtual intervention/surgery planning is a
viable next step for computational models, in which the type of device, size, and procedural
guidelines might be adjusted in complex clinical circumstances [36]. Computational models of the
heart confront a number of issues that must be solved before they can be used in clinical settings.
Other co-morbidities such as diabetes and pulmonary edema are also associated with
cardiovascular pathogenesis, which is launched and accompanied by a number of risk factors such
as smoking and obesity. If these perplexing elements are taken into consideration, more accurate
prognoses and diagnoses can be made. A significant increase in the usage of FEM approaches to
model distinct cardiac compartments has been seen in the last few years [37] in order to accurately
simulate the hemodynamic behavior of human physiology. Models of heart failure
pathophysiology that may simulate physiological, hemodynamic, and functional characteristics of
HFpEF are relatively recent in cardiovascular research, despite their efficacy in predicting

pathogenesis to some extent.
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1.6 Background and present state of the problem

Recently, heart failure with preserved ejection fraction (HFpEF) has gained clinical significance.
When an echocardiogram shows normal or near-normal cardiac performance in the presence of
heart failure (HF) symptoms, the term "HFpEF" is used. More than 55% of patients with a normal
or preserved ejection fraction may develop heart failure and HFpEF has high mortality rate, both
in the short and long term [38]. Though the ejection fraction is preserved apparently, the proper
understanding of the left ventricular function in HFpEF patients is not well understood [39].
Moreover, the synergy between the left atrium (LA) and the left ventricle (LV) is also disrupted in
HFpEF. The malfunction and remodeling of LA frequently occur in the heart failure patients, as a
result of which the proper functioning of the LV is also adversely affected due to having the direct
connection between the LV and the LA through the mitral valve [27, 40, 41]. Although numerous
clinical studies have found the evidence of LA dysfunction and its adverse effect on LV in HFpEF,
the underlying mechanics is not well understood, so far. Moreover, a few modeling studies have
addressed this issue and overall, there is lack of modeling studies which aim to investigate the
mechanics and pathophysiology of HFpEF patients [42]. Therefore, in the present study, a lumped-
finite element modeling framework of left ventricle, left atrium and systemic circulation will be
used to assess the significance of left atrial malfunction on the performance of left ventricle in

HFpEF patients.

1.7 Objectives of the Study

Closed-loop lumped parameter circulatory model combined with finite element model of LV with

realistic geometry and microstructures will be utilized to simulate the cardiac cycle in a normal
subject and HFpEF patient. The models will be calibrated using data from the available literature
review of a healthy subject and HFpEF patient.

The specific aims of this study are:

1. To calibrate a lumped-finite element modeling framework of left ventricle, left atrium and
systemic circulation to simulate HFpEF patients by matching the simulation results with the
previously published clinical data.

ii. To evaluate the effects of the alteration of left atrial contractility, stiffness, volume and
pressure on the left ventricular function in HFpEF patients. The LV function will be
quantified by estimating the PV loops, circumferential, longitudinal and radial strains.
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Heart disease is a leading cause of mortality worldwide. Understanding the mechanics of a healthy
and sick heart is becoming easier due to computer models. FE modeling of the heart with realistic
geometry and architectural construction of cardiac muscle fibers has improved dramatically over
the past few decades. Using these models, researchers have been able to connect electrophysiology
and mechanics and accomplish long-term remodeling of the heart. As opposed to animal and
clinical research, computer models are increasingly being utilized to describe heart disease
pathogenesis and treatment processes, such as cardiac resynchronization therapy and surgical
ventricular restoration [43]. Because of their variety and low cost, computational models can
augment animal and clinical investigations. Only a few factors may be modified in animal research
without impacting the others. Distinguishing between distinct variables that may have an impact
on the pathophysiology of heart disease is challenging as a result. Computer models that are
verified using physiological principles are repeatable and may be used to explore the impact of
individual parameters without having to consider the confounding effects of other parameters [44].
There are still a number of concerns that need to be addressed and aspects that need to be improved.
The researchers will be able to address crucial outstanding concerns regarding human heart
illnesses that can't be answered through experiments, according to realistic cardiac models. Models
such as this allow for rapid development of a patient-specific medicine plan in the event of an
emergency, which is time-consuming in the traditional treatment procedure.

Literature suggests that either a FE model of the heart or an electrical analog of the circulatory
system was constructed separately or was connected to the FE model in open [43] or closed loop
[37]. A simplified description of the heart's peripheral system, based on a time-varying elastance
function, was used to build the coupled electrical analog. Open-loop circulatory modeling
frameworks are commonly used in which outlet boundary constraints are combined with a Pulsatile
model to simulate ejection of blood. Physiological factors constrain the process's outcomes.
Isovolumic phases and expansion can be reproduced by expanding and constricting the ventricular
cavity capacity. With the help of both of these approaches, the modeling framework's free
parameters are optimized to simulate real-world heart function by creating a closed pressure
volume loop. Since the entire amount of blood in the cardiovascular system is naturally preserved,

a closed-loop circulatory modeling framework appears to be more physical. A highly idealized
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electrical circuit, such as a resistor, capacitor, and voltage generator, is used to simulate the
ventricular-arterial interactions and the peripheral cardiovascular system. The modeling of cardiac
fiber contraction has been a key difficulty from the beginning of the mathematical modeling of the
cardiovascular system. An early version of this concept relied on the forced contraction of heart
muscle as a result of mechanical factors in the surrounding environment. However, this is a faulty
representation of heart function. To ensure that model predictions are compatible with well-
established physiological principles at the entire heart level, accurate description of ventricular
active contraction activity is critical. Calcium ion association-dissociation, the amount of actin
sites accessible to respond with myosin, classical kinetics, differential equation, etc. are all
involved in the complex process of active contraction. In cardiac muscle, a variety of constitutive
relationships [45] for active fiber stress were postulated. There are various parameters that may be
used to match experimental data from the literature. Research on active contraction is ongoing and
this definition is continually being refined.

Heart failure with preserved ejection fraction (HFPEF) affects approximately half of all chronic
HF patients (HFpEF). With death rates equivalent to those of heart failure with reduced ejection
fraction (HFrEF), the incidence of HFpEF is growing at a rate of around 1 percent per year [4].
Patients with HFpEF tend to be older and have higher levels of blood pressure [4]. No established
therapy option exists for HFpEF patients, despite novel medicines being presented and identified.
Cardiomyocyte stiffness, concentric hypertrophy, delayed LV relaxation, and other pathological
characteristics hinder LV filling. Prior to this study, diastolic dysfunction, which was previously
known as diastolic HF [46], was the only cause of HFpEF. Recently, research has shown that
myocardial contractility may also be reduced in individuals with HFpEF. This raises doubts about
the initial claim that systolic function is unaffected by the condition since EF remains unaffected.
Normal or increased end-systolic elastance (Ees) has been seen in patients with HFpEF. This
shows that global ventricular contractility may be maintained or perhaps increased. On the other
hand, hearts with HFpEF diagnoses show reduced global longitudinal strain, indicating that
myocardial contractility is impaired. By using clinical or experimental investigations, it is
challenging to resolve these obvious contradicting observations. This condition is also associated
with an increase in the patient's heart mass, as well as an increase in the patient's cardiovascular
resistance (afterload). As a result, the relationship between myocardial contractility and

longitudinal strain is obscured by these factors. However, computational modeling frameworks
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automatically alleviate this challenge by identifying the parameters that influence LV function and
development in HFpEF patients. Consequently, it is feasible to identify the specific roles and
contributions of these components at various phases of HFpEF development. However, computer
modeling has only been used in a few studies to better understand ventricular mechanics in heart
failure with preserved ejection fraction (HFpEF). As understanding the mechanisms for
progression of HFpEF provides the opportunity, to target these mechanisms in therapeutic or
preventive strategies, the transition among stages of HFpEF is an area of intense research [34].
When it comes to understanding how HFpEF progresses, the usual approach is to focus on the
structural remodeling of the left ventricle, which includes left ventricular hypertrophy, as well as
variables such as hypertension, left ventricular diastolic dysfunction and left atrial dilation [47].
There have been just a few investigations to date on the mechanisms underlying the
pathophysiology of HFpEF. Increased myocardial stiffness was found to have an impact on HFpEF
development in a recent computational analysis [46].

The malfunction and remodeling of LA frequently occur in heart failure patients, as a result of
which the proper functioning of the LV is also adversely affected due to having the direct
connection between the LV and the LA through the mitral valve. The operation cycle of the LA
comprises three different phases such as reservoir, conduit, and booster pump. In the reservoir
phase, the LA gets blood from the pulmonary veins during the systole of LV. Mechanistically, the
reservoir phase is determined by the relaxation and contraction of the LA and LV, respectively.
The conduit phase vacates the LA while the booster pump phase is in its end-systolic condition
and the LV is at its end-diastolic condition. In addition, due to the nature of the cardiac cycle, the
LA acts as a turning point between the pulmonary circulation and the LV, flow oscillations, and
pressure. Therefore, the impairment of LA can excessively accelerate the blood flow pressure on
the vasculature circulation which in turn promotes the worsening and dysfunction of pulmonary
hypertension (PH). The relaxation and contraction of chamber volumes can be characterized by
the mechanical properties of the heart, for example, atrial compliance, elastance, stiffness, preload,
afterload, scaling factor, passive stiffness, relaxation time etc. [1, 48].

Bytyc¢i and Bajraktari [4] have conducted a clinical study to investigate the effect of the changes
of LA on the preliminary stages of patients with heart failure with preserved ejection fraction
(HFpEF). The authors have implemented a complete M-mode, Doppler, and 2-dimensional

echocardiographic analysis in consecutive 79 patients with different classes of HFpEF according
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to NYHA standard. They have found that during the initial stages of diastolic dysfunction, the
emptying fraction of LA has been decreased while the least LA volume and LA mass has been
increased. A clinical study has been performed by M. Tamargo et al. [49] to make a comparison
between the HFpEF patients with and without mitral regurgitation (MR). They have chosen 280
patients to conduct their experiment where 163 patients were non-MR-HFpEF and 117 were MR-
HFpEF. They have found that the MR HFpEF patients possessed increased LA volume mitral
annual dilatation, decreased LA compliance and strain. A similar investigation has been performed
by A.B.S. Santos et al. [50] to make a comparison between healthy controls and the HFpEF
patients. They have conducted their research on 175 members where 135 individuals are HFpEF
patients and 40 individuals are healthy controls of the same gender and age. They have sought out
that the patients with HFpEF have the surpassed conduit, reservoir, and booster pump function as
compared to healthy individuals.

