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Abstract

“To raise new questions, new possibilities, to regard old problems from
a new angle, requires creative imagination and marks real advance in
science.”

— Albert Einstein

On left ventricular fluid dynamics associated with progressive chronic
aortic regurgitation

Unnatural dynamics of the notorious vortex in the left ventricle is often associ-
ated with cardiac disease. Understanding how different cardiac diseases alter the
flow physics in the left ventricle may therefore provide a powerful tool for dis-
ease detection. This experimental in vitro work investigates the fluid dynamics
within a model left ventricle in the case of progressive chronic aortic regurgita-
tion, a valvular disease characterized by a leaking aortic valve and consequently
double-jet filling within the elastic left ventricular geometry. The experiment
consists of simulating different severities of the disease on a novel left heart sim-
ulator and the corresponding flow fields are acquired by time-resolved planar
particle image velocimetry. Progressive diastolic vortex reversal was observed
in the left ventricle accompanied by an increase in viscous energy dissipation.
The corresponding material transport phenomena were strongly determined by
the motion of the counter-rotating vortices driven by the regurgitant aortic and
mitral jets. Particularly, the overall particle residence time appeared to be
significantly longer with moderate aortic regurgitation, attributed to the dy-
namics resulting from the timing between the onset of the two jets. Increasing
regurgitation severity was shown to be associated with higher frequencies in the
time-frequency spectra of the velocity signals at various points in the flow, sug-
gesting non-laminar mixing past moderate aortic regurgitation. Furthermore,
a large part of the regurgitant inflow was found to be retained for at least one
full cardiac cycle. Such an increase in particle residence time accompanied by
the occurrence and persistence of a number of attracting Lagrangian coherent
structures presents favourable conditions and locations for activated platelets to
agglomerate within the left ventricle, potentially posing an additional risk fac-
tor for patients with aortic regurgitation. In view of the lack of available fluid
dynamics data in the literature regarding aortic regurgitation and even healthy
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left ventricular flow, this dissertation constructs reduced-order models of the
acquired data using the proper orthogonal and dynamic mode decompositions.
The performance of the two methods in reconstructing the intraventricular flows
and derived quantities was evaluated, and the selected reduced-order models
were made publicly available.

Giuseppe Di Labbio
Doctor of Philosophy (Mechanical Engineering)

Concordia University
2019
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Preface

“I have no