A computational study has been performed by Vedula et al. [51] to investigate the impacts of left
atrial hemodynamics on the flow patterns in LV. They have utilized computed-dynamic
tomographic images to model the heart geometry and have conducted simulations with the
implementation of immersed boundary conditions. They have shown that the accelerated
circulatory flow by the pulmonary veins (PVs) is the characterization of the hemodynamics in the
left atrium. They have also found that the PVs form the complicated interaction of vortex flow
which leads to vortex annihilation and vortex breakup, as a result of which, a smooth streamlined
flow is produced at the annulus of the mitral valve. Pironet et al. [52] have investigated a numerical
simulation study of LA function by utilizing a mathematical model of the cardiovascular
circulatory system. They have utilized the cardiac pressure induced from the nature of sarcomere
to model the multi-scale properties. They have computed the differences among eight different
indices which have been validated with the experimental results. The authors have found the
correlation of the accountability of three different stages (reservoir, conduit and pump) of LA
volume with the pressure of the LA. A numerical simulation has been carried out by A. Zingaro et
al. [53] to study the hemodynamic behavior of LA by using the multiscale Large Eddy Simulation
(LES) method. They have focused on twofold purposes in their study such as, acquiring the
knowledge of blood flow patterns in LA, and understanding the influence of turbulence effect in
the blood flow. They have utilized Variational Multiscale (VMS) - Large Eddy Simulation (LMS)

method in their investigation. They have found that the blood flow patterns in LA are transitional
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flow from laminar to turbulent. Land and Niederer [54] have nicely presented an investigation
regarding the impact of dynamics of left atrial contractility on cardio-vascular performance. The
goal of their study is to develop and test a biophysical model of human atrial contraction that can
be used to investigate the impact of atrial contraction on whole organ function as well as the
implications of remodeling caused by atrial fibrillation on both the atrial and ventricular functions.
In this research, we have conducted a multi-scale numerical finite element modelling (FEM)
analysis to investigate the influence of LA dysfunction on the function of LV. Nowadays, the
number of patients with cardiac disease is increasing rapidly. The most common cardiac disease
is mainly due to heart failure with preserved ejection fraction (HFpEF) and heart failure with
reduced ejection fraction (HFrEF). Due to the lack of proper clinical investigations and the
limitation of research, the actual reason behind the HFpEF and HFrEF is still unresolved. To the
best of our knowledge, very limited research has been conducted on the LA dysfunction - which
has been clinically found to adversely affect the pressure -volume loop of the LV. As the clinical
study is not feasible to perform directly on the human heart in most of cases, it is more suitable to
utilize the computational modeling of the human heart. In our study, we have focused to find out
the effects of LA dysfunction by changing the LA contractility and stiffness which have a direct

influence on the variation of pressure and volume of the LV.
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CHAPTER 3
MODELING THE LEFT VENTRICLE AND CIRCULATORY SYSTEM

A finite element model of the left ventricle which is coupled to a lumped parameter systemic

circulation model are discussed in this chapter.

3.1 Modeling the Systemic Circulatory System

A LV finite element model was coupled with other systemic circulation compartments using a

closed-loop lumped parameter circulatory model.

Figure 3. 1: Systemic circulatory compartments and their electrical analogs are shown in a
schematic representation of the modeling framework [42]

Electrical analogues were used to model the other components of the systemic circulation (Fig.
3.1). The rate of volume change in each storage compartment of the circulatory system must be
connected to the net change of inflow and outflow rates by the following equations (Eq. 1-4) [55]
since the total mass of blood in the circulatory system must be conserved.

aViy(t)
ac Gmv(t) = qao(t) (M
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dVa,d (t) _

I = 9ap(®) = 4aa(®) @)
WD oen® ~ G ® ®
dv%’;(t) = qa,a(t) — Quen(t) “4)
dVZ_pt(t) = qao(t) — dap(t) ®)

Where,

Viv, Va, a, Via, Vven, and V,, , are volumes of LV, distal artery, LA, vein, and proximal artery,
respectively, and gmv, Ga, p, Gao, Gven, and g, 4 are volumetric flow rates at various segments. The
volumetric flowrates of different components of the circuit are the functions of the corresponding
components flow resistances (Ryen, Rq, p, Ra, d, Rao, and Ryy) and the pressure drop between the

adjacent compartments. The flow rates are given by the following equations (Eq. 6-10).
Pven (t) - PLA (t)

Guen(t) = R (6)
Pop(t) — Pyg(t
fop () = "~ Taa®) ()
a,p
Ppa(t) — Py(t
() = Ll )Rmv W) en, PLa(t) = Py (t) @®
0 when, P, 4(t) < Py (t)
PLV(t) - Pa,p (t)
Go®=]" Ry O ©
0 when , Py (t) < By, (t)
Qa,d(t) — Pa,d(t) - Pven (t) (10)

Ra,d

The pressure drop in each component is characterized by its volume. The simplified relationships
of pressure and volume were implemented for the veins, proximal, and distal arteries, respectively

are given in Eq. 11-13.
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Vven(t) - Vven,o (1 1)

Boen(t) = C
ven
V.,(t) =V 12
- e o
a,p
Va,a () = Vaao (13)
Pa,d(t) = - C d -
a,

Where,

Vven, 0, Vap, 0, and Vag, o are constant volumes at the rest of the veins, proximal, and distal arteries,
respectively. Cen, Co, p, and Cy, g are the total passive stiffness of the veins, proximal, and distal
arteries, respectively. However, the following equations (Eq. 14-17), which explain the contraction
of the left atrium using a time-varying elastance function, required that pressure in the left atrium

Pr4(?) be a function of its volume V74(2).

Ppa(t) = e(®)Pesa(Via(®) + (1 — e(0))Peqra(VLa(®) (14)
where,
Pes1a(Via(®) = Ees1a(Via(® = Vora) (15)
Poara(Via(®) = ALA(eBLA(VLA(t)—vo,LA) —1) (16)
And
ﬁ (sin [(tr:l-[ax> t— g] + 1); 0 < t < 3/2tmax a7
“0= | %e—(t—z/nmag/m; > 32t

In Eq. 15-16, V), 14 1s the volume axis intercept of the end-systolic pressure-volume relationship
(ESPVR), both A4 and B4 are parameters of the end-diastolic pressure-volume relationship
(EDPVR) of the left atrium. EDPVR is depending on stiffness and can be changed by varying 4.4,
and Bra. Ees, 14 1s the end-systolic elastance of the LA which is a measure of the LA contractility.
The driving function e(?) is given in Eq. (17) in which z is the time constant of relaxation, and #x
is the point of maximal chamber elastance. The values of Ees, 14, V0, 24, A4, B4, tmax, and 714 are

listed in Table 3.1 and 3.2 for individual and combine cases.
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Table 3. 1: LA time-varying elastance model parameters for all cases

LA Contractility (End-systolic elastance, Ees (Pa/ml))

Parameter
—> ) Ees2 (Case: B )
¢ Case ID Eesl (Case: A) [baseline]) Ees3 (Case: C)
Normal: LA1 47.52 52.80 58.08
LA Stiffness (Scaling factor, ALa (Pa))
Normal: LA Aral Ara2 (baseline) Ara3
48.58 53.98 59.38
LA Contractility (End-systolic elastance, Ees (Pa/ml))
HFpEF-I: LA1 Eesl Ees2 (reference) Ees3
47.52 52.80 58.08
LA Stiffness (Scaling factor, ALa (Pa))
HFpEF-I: LA1 Aral Ara2 Ara3
48.58 53.98 59.38

LA Contractility (End-systolic elastance, Ees (Pa/ml))

HFpEF-1I: LA1 Eesl Ees2 Ees3
47.52 52.80 58.08

LA Stiffness (Scaling factor, ALa (Pa))
HFpEF-II: LAl Aral Ara2 ALA3
48.58 53.98 59.38
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Table 3. 2: LA time-varying elastance model for all cases (combine case)

Combine case

Parameter
- Ees
¢Case ID (Pa/ml) Ara (Pa) | Bra (/ml) | Tiax (ms) | 7 (ms)
Baseline 60 58.67 0.049 200 35
Normal: LA 52.80 53.98 0.045 168 33
Normal: LA2 46.66 | 43 96 0.042 145 30
Normal: LA3 40.66 4224 0.039 130 25
HFpEF-I: LA1 52.80 53.08 0.045 168 33
HFpEF-I: LA2 46.66 1 4896 0.042 145 30
HFpEF-I: LA3 40.66 4224 0.039 130 25
HFpEF-II: LA1 52.80 53.98 0.045 168 33
HFpEF-I: LA2 | 46.66 | 4396 0.042 145 30
HFpEF-II: LA3 40.66 42.24 0.039 130 25

The LV pressure is a function of its corresponding volume that can be correlated by a non-closed

form function
Py (t) = fY (Vi () (18)

The FE method, as described below, was used to determine the functional connection between
LV pressure and volume. Table 3.3 lists the parameter values for the closed-loop circulatory

model.
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Table 3. 3: Fixed values of the model parameters for all simulation cases

Parameter Unit Values
Aortic valve resistance, Rao Pa ms ml™! 500
Proximal aorta resistance, Ra, Pams ml! 18000
Distal aorta resistance, Ra, d Pams ml™! 145000
Venous resistance, Ryen Pa ms ml™! 100
Mitral valve resistance, Rmy Pams ml™! 200
Proximal aorta compliance, C,, p ml Pa 0.0032
Distal aorta compliance, Ca, 4 ml Pa 0.033
Venous compliance, Cyen ml Pa 0.28
Resting volume for proximal aorta, Vap 0 | ml 360
Resting volume for distal aorta, Vag, 0 ml 40

3.2 Formulation of The Left Ventricular Finite Element model

For the LV finite element formulation, the weak form was obtained via minimizing of these

Lagrangian functionals [56, 57]:

L(u'pr Pcavr CerZ) (19)
— [ wawav - [ pg-1av - Py -1 -, - |
Qo Qo Qo
udV —c, - X XudV
Qo

Pcav 1s the Lagrange multiplier used to limit the LV cavity volume Veav(u) to a certain value of V'
[58] when u is the displacement field, p multiplier enforces tissue incompressibility (i.e., Jacobian
of the deformation gradient tensor J = 1), and both ¢; and c> are Lagrange multipliers that limit
rigid body translation (i.e. zero mean translation) and rotation (i.e., zero mean rotation). Vacuum

volume V4 in the left ventricle is determined by

Where, [uner 1s the inner surface, 7 is the normal unit vector, and ;.- is the enclosed volume by

the inner and basal surface at z = 0.

31



The solution produced by minimizing the functional specified pressure-volume relationship of the
left ventricular (LV) is necessary for the lumped parameter circulatory model [59]. Using Eq. (19)'s

first functional variant, we get the following equation.

SLQU, P, Py, €1,C5) = | (P —pF™) @
Qo

VoudV — | 6p(J — 1)dV — Py, f cof(F)
QO QO

:VoudV — 6Py (Veay(w) — V) — 8¢y - f udV —6c,- | X
Q Q

xudV —cq - 6udV—cz-f X X dudV
Qo Qo

Where, F' and P are the deformation gradient and first Piola Kirchhoff stress tensor, respectively.
OPcav, Oc1, 0c2, 0u, and Jp are the volume constraint, zero mean translation and rotation, variation
of the displacement field, and Lagrange multipliers for enforcing incompressibility, respectively.
The next step in the Euler-Lagrange equations is to discover u € H' (Qq), p €L’ (Qq), Peav ER, ci
ER’, c; €R’ that satisfies Eq. (22).

0L(u,p, Pyy,€1,€3) =0 (22)

and u(x, y, 0).n|base = 0 (the deformation basal constraints to restrict in-plane) ¥Yu(Qo), 5p € L?
(QO), apcav E R, 8Cl E R3 N 802 E R3.

3.3 The LV's constitutive law

The mechanical behaviour of LV has been described by using the formulation of active stress in
the systemic circulation. As a result of this formulation, the stress tensor P may be divided into
two parts: a passive one, Pp, and an active one, P.. In order to calculate the passive stress tensor,

we used the formula P, = dW/dF, where W is the strain energy function [59], given by,

W=%C(eQ—1) (23)

Where,
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Q = bypEf + by (EL + E2, + E2, + E2) (24)
+bey(EF, + EXf + Ef + EX)

C is a material property (unit is Pa) that may be changed to vary the material's stiffness (similar to
Young's modulus). To provide polar anisotropic response, the values of material parameters by,
bxy, and b may be changed to modify the stiffness along the direction of myofibers and the plane
perpendicular to the myofibers. The values of the material parameters by; bxr, and bi employed in
this model are taken from earlier research [59]. The parameter C has been changed to match the

normal and HFpEF patients' measured end-diastolic pressure (EDP).

Ejj is a component of the Green-Lagrange strain tensor Ery in Equation (24), with (i j) € (f, s, n)

designating the myocardial fiber, sheet, and sheet normal directions, respectively (Figure 3.2).

Sheet-normal

Direction

Sheet

uscle Fiber Direction

Direction

Figure 3. 2: Myocardial fiber direction f, sheet direction s and sheet normal direction n [60].

A modified time-varying elastance model is used to find the active stress P, along the direction of

the local fiber.

Ca? (25)

Py, = Trefmctef ® ey,

This equation has four variables: e, ef,, Tr;, and Cao, which stand for the local vectors describing

muscle fiber direction in their present and reference configurations, respectively. The calcium

sensitivity ECasp, which varies with length, and the constant C; are given by Eq. (26-27) [60].
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(Cao)max (26)
\/exp(B(l — lo)) -1

%(1 — COoSs (n %)) t<t .
é (1 — CoS <T[ %)) exp (t ;tt) t=>t;

As shown in Eq. (26), B is a constant, and (Cag)mar 1s the highest intracellular calcium

ECCLSO =

concentration, and /y is the length of sarcomere at which no active tension arises. As shown in Eq.
(27), peak tension is reached in 79, isovolumic LV relaxation begins in #, and isovolumic relaxation
has a time constant of 7. Tabulated in Table 3.3 are the LV model parameter values. Same values

have been used for Normal, HFpEF-I and HFpEF-II cases.

Table 3. 4: Fixed parameter values of the LV FE model

Parameter Unit Values
Passive Stiffness, C Pa 125
Exponent of strain energy function, bt Unitless 29
Exponent of strain energy function, bxx Unitless 26.6
Exponent of strain energy function, b Unitless 13.3
Reference Tension (Contractility), Tref kPa 130
Maximum peak intracellular Ca concentration, (Cao)max uM 4.35
Peak intracellular Ca concentration,Cao uM 4.35
Parameter for isometric tension-sarcomere relationship, B | um—1 4.75
Sarcomere length at zero-active tension, /o pum 1.58
Time to peak tension, 7o msec 275
Time to beginning of relaxation, # msec 300
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3.4 LV Geometry and Mesh

An idealized prolate ellipsoid has been used to create the LV geometry of normal, HFpEF-I and

HFpEF-II cases. According to clinical investigations, individuals with HFpEF have a higher wall-
to-cavity diameter ratio (internal dimension) and a longer apex-to-base distance than healthy
controls [58, 61, 62]. There have been a few studies that show that in HFpEF patients, the LV
cavity diameter is either not substantially different or slightly reduced (although both have a thicker
ventricular wall). As a result of the wide range of LV geometry found in HFpEF patients, we
applied two different LV geometries to the modelling framework to simulate HFpEF. HFpEF 1
had smaller LV cavity when compared to a normal LV geometry. HFpEF-II had slightly dilated
LV cavity compared to normal case. There was an increase in wall thickness and mass in both
HFpEF geometries compared to the typical scenario (Fig. 3.3). The corresponding geometrical
parameters have been tabulated in Table 3.5. The LV's wall thickness was re-evaluated in light of
prior research [10, 50]. The details of the modeling features of the LV heart geometry model have

been illustrated in Figure 3.3.

Table 3. 5: Geometrical dimensions and mass

Normal HFpEF 1 HFpEF 11
WT (cm) 1.13 1.38 1.45
R (cm) 2.00 1.82 2.00
L (cm) 8.30 8.10 8.85
Mass (g) 108.9 127.5 160.2

The LV geometry was discretized (Figure 3.3) using 1100-1650 quadratic tetrahedral components,
as indicated by the grid independence test (Section 3.6). Each quadratic element has ten nodes,
each with three degrees of freedom (DOF) in three cartesian co-ordinate directions. As a result,
each quadratic element has a total of 30 degrees of freedom. The heart's microstructure is fibrous.
The left ventricle's myocardial fibers are organized helically across its length (Figure 3.5). Based
on earlier experimental observations [62], the helix angle associated with the myofiber orientation
in the LV was altered with a linear transmural variation from 60° at the endocardium to -60° at the

epicardium in both normal and HFpEF patients (Figure 3.6).
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Based on the data shown in Figure 3.3 (d), it has been determined that the origin (O (0, 0, 0)) of
the LV model is located in the middle of the basal plane, with a total length of L cm between point
O and point C and a thickness of WT cm between the two points A and B of the model. A variety
of LV material characteristics, including LA contractility (end-systolic elastance (Ees,.a)) and LA
stiffness (scaling factor for EDPVR (Ara)) have been investigated in this computational work.
HFpEF of the heart has been achieved by performing geometrical variations in the heart wall
thickness, length and the radius of the LV model. The wall thickness has been varied in the range
of 1.13 cm to 1.45 cm along the X-axis, while the length of the left ventricular (LV) has been
varied in the range of 8.10 cm to 8.85 cm along the Z-axis, in order to achieve the HFpEF of the
heart. The inner radius of the LV has been altered in the range of 1.82 cm to 2.0 cm, respectively.
The mass has also been varied in the range of 108.9 gm to 160.2 gm to achieve the HFpEF

condition.
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(a) (b)

LV radius,
R = 1.§2-2.0

LV length,
L = 8.30-8.85
Y
Point-C
(0,0,-L)
(c) (d)

Figure 3. 3: LV geometry defined using a half prolate ellipsoid and discretized with quadratic
tetrahedral elements constructed based on the acquired MRI images of (a) normal subject (b)
HFpEF-I and (c) HFpEF-II (d) dimensioning of the ellipsoidal LV model of heart geometry
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Figure 3. 4: Linear transmural variation of helix angle associated with the myofiber direction
from endocardium to the epicardium shown in a (a) real heart image and (b) computational
model [42]

Figure 3. 5: Variation of the helix angle associated with the myofiber direction from the LV
endocardium to the epicardium used in the FE model
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The helix angle of the fiber directions across the LV wall has been varied from — 60° at the
epicardium to +60° at the endocardium based on the previous clinical study [63]. The LA
contractility and stiffness have been varied based on the literature review [Table 3.1 and Table
3.2] to find out the nature of the LV behavior such as pressure-volume relationship, volume
waveform, pressure waveform, radial, circumferential, and longitudinal strains etc. in all three

cases of normal, HFpEF I, and HFpEF II.

3.5 Simulation Cases

First, a normal case was simulated, with end-diastolic and end-systolic LV geometrical features
and hemodynamics, as well as global E.. and Ey (waveforms and peaks) close to values of the
results of Gorcsan et al. [64], Hoit et al. [65] and Semiseth et al. [66]. After that, for HFpEF-I and
HFpEF-II, we first determined the parameters for the typical scenario and then used those
parameters on the two HFpEF geometries. In all three situations (normal, HFpEF I, and HFpEF
II), the pressure and volume of the LA as well as the LV have been raised with the changing of
LA contractility and LA stiffness.

This was done by simulating a variety of different scenarios using Normal: LA1, HFpEF-I: LA1
and HFpEF-II: LAl as references, and then comparing the results to see how Ecc, Ell and Err
change in HFpEF based on the active tension produced by the tissue (i.e., myocardial contractility
and stiffness). Because hypertension affects the majority of HFpEF patients, the time varying
elastance model parameters’ impact have been taken into account so that Ecc, Ell, and Err fell
within the range of values available in the literature review. These cases provided us with insights
into how parameter values should be modified (to reflect a combination of these factors) in order
to arrive at a combination that simultaneously fits all the conditions encountered by HFpEF
patients in terms of both volume and ejection fraction (EF), strains and blood pressure. To
simulate the HFpEF circumstances, the myofiber orientation (helix angle) has to be adjusted based
on the available literature [42, 67]. As previously reported under resting settings [65, 68], the
heart rate was kept constant for all simulations at 75 beats per minute (bpm). FEniCS [9], an open-
source platform for solving PDEs, was used to create the modeling framework. Figure 3.9 is the

simulation flow diagram for achieving a steady state solution using the specified model:
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<

Figure 3. 6: Using the coupled LV FE lumped parameter systemic circulation model, a
simulation flow diagram is shown to find the steady state solution.

3.6 Calculation of Myocardial Strain

End-diastole was used as the reference configuration to calculate regional three-dimensional
stresses in the longitudinal and circumferential axes.

The myofiber stretch in these directions was calculated as follows:
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Ai =.€" CLvel' (28)

where, Cry = Fi/'Fry is the correct answer. The unit vectors in the longitudinal / and
circumferential ¢ directions, respectively, are e; with i € (I, ¢) in the Cauchy-Green deformation
tensor. The radial direction e, is normal to the LV wall, according to the description. The
circumferential direction e. is said to be orthogonal to the apex-base direction and e,. Finally, e; is
described as being orthogonal to both e, and e. in the longitudinal direction. As a result, this
longitudinal axis is perpendicular to the LV hollow wall surface. The following definitions [37]

were used to determine Euler-Almansi strains:

1 1 (29)
«=3(1-7)

For each time step, the spatially averaged strain was calculated by,

1
gi,an = Vf eidV
Q

o,LV

(30)

3.7 Grid Independence Test

A grid independence study was carried out to establish consistency in finite element outcomes
when element counts varied. A simulation study was performed for quadratic tetrahedral
components with sizes ranging from 230 to 1760. The results do not vary substantially as the
number of pieces increases after 730. Figure 3.10 (A), (B), and (C) display the PV loop, LV
volume, and pressure waveforms for a common LV model as well as (D) shows the PV loops of
the left atrium for the same LV model with varied numbers of quadratic tetrahedral sections. We
can note that the highest variation between the pressure measurements for 1531 and 1760
components is merely around 1.84 percent since pressure varies more than volume. However,
running the model with 1760 components increases the simulation duration substantially. As a
consequence, 1150 - 1550 elements were chosen for numerical simulation of the various examples
in this study to efficiently duplicate the cases in terms of simulation time. We may conclude from

this discussion that the outcomes reported in this study are mesh independent.
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Figure 3. 7: Comparison of steady-state LV (A) PV loop, (B) volume waveforms, (C) pressure
waveforms and LA (D) PV loops for normal case for different number of quadratic tetrahedral
elements.
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For patients with HFpEF, computational modeling can be used to better understand the role and
contribution of many elements that impact LV functions. The model was calibrated using data
from the literature review of normal subjects and HFpEF patients [37, 42, 56]. To predict the LV
behavior due to the dysfunction of LA, the relevant model parameters of LA time varying elastance
model has been altered on the three different cases: normal, HFpEF - I, and HFpEF — II. The model
parameters that correspond to the LA contractility and stiffness namely, end-systolic elastance,
scaling factor for EDPVR, and exponent for EDPVR were changed for different cases. The results
(hemodynamics and overall mechanical behaviors) obtained from these normal and HFpEF
models with isolated and combined change in LA contractility and stiffness were compared with

the baseline normal and HFpEF models.

4.1 Comparison of the Models: Normal, and HFpEF-I, and HFpEF-II Cases

4.1.1 Comparison of the PV loops, volume waveforms, and pressure
waveforms among the Normal, HFpEF-I, and HFpEF-II cases

The PV loops, volume and pressure waveforms of the LV and LA for the normal subject that have
been found have been compared with the literature data (Gorcsan et al. [66], Hoit et al. [67] and
Semiseth et al. [68]., Shavik et al. [42] and S. Land and S. A. Niederer [54]) as shown in Figure
4.1 and Figure 4.2. The model has an EDV of around ~114 ml and ESV of around ~47 ml. The
normal range of the EDV is approximately 85.2+24.5 ml and ESV of 34.9+13.6 ml [§],
respectively. Finally, the EF for the model came in at 59% that is near to the reference EF of 60%
(normal range of EF for the healthy heart is more than 55% [6]). However, for Normal case, the
peak pressure that has been found is slightly elevated (141 mmHg). The normal range of peak
pressure around 90-140 mmHg [71]. There were likewise strong matches between the LV pressure
and volume waveforms exhibited in Figure 4.1 (b) and Figure 4.1 (c) respectively with the clinical
measurement. All the LV parameters have been matched within the normal range of aortic pulse
pressure of 38 mmHg.

Fig. 4.1 (d) shows the PV loop for left atrium. The model has a LA peak pressure of around 7.5

mmHg which is close to the reference of around 8 mmHg. Moreover, the EDV of model is 69 ml
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and ESV is 18 ml and which is close to the clinical reference of EDV of 67 ml and ESV of 15 ml.
The normal range of peak pressure of LA is approximately 8.1+2.8 mmHg and the volume is
around EDV (~60+12 ml) and ESV (~16%6.3 ml) [40] respectively. Therefore, it can be said that
the model has an LA peak pressure within the normal range as well as the EDV and ESV within

the normal range and match with the clinical measurement.

Figure 4. 1: The Normal: LA1 LV’s (a) PV loop (b) pressure waveform (c) volume waveform
(d) LA’s PV loop matched with the literature [54]
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Table 4. 1: Hemodynamic indices of LV and LA for Normal: LA1 case.

LV
Index Unit Value
EDV ml 114
ESV ml 47
EF % 59
Peak Pressure mmHg 141
LA
Index Unit Value
EDV ml 70
ESV ml 18
EF % 74.3
Peak Pressure mmHg 7.5

The PV loops, volume, and pressure waveforms of the LV for the HFpEFI: LA1 and HFpEFII:
LAT1 condition predicted by the model were satisfactorily matched with the clinical range [40, 42,
54], similar to the normal case. The HFpEFI: LA1 model yielded EDV of 104.6 ml and ESV of
41.3 ml. As a consequence, the model projected a 60.5% LV ejection fraction (EF) for HFpEFI:
LA1 which is within the HFpEF range (EF = 58% to 68% [72]). Likewise, HFpEFII: LA1 model
yielded EDV of 129 ml and ESV of 48 ml. As a result, the LV ejection fraction (EF) predicted by
the model for HFpEFII: LA1 was 63.3% which is also within the HFpEF range (EF = 58% to 68%
[72]). The HFpEFI: LA1 patient has a normal systolic pressure of 121 mmHg as seen by aorta
pressure waveforms (Figure 4.2 (b)). The Figure 4.3 (b) shows the hypertensive systolic pressure
of 175.8 mmHg for HFpEFII: LA patient. The HFpEF systolic pressure range is approximately
117-178 mmHg [72, 73].
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Figure 4. 2: The HFpEF-I: LA1 LV’s (a) PV loop (b) pressure waveform (c) volume waveform
(d) LA’s PV loop matched with the literature [54]
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Figure 4. 3: The HFpEF-II: LA1 LV’s (a) PV loop (b) pressure waveform (c) volume waveform
(d) LA’s PV loop matched with the literature [40]

Figure 4.2 (d) and Figure 4.3 (d) show the PV loop of left atrium for HFpEFI: LA1 and HFpEFII:
LA1 cases. The HFpEFI: LA1 model has a peak pressure of around 26.7 mmHg which is close to
the reference of around 31 mmHg. Moreover, the EDV of model is 70 ml and ESV is 24 ml and
the reference has an EDV of 77 ml and ESV of 25 ml. The peak pressure of the HFpEFII: LA1
model is approximately 33.4 mmHg, which is similar to the clinical range of around 32.3 mmHg.
Furthermore, the EDV of the model is 87.3 ml and the ESV is 29.6 ml, whereas the EDV of the
reference is 90 ml and the ESV is 28.3 ml. The clinical range of LA peak pressure is approximately
20+6.1 mmHg and the volume is around EDV (~854+28 ml) and ESV (~54£27 ml) [40]
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respectively. Therefore, it can be said that the model has an LA peak pressure within the range as

well as the EDV and ESV within the range.
Table 4. 2: Hemodynamic indices of LV and LA for HFpEF-I: LA1, and HFpEF-II: LA1 case.

HFpEFI: LA1
LV
Index Unit Value
EDV ml 104.6
ESV ml 413
EF % 60.5
Peak Pressure mmHg 121
LA
Outcome Parameter Unit Value
EDV ml 67
ESV ml 23
EF % 64.2
Peak Pressure mmHg 27

HFpEFII: LA1

LV
Outcome Parameter Unit Value
EDV ml 129
ESV ml 48
EF % 63.3
Peak Pressure mmHg 175.8
LA
Outcome Parameter Unit Value
EDV ml 87.3
ESV ml 29.6
EF % 66.1
Peak Pressure mmHg 334
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4.1.2 Comparison of Strains among the Normal, HFpEF-I and HFpEF-II Cases

For the Normal: LA1, HFpEFI: LA1, and HFpEFII: LA1 patients, the circumferential strain, Ecc
(Figure 4.4), and the longitudinal strain, Ell (Figure 4.5) profiles were produced. In clinical
practice, longitudinal and circumferential stresses in the left ventricle (LV) are often assessed using
2D-Doppler and speckle tracking echocardiography (STE) [64-66]. Figure 4.4 and Figure 4.5
depict typical strain patterns for normal persons measured in clinics. For circumferential strain, the
model predicted patterns of Normal: LA1, HFpEFI: LA1, and HFpEFII: LA1 patients that matched
well with the clinical data [66,67]. The simulated circumferential strains of both normal and
HFpEF cases peak at around 350 ms during systole, which falls within the clinical measurement
range of 300 - 450 ms. In addition, comparable to clinical findings, a fast shift in circumferential
strain occurs at late diastole at roughly 650 ms in both cases due to left atrial contraction.
Furthermore, the rate of relaxation during the isovolumic relaxation phase is very close to clinical
values in both situations (Figure 4.4). The absolute peak values of circumferential and longitudinal
stresses in the Normal: LA1 case are 20.1 percent and 19.1 percent, respectively, which are quite
comparable to clinical measures [74]. When compared to the HFpEF conditions to the normal
scenario, the peak circumferential strain is reduced to ~18.9 percent for HFpEFI: LA1, and ~17.6
percent for HFpEFII: LA1 which have been reduced by ~7 percent and ~15 percent, respectively
compared to the Normal: LA1 case. Similarly, the peak longitudinal strain is reduced to ~17.4
percent for HFpEFI: LA1, and ~15.9 percent for HFpEFII: LA1, respectively which have been
reduced by ~10 percent and ~20 percent, respectively compared to the Normal: LA1 case. It has
been found in clinical studies that the peak longitudinal and circumferential strains become
impaired due to HFpEF. For both HFpEF models, the peak longitudinal and circumferential strains

were significantly reduced compare to the normal cases which agrees with the clinical findings.
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Figure 4. 4: Circumferential strain waveform calculated by the model for Normal: LA1,
HFpEFI: LA1, and HFpEFII LA1 cases compared with echo measurements (dashed magenta
color [66] and dotted cyan color [67] lines)
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Figure 4. 5: Longitudinal strain waveform calculated by the model for Normal: LA1, HFpEFT:
LAT1, and HFpEFII LA1 cases compared with echo measurements (dashed magenta color [66]
and dotted cyan color [68] lines)
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4.1.3 Summary

The different hemodynamic and functional indices predicted by the model for Normal: LA1,
HFpEFI: LA1, and HFpEFII: LA1 are shown in Table 4.1, and Table 4.2. The LA contractility and
LA stiffness along with the time courses have been varied from the baseline case (Table 3.2) in
such a way that the left atrium PV loops have been matched with the clinical measurement for all
the cases. The EF is within the normal range for all cases. Furthermore, the EDV (104.6 ml) and
ESV (41.3 ml) of the HFpEFI: LA1 case were lower than the normal case (114 ml EDV and 47 ml
ESV) and the EDV (129 ml) and ESV (48 ml) of the HFpEFII: LA1 case were higher than the
normal case (114 ml EDV and 47 ml ESV), indicating LV remodeling. The HFpEFI: LA1 patient
exhibits lower end-diastolic pressure (EDP) than Normal: LA1 (8.6 mmHg in HFpEFI: LA1 vs.
9.6 mmHg in Normal: LA1), implying that the HFpEFI: LA1 patient's LV is stiffer than the normal
LV. On the other hand, The HFpEFII: LA1 patient exhibits greater end-diastolic pressure (EDP)
than Normal: LA1 (12 mmHg in HFpEFII: LA1 vs. 9.6 mmHg in Normal: LA1). EDP greater than
10 mmHg is regarded clinically to be a symptom of diastolic dysfunction, which is a frequent
characteristic in HFpEF [72]. Furthermore, the absolute peak Ecc and Ell were considerably lower
in HFpEF patients compared to normal cases, indicating LV dysfunction due to the presence of
dysfunction heart failure of preserved ejection fraction (HFpEF). The results of both situations are
described in Table 4.3.

Table 4. 3: Model predicted hemodynamic and functional indices for Normal: LA1, HFpEFI:
LA1, and HFpEFII: LA1

Parameters Normal: LA1 HFpEFI: LA1 HFpEFII: LA1
case case case
End-Diastolic Volume (ml) 114 103 127
Ejection fraction (%) 59 (reference 60 60.5 (reference 63.3 (reference
[42]) 60.5 [42]) 63.5 [42))
End-Diastolic Pressure (mmHg) 9.6 (normal 8.6 (HFpEF 12 (HFpEF
range 7-10.6 range 8-18 range 8-18 [72])
[72]) [72])
Systolic Blood Pressure (mmHg) 141 120.8 175
Diastolic Blood Pressure 98.6 83.8 121
(mmHg)
Peak Circumferential Strain (%) 20 18 17
Peak Longitudinal Strain (%) 19 17 15
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4.2 Effects of the variations of LA contractility (end-systolic elastance
parameter (E.)) on LV function for Normal, HFpEF-I, and HFpEF-II cases

The slope of a line through the end-systolic pressure-volume point (the left upper corner of the P-
V loop) is termed End-Systolic Elastance (Ees) and is a measure of atrial contractility. Ees is an
index of the LA contractility of the left atrium. In this study, to find out the effect of the
contractility, two different cases have been simulated with respect to the baseline data (for normal,
Normal: LA1 (Case:B) is considered as baseline and for HFpEF, HFpEFI: LA1 (Case:B) is
considered as baseline for HFpEFI, and HFpEFII: LA1 (Case:B) is considered baseline for
HFpEFII cases). The value of Ees has been decreased by 10 percent for Case A, and increased by
10 percent for Case: C from the reference value (considering Normal: LA1, HFpEFI: LA1, and
HFpEFII: LAT as reference for Ees). Figure 4.6 (A), Figure 4.7 (A), and Figure 4.8 (A) show the
pressure and volume loop of LV for Normal: LA1, HFpEFI: LA1, and HFpEFII: LA1 cases and
Figure 4.9, Figure 4.10, and Figure 4.11 show the pressure and volume loop of LA, respectively
considering the variation of only the end-systolic elastance parameter (Ees). From these figures, it
is seen that the end-systolic pressure (ESP), the end-diastolic pressure (EDP), and ejection fraction
(EF) have increased with the higher value of Ecs (Case: C) and have decreased with the lower value
of Ees (Case: A) with respect to the baseline cases (Case: B) for both normal and HFpEF cases. On
the other hand, the end-systolic volume (ESV), and the end-diastolic volume (EDV) have
decreased with the higher value of Ecs (Case: C) and increased with the lower value of Ees (Case:
A) with respect to the baseline cases (Case: B) for normal as well as HFpEF cases. The EF and the
slope of ESPVR have also been increasing along with the increased contractility. Tables 4.4 shows
the contractility (end-systolic elastance parameter (Ecs)) parameter values used for different cases.

Table 4. 4: LA contractility parameter (End-systolic elastance, Ees (Pa/ml)) values used for
Normal and HFpEF patients.

Parameter End-systolic elastance, Ees (Pa/ml)
g Ees2 (Case: B
Eesl CA . E :
Case ID esl (Case: A) [baseline]) cs3 (Case: €)
Normal: LA1 47.52 52.80 58.08
HFpEF-I: LA 47.52 52.80 58.08
HFpEF-II: LA1 47.52 52.80 58.08
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Figure 4. 6: Comparison among Normal LV of (A) PV loops, (B) volume waveforms, (C)
pressure waveforms, (D) circumferential strains, (E) longitudinal strains, and (F) radial strains
by varying end-systolic elastance (Ees) parameter
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Figure 4. 7: Comparison among HFpEF-I LV of (A) PV loops, (B) volume waveforms, (C)
pressure waveforms, (D) circumferential strains, (E) longitudinal strains, and (F) radial strains
by varying end-systolic elastance (Ees) parameter

54



Figure 4. 8: Comparison among HFpEF-II LV of (A) PV loops, (B) volume waveforms, (C)
pressure waveforms, (D) circumferential strains, (E) longitudinal strains, and (F) radial strains
by varying end-systolic elastance (Ees) parameter
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Figure 4. 9: Comparison among Normal LA of PV loops by varying end-systolic elastance
(Ees) parameter

Figure 4. 10: Comparison among HFpEF-I LA of PV loops by varying end-systolic elastance
(Ees) parameter
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Figure 4. 11: Comparison among HFpEF-II LA of PV loops by varying end-systolic elastance
(Ees) parameter

4.2.1 Effects of change of LA contractility on LV PV Loops

Figure 4.6 (A), Figure 4.7 (A), Figure 4.8 (A), and Figure 4.9, 4.10, Figure 4.11 depict the PV
loops for LV and LA respectively of Normal: LA1, HFpEFI: LA1, and HFpEFII: LA1; Figure 4.6
(B), Figure 4.7 (B) and Figure 4.18 (B) show volume waveforms for LV of Normal: LA1, HFpEFTI:
LA1, and HFpEFII: LA1 and Figure 4.6 (C), and Figure 4.7 (C) and Figure 4.8 (C) represent
pressure waveforms with varying LA contractility (end-systolic elastic parameter (Ees)). PV loops
show that when LA Ees increases, both EDV and ESV of the LV dropped, however EDP and ESP
increased for all cases of normal and HFpEF. As a result, when LA Ees increases, so does the EF
along with the increasing slope of the ESPVR. By decreasing the Ees, the EF of LV decreased
from 59.3 percent (Case: B) to 53.7 percent and by increasing the Ees, the EF has been increasing
to 66.2 percent for normal cases. Similarly, for HFpEFI, by increasing the Ees, the EF has been
increasing to 67.4 percent from 60.3 percent and on the other hand, by decreasing the Ees, the EF
has been decreasing to 51.6 percent. Same trend has also found in HFpEFII where by increasing

the Ees, the EF has been increasing to 72.1 percent from 63.6 percent and decreasing to 56.3
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percent by decreasing the LA contractility. Furthermore, the LA contractility may create high
pressure; systolic pressure increases as the LA contractility increases and the same trend was found
in all cases. For normal, Case: B has a SBP of 141 mmHg. By decreasing the Ees from baseline,
the SBP has decreased to 135 mmHg and by increasing the SBP has increased to 145 mmHg. The
same trend has been found for HFpEF cases. From the above observation, it can be said that with
increasing LA contractility, the HFpEF patients LV functions have been improved gradually as
indicated by the increased EF. These findings are compatible with clinical data, which indicate

comparable changes in the LV PV loop [32].
4.2.2 Effects of change of LA contractility on LV Strains

Figures 4.6 (D), 4.7 (D), Figure 4.8 (D), and Figure 4.6 (E), 4.7 (E), Figure 4.8 (E) and 4.6 (F), 4.7
(F), Figure 4.8 (F) depict changes in circumferential strain (Ecc), longitudinal strain (EII), and
radial strain (Err) waveforms with varying LA contractility for Normal: LA1, HFpEFI: LA1, and
HFpEFII: LA1, respectively. The main takeaway from these results is that the peak values of Ecc,
Ell, and Err have increased with the increase of LA contractility (Ees) (Case: A to Case: C) for
both normal and HFpEF cases. The absolute peak Ecc is 16 percent, 20 percent, and 24 percent for
Case: A (Ees = 47.52 Pa/ml), Case: B (52.80 Pa/ml), and Case: C (58.08 Pa/ml), respectively for
Normal: LA1 (Figure 4.6 (D)). Likewise, the absolute peak Ecc is 15 percent, 19 percent, and 22
percent for Case: A (Ees = 47.52 Pa/ml), Case: B (52.80 Pa/ml), and Case: C (58.08 Pa/ml),
respectively for HFpEFI: LA1 (Figure 4.7 (D)). Correspondingly, the absolute peak Ecc is 13
percent, 18 percent, and 24 percent for Case: A (Ees = 47.52 Pa/ml), Case: B (52.80 Pa/ml), and
Case: C (58.08 Pa/ml), respectively for HFpEFII: LA1 (Figure 4.8 (D)).The absolute peak Ell is
16 percent, 19 percent, and 22 percent for Normal: LA1 (Figure (4.6 (E)), 13 percent, 17 percent,
and 21 percent for HFpEFI: LA1 (Figure 4.7 (E), and 11 percent, 16 percent, and 23 percent for
HFpEFII: LA1 (Figure 4.8 (E)) for Ees 0of47.52 Pa/ml, 52.80 Pa/ml, and 58.08 Pa/ml, respectively.
Higher peak LV longitudinal (Ell) and circumferential (Ecc) strains in both HFpEF cases were
found which indicates the improvement of LV function. The results are summarized in table 4.5

and compared with the clinical data [74, 76, 77].
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Table 4. 5: Hemodynamic and functional indices of LV for Normal and HFpEF models with
varying LA contractility (End-systolic elastance parameter, Ees)

Normal: LA1 Clinical
Index Case: A Case: B Case: C R;nl o
(Ees = 47.52) | (Ees =52.80) | (Ees =58.08) g
End-diastolic 84.1-132
volume, EDV (ml) 126 14 103 [8, 72]
End-systolic 34.7-68.6
volume, ESV (ml) 37 47 34 [8, 72]
Ejection fraction, 52-71
EF (%) >4 >9 66 3.8, 72]
End-diastolic 716
pressure, EDP 8 10 13 (72, 73]
(mmHg) ’
End-systolic
pressure, ESP 110 116 123 10[17_21]24
(mmHg)
Absolute peak Ecc 13.45-24
(%) 16 20 24 [74, 76, 77]
Absolute peak Ell 14-24
(%) 16 19 22 (74,76, 77]
Absolute peak Err 17-28
(%) 19 23 26 (74,76, 77]
HFpEFI: LA1 . .
Index Case: A Case: B Case: C (i;l::llczl
(Ees = 47.52) | (Ees =52.80) | (Ees = 58.08) g
End-diastolic 114+28.1
volume, EDV (ml) 118 103 88 [8]
End-systolic 47+16.7
volume, ESV (ml) >3 41 39 [8]
Ejection fraction, 59+7
EF (%) 51.6 60.3 67.4 (8]
End-diastolic 7,18
pressure, EDP 7.4 8.6 14 (72, 73]
(mmHg) ’
End-systolic
pressure, ESP 108 115 119 10{;—;]53
(mmHg)
Absolute peak Ecc 13.45-24
(%) 15 19 22 (74,76, 77]
Absolute peak Ell 14-24
(%) 13 17 21 (74,76, 77]
Absolute peak Err 17-28
(%) 17 22 25 (74,76, 77]
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HFpEFII: LA1 Clinical
Index Case: A Case: B Case: C Range
(Ees = 47.52) | (Ees =52.80) | (Ees =58.08) g
End-diastolic 114+28.1
volume, EDV (ml) 149 129 105 (8]
End-systolic 47+16.7
volume, ESV (ml) 69 48 29 [8]
Ejection fraction, 58-75
EF (%) 56.3 63.3 72.1 (8. 72]
End-diastolic
+
pressure, EDP 9 12 16 ! 1'[98]4'6
(mmHg)
End-systolic
pressure, ESP 137 151 168 5;_17?];
(mmHg) ’
Absolute peak Ecc 13.45-24
(%) 13 18 24 (74,76, 77]
Absolute peak Ell 14-24
(%) 1 16 23 [74, 76, 77]
Absolute peak Err 17-28
(%) 14 19 26 [74, 76, 77]

4.3 Effects of the variations of LA stiffness (Scaling Factor (ArLa)) on LV
function for Normal, HFpEF-1, and HFpEF-II cases

The LA stiffness has been altered by changing the scaling factor Apa of EDPVR of LA. The scaling

factor, Ara values used for different cases are tabulated in table 4.6.

Table 4. 6: LA stiffens parameter (scaling factor Aa of EDPVR) values used for Normal and
HFpEF patients.

Parameter LA stiffness (Scaling factor for EDPVR, Ara (Pa))
- Ees2 (Case: B
Eesl (Case: A ) Ees3 (Case: C
Case ID ( ) [baseline]) ( )
Normal: LA1 52.80 58.67 64.54
HFpEF-I: LAl 52.80 58.67 64.54
HFpEF-II: LA1 52.80 58.67 64.54
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Figure 4. 12: Comparison among Normal LV of (A) PV loops, (B) volume waveforms, (C)
pressure waveforms, (D) circumferential strains, (E) longitudinal strains, and (F) radial strains
by varying scaling factor (ALA) for EDPVR
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Figure 4. 13: Comparison among HFpEF-I LV of (A) PV loops, (B) volume waveforms, (C)
pressure waveforms, (D) circumferential strains, (E) longitudinal strains, and (F) radial strains
by varying scaling factor (ALA) for EDPVR
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Figure 4. 14: Comparison among HFpEF-II LV of (A) PV loops, (B) volume waveforms, (C)
pressure waveforms, (D) circumferential strains, (E) longitudinal strains, and (F) radial strains
by varying scaling factor (ALA) for EDPVR
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Figure 4. 15: Comparison among Normal LA of PV loops by varying scaling factor (ALA) for
EDPVR

Figure 4. 16: Comparison among HFpEF-I LA of PV loops by varying scaling factor (ALA) for
EDPVR
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Figure 4. 17: Comparison among HFpEF-II LA of PV loops by varying scaling factor (ALA)
for EDPVR

4.3.1 Effects of change of LA stiffness on LV PV Loops

The effects of changing the LA stiffness (Scaling Factor (ALa) of EDPVR) (as indicated in Table
4.6) on the pressure and volume of L'V have been demonstrated in Figure 4.12 (A), Figure 4.13
(A), and Figure 4.14 (A) for Normal: LA1, HFpEFI: LA1, and HFpEFII: LA, respectively, and
the pressure and volume of LA have been demonstrated in Figure 4.15, Figure 4.16, and Figure
4.17, respectively, using PV loops. Figure 4.12 (B), 4.13 (B), and Figure 4.14 (B) represented
volume waveforms for LV. Figure 4.12 (C), 4.13 (C), and Figure 4.14 (C) illustrated pressure
waveforms for LV respectively. The LA volume and pressure have been changed and as a
consequence, the EDV of the LV has been increased as the Apa have increased, however ESV has
been decreased with the increased Ara as can be seen in PV loops for all cases, as the compliance
has been increased. Moreover, the EF have been increased, and the end-diastolic pressure (EDP)
has been decreased by increasing the Apa parameter for Normal: LA1, HFpEFI: LA1, and HFpEFII
: LAT cases.
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4.3.2 Effects of change of LA stiffness on LV Strains

Figures 4.12 (D), 4.13 (D), Figure 4.14 (D), and Figure 4.12 (E), 4.13 (E), Figure 4.14 (E) and
4.12 (F), 4.13 (F), Figure 4.14 (F) depict changes in circumferential strain (Ecc), longitudinal strain
(Ell), and radial strain (Err) waveforms with varying LA stiffness for Normal: LA1, HFpEFIL: LA1,
and HFpEFII: LA1, respectively. Peak Ecc, Ell, and Err have increased in increasing order as Ara
increases (Case: A to Case: C) in all cases. The absolute peak Ecc is 15 percent, 20 percent, and
23 percent for Case: A (Ara = 52.8 Pa), Case: B (ALa = 58.67 Pa), and Case: C (Ara = 64.54 Pa),
respectively For Normal: LA1 (Figure 4.12 (D)). Likewise, the absolute peak Ecc is 16 percent,
19 percent, and 23 percent for Case: A (ArLa = 52.8 Pa), Case: B (Ara = 58.67 Pa), and Case: C
(ALa = 64.54 Pa), respectively for HFpEFI: LA1 (Figure 4.13 (D)). Correspondingly, the absolute
peak Ecc is 14 percent, 18 percent, and 25 percent for Case: A (Ara = 52.8 Pa), Case: B (Ara =
58.67 Pa), and Case: C (ArLa = 64.54 Pa), respectively for HFpEFII: LA1 (Figure 4.14 (D)).The
absolute peak Ell is 14 percent, 19 percent, and 23 percent for Normal: LA1 (Figure (4.12 (E)), 12
percent, 17 percent, and 23 percent for HFpEFI: LA1 (Figure 4.13 (E), and 10 percent, 16 percent,
and 25 percent for HFpEFII: LA1 (Figure 4.14 (E)) for Ara of 52.8 Pa, 58.67 Pa, and 64.54 Pa,
respectively. The absolute peak Err is 18 percent, 23 percent, and 27 percent for Normal: LA
(Figure (4.12 (F)), 16 percent, 20 percent, and 23 percent for for HFpEFI: LA1 (Figure 4.13 (F),
and 12 percent, 19 percent, and 25 percent, respectively for HFpEFII: LA1 (Figure 4.14 (F)
whereas in healthy cases the peak Ecc, Ell and Err are 24 percent, 22 percent, and 26 percent,

respectively [42]

Table 4. 7: Hemodynamic and functional indices of LV for Normal and HFpEF models with
varying LA stiffness (Scaling factor, ALa of EDPVR)

Normal: LA1 Clinical
Index Case: A Case: B Case: C Range
(ALa=52.8) | (ALa=58.67) | (ALa = 64.54) g
End-diastolic 84.1-132
volume, EDV (ml) 109 14 123 [8, 72]
End-systolic 34.7-68.6
volume, ESV (ml) > 47 40 [8, 72]
Ejection fraction, 52-71
EF (%) >3 59 67 3.8, 72]
End-diastolic 716
pressure, EDP 15 10 7 (72, 73]
(mmHg) ’
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End-systolic

pressure, ESP 107 122 138 10[17_21]24
(mmHg)
13.45-24
Absolute(:) peak Ecc 15 20 23 (74, 76,
(%) 77
14-24
Absolutg peak Ell 14 19 23 (74, 76,
(%) 77]
17-28
Absoluti peak Err 18 23 27 (74, 76,
(/0) 77]
HFpEFI: LA1 . .
Index Case: A Case: B Case: C %:::czl
(ALa=52.8) | (ALa=58.67) | (ALa =64.54) g
End-diastolic 114+28.1
volume, EDV (ml) o7 103 14 (8]
End-systolic 47+16.7
volume, ESV (ml) 47 41 36 (8]
Ejection fraction, 5947
EF (%) 52 60.3 69 (8]
End-diastolic 7.18
pressure, EDP 14 8.6 7.2 (72, 73]
(mmHg) ’
End-systolic
pressure, ESP 118 101 87 8([);12?3
(mmHg)
13.45-24
Absoluti peak Ecc 16 19 73 (74, 76,
(%) 771
14-24
Absolutg peak Ell 12 17 23 (74,76,
(%) 77
17-28
Absolutg peak Err 16 20 23 (74, 76,
(%) 77
HFpEFII: LA1 . .
Index Case: A Case: B Case: C (ﬂ;n;czl
(ALa=52.8) | (ALa=58.67) | (ALa =64.54) g
End-diastolic 114+28.1
volume, EDV (ml) 1o 129 141 [8]
End-systolic 47+16.7
volume, ESV (ml) > 48 42 8]
Ejection fraction, 58-75
EF (%) 57 63.3 70 8. 72]

67




End-diastolic
pressure, EDP 18 12 8.5 : 1'[9;4'6
(mmHg)
End-systolic
pressure, ESP 162 147 137 %3; 17;2;
(mmHg) ,
13.45-24
Absolut(i/p)eak Ecc 14 18 25 [74, 76,
0 77]
14-24
Absolu;[s:/ I;eak Ell 10 16 25 [74, 76,
0 77]
17-28
Absolutg peak Err 12 19 25 [74, 76,
(%) 77]

4.4 Combined effects of varying LA contractility and stiffness on LV function
for normal, HFpEF-I, and HFpEF-II cases

By varying the time varying elastance parameters of LA such as, end-systolic elastance parameter

(Ees), scaling factor for EDPVR (ALa), exponent for EDPVR (Bra), time to end systole (Tmax),

time constant of relaxation (1) the LA contractility and stiffness have been simultaneously changed

to observe their combined effect on LV function. The parameters are listed in Table 4.8.

Table 4. 8: Variation of parameters of LA time varying elastance model for Normal, HFpEF-I,
and HFpEF-II cases

End-systolic Scaling Factor Exponent for
elastance (Ees) |[Apa for EDPVR | EDPVR, Bia Tmax (ms) T (ms)
Pa/ml P 1
Cases | Case ID (Pa/ml) (Pa) (per ml)
% of % of % of % of % of
Pa/ml Pa per ml ms ms
baseline baseline baseline baseline baseline
Normal, Baseline 60.0 - 58.67 - 0.049 - 200 - 35 -
HEPEF- 1 A1 5280 880 53093 o9p0 0045 920 168 840 33 940
I and
HFpEF- LA2 46.66 77.77 48.96 83 0.042 85.0 145 725 30 85.7
II LA3 40.66 67.77 4224 72 0.039 80.0 130 65 25 71.43
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Figure 4. 18: Comparison among Normal LV (A) PV loops, (B) volume waveforms, (C)
pressure waveforms, (D) circumferential strains, (E) longitudinal strains, and (F) radial strains
by varying LA time varying elastance parameters (Ees, Ara, Bra, Tmax, T)
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Figure 4. 19: Comparison among HFpEF-I LV (A) PV loops, (B) volume waveforms, (C)
pressure waveforms, (D) circumferential strains, (E) longitudinal strains, and (F) radial strains
by varying LA time varying elastance parameters (Ees, Ara, BLa, Tmax, 1)
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Figure 4. 20: Comparison among HFpEF-II LV (A) PV loops, (B) volume waveforms, (C)
pressure waveforms, (D) circumferential strains, (E) longitudinal strains, and (F) radial strains
by varying LA time varying elastance parameters (Ees, Ara, BLa, Tmax, 1)
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Figure 4. 21: Comparison among Normal LA PV loops by varying LA time varying elastance
parameters (Ees, Ara, BLa, Tmax, 1)

Figure 4. 22: Comparison among HFpEF-I LA PV loops by varying time varying elastance
parameters (Ees, Ara, BLa, Tmax, 1)
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Figure 4. 23: Comparison among HFpEF-II LA PV loops by varying time varying elastance
parameters (Ees, ALA, BLA, Tmax, 1)

4.4.1 Effects of change of LA time varying elastance parameters on LV PV loop
for Normal, HFpEF-1I, and HFpEF-II cases

The effects of changing LA time varying elastance parameters (as indicated in Table 4.12) on the
pressure and volume of LV have been demonstrated in Figure 4.18 (A), Figure 4.19 (A), and Figure
4.20 (A), respectively, and the pressure and volume of LA have been shown in Figure 4.21, Figure
4.22, and Figure 4.23, respectively, for Normal, HFpEFI, and HFpEFII, respectively. Figure 4.18
(B), 4.19 (B), and Figure 4.20 (B) represents volume waveforms for LV, respectively. Figure 4.18
(C), 4.19 (C), and Figure 4.20 (C) illustrates pressure waveforms for LV, respectively. By
decreasing the Ees by 88%, Ara by 92%, Bra by 92%, Tmax by 84% and t by 94% from the baseline,
the LA volume has been increased with the slightly increased of SBP of LA. As a result of which,
EDV and ESV have been increased and the SBP has also increased. By decreasing the Ees by 78
percent (46.66 pa/ml), Ara by 83 percent, BLa by 85 percent Timax by 72.5 percent and t by 85.7
percent (Normal: LA2 case) from the baseline, the LA EDV and ESV has been increased along
with the increased SBP. As a consequences, the LV EDV and ESV has been increased. The SBP
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has also been increased. The EF has also been increased from the Normal: LA1 case. Moreover,
by decreasing the Ees by 67.8 percent (40.66 Pa/ml, range of varying Ees (29-80 Pa/ml [23]), Ara
by 92 percent, Bra by 92 percent Tmax by 84 percent and t by 94 percent (Normal: LA3 case) from
the baseline, the LA EDV and ESV have been increased at a very high rate. The corresponding
LV EDV and ESV have also been increased rapidly. As the EF has been increased, the heart
function improves.

From figure 4.21, the LA EDV for Normal: LA1 (red) is around 70 ml, and ESV is 20 ml (normal
range of LA is 45+12 ml [40], for HFpEF 85+28 ml [40]. The SBP is 7.5 mmHg (normal range
approximately 8.1+2.8 mmHg [40]), and the EF is 71.8 percent. For Normal: LA2 (blue), the EDV
has been increased to 91 ml. Corresponding ESV has been increased to 23 ml. The SBP has been
increased to 7.9 mmHg. The EF has been increased to 77.8 percent. For Normal: LA3 (green), the
EDYV has been increased to 122 ml, and the ESV has been increased to 27 ml. The SBP has been
increased to 8.4 mmHg. The EF has been increased to 85.5 percent. From figure 4.18 (A), it can
be seen that the LV EDV for Normal: LA1 (red) is around 114 ml, and ESV is 47 ml. The SBP is
141 mmHg, and the EF is 59.3 percent. For Normal: LA2 (blue), the EDV has been increased to
126 ml. Corresponding ESV has been increased to 48 ml. The SBP has increased to 149 mmHg.
The EF has been increased to 66.3 percent. For Normal: LA3 (green), the EDV has been increased
to 153 ml, and the ESV has been increased to 51 ml. The SBP has increased to 163 mmHg. The

EF has been increased to 75.6 percent.

From figure 4.22, the LA EDV for HFpEFI: LA1 (red) is around 67 ml, and ESV is 23 ml (normal
range of LA is 4512 ml [40], for HFpEF 85+28 ml [40]. The SBP is 26 mmHg (HFpEF range
approximately 20+6.1 mmHg [40]), and the EF is 64.2 percent. For HFpEFI: LA2 (blue), the EDV
has been increased to 85 ml. Corresponding ESV has been increased to 27 ml. The SBP has
increased to 31 mmHg. The EF has been increased to 69.9 percent. For HFpEFI: LA3 (green), the
EDYV has been increased to 110 ml, and the ESV has been increased to 32 ml. The SBP has
increased to 36 mmHg. The EF has been increased to 76.9 percent. From figure 4.19 (A), it can be
seen that the LV EDV for HFpEFI: LAl (red) is around 104.6 ml, and ESV is 41.3 ml. The SBP
is 121 mmHg, and the EF is 60.3 percent. For HFpEFI: LA2 (blue), the EDV has been increased
to 110 ml. Corresponding ESV has been increased to 41.9 ml. The SBP has increased to 129
mmHg. The EF has been increased to 65.7 percent. For HFpEFI: LA3 (green), the EDV has been
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increased to 137 ml, and the ESV has been increased to 43 ml. The SBP has increased to 138
mmHg. The EF has been increased to 71.8 percent.

Again, from figure 4.23, it can be seen that the LA EDV for HFpEFII: LA1 (red) is around 87.3
ml, and ESV is 29.6 ml (normal range of LA is 4512 ml [40], for HFpEF 85+28 ml [40]. The
SBP is 33.4 mmHg (HFpEF range approximately 20+6.1 mmHg [40]), and the EF is 68.9 percent.
For HFpEFIIL: LA2 (blue), the EDV has been increased to 99 ml. Corresponding ESV has been
increased to 32 ml. The SBP has increased to 41 mmHg. The EF has been increased to 74.6 percent.
For HFpEFII: LA3 (green), the EDV has been increased to 117 ml, and the ESV has been increased
to 33 ml. The SBP has increased to 49 mmHg. The EF has been increased to 81.4 percent. From
figure 4.20 (A), it can be seen that the LV EDV for HFpEFII: LA1 (red) is around 129 ml, and
ESV is 48 ml. The SBP is 175.8 mmHg, and the EF is 63.6 percent. For HFpEFII: LA2 (blue), the
EDV has been increased to 139 ml. Corresponding ESV has been increased to 49 ml. The SBP has
increased to 197 mmHg. The EF has been increased to 69.6 percent. For HFpEFII: LA3 (green),
the EDV has been increased to 168 ml, and the ESV has been increased to 61 ml. The SBP has
increased to 227 mmHg. The EF has been increased to 78.3 percent. The EF range for the HFpEF
patients is around 67+8 percent [73]. For the EDV of 69-151 ml [72, 73], the heart is considered
as HFpEF. From the above-mentioned cases, it can be concluded that the time varying elastance
parameters have significant impact on the remodeling of LA as well as the LV and due to the
changes of these values from the baseline case, improves the LV function as measured by the
ejection fraction and peak longitudinal and circumferential strains with increased LA pressure. The
study's findings show that enlarging the LA and increasing LA pressure improves overall LV

function.

4.4.2 Effects of change of LA time varying elastance parameters on LV
Strains for Normal, HFpEF-I, and HFpEF-II cases

Waveforms of circumferential strain (Ecc), longitudinal strain (Ell), and radial strain (Err) as a
function due to varying LA time varying elastance parameters are depicted in Figures 4.18 (D),
4.18 (E), and 4.18 (F), respectively for Normal case. With varying LA time varying elastance
parameters i.e. Ees, Ara, Bra, Tmax, and t of LA, the peak Ecc, peak Ell, and peak Err have all
increased. In the Normal: LA1 (red), Normal: LA2 (blue), and Normal: LA3 (green), the absolute
peak Ecc is 20 percent, 24 percent, and 27 percent, respectively (Figure 4.18 (D)), whereas the
healthy heart has a peak Ecc of 24 percent [42]. The absolute peak Ell for the cases is 19 percent,
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22 percent, and 25 percent (Figure 4.18 (E)), and the absolute peak Err is 23 percent, 26 percent,
and 28 percent (Figure 4.18 (F)), respectively, whereas the peak Ell and Err for healthy patients
are 22 percent and 26 percent [42].

Similarly, Waveforms of circumferential strain (Ecc), longitudinal strain (Ell), and radial strain
(Err) as a function due to varying LA time varying elastance parameters are depicted in Figures
4.19 (D), Figure 4.20 (D), 4.19 (E), Figure 4.20 (E), and 4.19 (F), Figure 4.20 (F), respectively for
HFpEF-1, and HFpEF-II cases. With varying LA time varying elastance parameters i.e. Ees, Ara,
Bra, Tmax, and t of LA, the peak Ecc, peak Ell, and peak Err have all increased. In the HFpEFT:
LA1 (red), HFpEFIL: LA2 (blue), and HFpEFI: LA3 (green), the absolute peak Ecc is 18 percent,
20 percent, and 24 percent, respectively (Figure 4.19 (D)), whereas the healthy heart has a peak
Ecc of 24 percent [42]. The absolute peak Ell for the cases is 17 percent, 19 percent, and 22 percent
(Figure 4.26 (E)), and the absolute peak Err is 19 percent, 23 percent, and 26 percent (Figure 4.19
(F)), respectively, whereas the peak Ell and Err for healthy patients are 22 percent and 26 percent
[42].

In the HFpEFII: LA (red), HFpEFII: LA2 (blue), and HFpEFIIL: LA3 (green), the absolute peak
Ecc is 17 percent, 20 percent, and 27 percent, respectively (Figure 4.20 (D)), whereas the healthy
heart has a peak Ecc of 24 percent [42]. The absolute peak Ell for the cases is 15 percent, 18
percent, and 25 percent (Figure 4.20 (E)), and the absolute peak Err is 18 percent, 22 percent, and
26 percent (Figure 4.20 (F)), respectively, whereas the peak Ell and Err for healthy patients are 22
percent and 26 percent [42].

As a consequence, it can be said that due to varying time varying elastance parameters the Ecc Ell
and Err strains have been increased for all three cases i.e. Normal, HFpEF-1, and HFpEF-II. As the
strain of the heart increases gradually, the LV function has been improved as indicated by the
increased strain values. The pressure, volume, Ecc, Ell, and Err variations due to combined
variation of time varying elastance parameters are tabulated in Table 4.9 for LV and LA. The
results show that expanding the LA and increasing LA pressure improve overall LV function.
Because LA expansion with increasing LA pressure is a common feature of HFpEF, the results

suggest that this mechanism may assist the LV to maintain its ejection fraction.
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Table 4.9: Hemodynamic and functional indices of LV for Normal and HFpEF models for
different LA time varying elastance model parameters

Normal

Index Normal: LA1 Normal: LA2 Normal: LA3 Cl;:::czl
LV 5
End-diastolic 84.1-132
volume, EDV (ml) 14 126 135 [8, 72]
End-systolic 34.7-68.6
volume, ESV (ml) 47 48 > [8, 72]
Ejection fraction, 52-71
EF (%) 59.3 66.3 75.6 3.8, 72]
End-diastolic 716
pressure, EDP 10 11 11.5 (72, 73]
(mmHg) :
End-systolic
pressure, ESP 121 133 143 10[17_21]24
(mmHg)
Absolute peak Ecc 13.45-24
(%) 20.076 23.693 27.226 (74,76, 77]
Absolute peak Ell 14-24
%) 19.105 21.584 24.743 [74.76. 7]
Absolute peak Err 17-28
%) 22.638 25.753 28.183 [74.76. 7]
LA
End-diastolic 45+12
volume, EDV (ml) 70 o1 122 [40]
End-systolic 16+6.3
volume, ESV (ml) 20 23 27 [40]
Ejection fraction,
EF (%) 71.8 77.8 85.5 -
Systolic Blood 8.1£2.8
Pressure (mmHg) 73 79 8.4 [40]
Index HFpEFI Clinical
HFpEFI: LA1 | HFpEFI: LA2 | HFpEFI: LA3 Range
LV
End-diastolic 114+28.1
volume, EDV (ml) 103 110 14 [8]
End-systolic 47+16.7
volume, ESV (ml) 41 41.9 36 [8]
Ejection fraction, 5947
EF (%) 60.3 65.7 69 (8]
End-diastolic 7.18
pressure, EDP 8.6 9.1 9.5 (72, 73]
(mmHg) ’
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End-systolic
pressure, ESP 101 112 119 8([);12?
(mmHg)
Absolute peak Ecc 13.45-24
%) 18.874 20.713 24.954 [74.76.77]
Absolute peak Ell 14-24
%) 17.427 19.773 22.937 (74,76, 77]
Absolute peak Err 17-28
%) 19.477 23.485 26.413 (74,76, 77]
LA
End-diastolic 85+28
volume, EDV (ml) 67 85 110 [40]
End-systolic 2345
volume, ESV (ml) 23 27 32 [40]
Ejection fraction,
EF (%) 64.2 69.9 76.9 -
Systolic blood 20+6.1
pressure (mmHg) 26 31 36 [40]
HFpEFII .
Index HFpEFIL: LAl | HFpEFIL: LA2 | HFpEFII: LA3 %‘;:cil
LV 5
End-diastolic 114+28.1
volume, EDV (ml) 129 139 168 [8]
End-systolic 47+16.7
volume, ESV (ml) 48 49 61 (8]
Ejection fraction, 58-75
EF (%) 63.6 69.6 78.3 (8. 72]
End-diastolic
pressure, EDP 12 13.5 13.9 11'[9534'6
(mmHg)
End-systolic
pressure, ESP 147 168 182 5; 17;?
(mmHg) ’
Absolute peak Ecc 13.45-24
%) 17.575 20.568 27.893 (74,76, 77]
Absolute peak Ell 14-24
%) 15.929 18.914 25.573 (74,76, 7]
Absolute peak Err 17-28
%) 18.648 22.375 25.693 [74.76. 77]
LA
End-diastolic 85428
volume, EDV (ml) 87.3 » 17 [40]
End-systolic 54+27
volume, ESV (ml) 296 32 33 [40]
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Ejection fraction,
EF (%) 68.9 74.6 81.4 -
Systolic blood 34+13
pressure (mmHg) 33.4 41 49 [40]

4.5 Summary

Heart failure with preserved ejection fraction (HFpEF) is a life-threatening illness that leads in
heart failure (HF) and premature death. We recreated important elements of ventricular geometry,
chamber size, blood pressure, LV EF, and circumferential and longitudinal strain reported in
normal, and HFpEF patients using a FE computational model. To the best of our knowledge no
such research has been done yet which focus on the inter-relation between left atrium and left
ventricle and quantify the effects of change of the LA properties on the LV function in HFpEF
patients. In this study, the LA contractility and stiffness have been varied individually and at a
time by varying relevant model parameters namely, end-systolic elastance (Ees), scaling factor for
the EDPVR (ALa), exponent for EDPVR (Bra), Time to end-systole (Tmax) and time constant of
relaxation (1) of LA for HFpEF cases.

An isolated increase in LA contractility creates a steeper ESPVR 1i.e. the slope of the ESPVR
increases. If the preload and afterload stay constant, the stroke volume increases. As a result, the
ESV and EDV have been decreased, however the ESP and EDP have been increased. This is
because by increasing the LA contractility, the contractile force has been increased and due to this
force, more blood has been ejected from the LA to the LV chamber as indicated by the increased
EF. The corresponding circumferential (Ecc), longitudinal (Ell), and radial (Err) strains of LV also
increased, and the overall LV function improved by isolated increasing of the LA contractility.
Scaling factor for EDPVR (Ara) has been altered to change the LA stiffness. The compliance of
the ventricle determines the pressure and volume that come from filling when the ventricle fills
with blood. Compliance curves are often displayed as the change in volume (V) versus the change
in pressure (P). However, for the ventricle, it is usual to plot P against V. As a result, the slope of
the connection is the reciprocal of the compliance, which is also known as ventricular "stiffness."
The pressure within the ventricular chamber gradually increases as the ventricle fills with blood
and its volume grows. Because the compliance of the ventricular wall diminishes ("stiffness" rises)
when the ventricular wall is stretched, the relationship is not linear, especially at greater volumes.
This happens in the majority of biological tissues. The structural features of the heart muscle (e.g.,

muscle fibers and their orientation, and connective tissue) as well as the state of ventricular
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contraction and relaxation define the ventricle's compliance. For example, with ventricular
hypertrophy, ventricular compliance decreases (i.e., the ventricle becomes "stiffer") when
ventricular wall thickness grows; as a result, ventricular end-diastolic pressure (EDP) rises at any
given end-diastolic volume (EDV). Other heart disease states, such as various types of restrictive
cardiomyopathy, can cause a reduction in ventricular compliance. Alternatively, a less compliant
ventricle would have a smaller EDV at a given EDP (i.e., filling will be impaired). If ventricular
relaxation is disrupted (as in some cases of diastolic cardiac failure), functional ventricular
compliance is diminished (due to residual active tension), impairing ventricular filling. The
ventricle becomes extremely dilated in a pathological condition such as dilated cardiomyopathy,
with no discernible thickening of the wall. The dilated ventricle will have higher compliance;
hence, while the EDV may be quite high, the EDP may not be much elevated. Decreased
ventricular compliance results in higher pressure at a given volume, clinically results in lower end-
diastolic volume associated with higher end-diastolic pressure etc. On the other hand, compliance
increased by systolic dysfunction due to the dilated cardiomyopathy, and chronic volume overload
due to valve regurgitation. Increased ventricular compliance results in lower pressure at a given
volume, clinically results in larger end-diastolic volumes, and end-diastolic pressure which
depends on both compliance and blood volume status.

Isolated increase in LA stiffness results increase of LV ESP, however LV EDP has been decreased,
the LV SBP has also been increased. The LV EF is increased. Corresponding Ecc, Ell, and Err
have also increased with the increasing LA stiffness for both normal and HFpEF cases. Thus, we
can conclude that isolated increase in the LA stiffness increases the LV EF, peak Ecc, peak Ell and
peak Err which indicates the improvement of the heart function.

By varying both the LA contractility, and stiffness, at a time, the LA pressure and volume have
been increased. The slope of the LV’s ESPVR has been decreased, however the EDP increased
along with the increasing EDV. As a result of which the EF has been increased for both Normal
and HFpEF patients for both HFpEF-I, and HFpEF-II cases which indicates the improvement of
LV. The peak circumferential strain, longitudinal strain and radial strain have also increased which
indicates the improvement of the LV function. Similar results have been found in cases of
increased LA contractility and increased LA stiffness individually. By decreasing the LA time
varying elastance parameters from the baseline, the LV EDV as well as the ESV increases. HFpEF

patient usually has increased EDV which is a symptom of remodeling and increased systolic blood
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pressure which is symptom of hypertension. HFpEF patient has higher end-diastolic pressure
(EDP) than normal which suggests HFpEF patient’s LV is stiffer than the normal LV. Clinically,
EDP higher than 15 mmHg is considered as sign of diastolic dysfunction which is a common
feature in HFpEF. However, by varying the LA time varying elastance parameters, the EF have
been increased with a very little rise of the EDP which is a good sign for the LV. Therefore, it can
be concluded that, the isolated change in the LA time varying elastance parameters have an impact
on the improvement of LV which imply that this mechanism might help the LV to preserve its

ejection fraction.
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5.1 Conclusion

In this thesis, a coupled left ventricular finite element-lumped parameter systemic circulatory

model has been used to quantify the effect LA malfunction on the LV function. The model was

calibrated using the clinical measurements from the literature review of a normal subject and

HFpEF patients. Following that, the LA contractility and stiffness were varied individually and at

a time to simulate the effects of these parameters on the LV function for HFpEF patients. The

findings of this study are summarized below:

With increased LA contractility, the peak pressure and volume of LA have been increased.
As a consequence, the LV function gradually improved as indicated by higher ejection
fraction. The ejection fraction of LV increased from 53.7 percent to 66.2 percent for
Normal case, 51.6 percent to 67.4 percent for HFpEF-I case, and 56.3 percent to 72.1
percent for HFpEF-II case. In addition, higher peak LV longitudinal (EIll) and
circumferential (Ecc) strains in both HFpEF cases were found which also indicates the
improvement of LV function. In Normal case, the absolute peak Ell increased from 16.1
percent to 21.8 percent and absolute peak Ecc increased from 16.1 percent to 24.3 percent,
in HFpEF-I case, the absolute peak Ell increased from 13.1 percent to 21.4 percent and
absolute peak Ecc increased from 14.8 percent to 21.6 percent, and in HFpEF-II case, the
absolute peak Ell increased from 10.9 percent to 23.4 percent and absolute peak Ecc
increased from 12.6 percent to 23.6 percent.

In case of increased LA stiffness, similar results have been found for both HFpEF cases
where LV ejection fraction and peak longitudinal and circumferential strains have
gradually increased. The ejection fraction has been increased from 52.6 percent to 70.2
percent for HFpEF cases. The corresponding absolute peak Ell has been increased from
9.6 percent to 24.9 percent, and the absolute peak Ecc has been increased from 13.6 percent
to 24.5 percent for HFpEF cases.

Finally, for both HFpEF instances, combinations of LA contractility and stiffness were
utilized, which revealed a steady improvement in LV function as measured by the ejection

fraction and peak longitudinal and circumferential strains with increased LA pressure.
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The study's findings show that enlarging the LA and increasing LA pressure improves
overall LV function. Because expansion of the LA with increased LA pressure is frequently
found in HFpEF, the findings imply that this mechanism might help the LV to preserve its
ejection fraction. Moreover, the ejection fraction of LV has been increased from 59. 3
percent to 78.3 percent for HFpEF cases. In addition, the absolute peak Ell increased from
15.9 percent to 25.6 percent and the absolute peak Ecc increased from 17.6 percent to 27.9
percent for both the HFpEF cases. By decreasing the overall LV contractility or by
changing the myofiber helix angle, the peak strains values can be reduced to match
reduction of peak strain values found in some recent clinical studies in HFpEF patients
keeping the ejection fraction preserved or in the normal range (>55%) which can be

explored in future studies.

5.2 Limitations of the Work

Though it was shown that the model adequately reproduces the results found in the literature,

however this model has some limitations. These are discussed below:

LV was modeled using idealized half-prolate ellipsoid for simplicity although in reality,
the human LV is asymmetric. However, numerous studies have modeled the LV as
idealized ellipsoid in the past.

Only Finite element model of Left ventricle was used in this study. The LA was modeled
with a simple time-varying elastance model. Finite element model of left atrium could be
incorporated to produce more accurate result.

In this research, one parameter was changed while the others remained constant. There
may be a linked impact among the parameters that cannot be assessed until more than one
parameter is changed at the same time.

The model ignores any regional activation patterns and assumes that the LV contracts
uniformly.

In this model, the myofiber helix angle changed linearly in the transmural direction from
endocardium to epicardium, according to a rule-based myofiber orientation. In reality,
myofiber orientation might be more complicated.

The mechanical effects of the right ventricle (RV) and pulmonary circulation were not
taken into account. Despite the fact that cavity pressure in the RV is far lower than in the

LV, its presence may alter LV mechanics through the septum.
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* Finally, because the pathophysiology of HFpEF is still a poorly understood topic, the
proper connection between physiological alterations and HFpEF development is
ambiguous. The correct HFpEF progression mechanism will require additional clinical

research.

5.3 Recommendation for Future Works

As discussed, the present model has some limitations. The present model can be improved by
incorporating the following suggestions:
*  More realistic model acquired from MRI (Magnetic Resonance Imaging) scans of human
heart and modeling with measured clinical data.
* Finite elements model of left atrium can be coupled with current left ventricle model which
might help to achieve better insight.
* The model need to be updated time to time to incorporate new findings as, mechanism of

HFpEEF is still an active research area.
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NOMENCLATURE

HF
EF

HFrEF
HFpEF
ED

ES

LV
LA
RV

SL
HTN
DD

AV

SV

MR
ECG
DBP
SBP
ESPVR
EDPVR
TPR
Ees

: Heart Failure
: Ejection Fraction

: Heart Failure with reduced Ejection Fraction
: Heart Failure with preserved Ejection Fraction
: End Diastole

: End Systole

: Left Ventricle

: Left Atrium

: Right Ventricle

: Right Atrium

: Semilunar Valve

: Hypertension

: Diastolic Dysfunction

: Atrioventricular Valve

: Stroke Volume

: Magnetic Resonance

: Electrocardiography

: Diastolic Blood Pressure

: Systolic Blood Pressure

: End-Systolic Pressure-Volume Relationship
: End-Diastolic Pressure-Volume Relationship
: Total Peripheral Resistance

: End Systolic Elastance
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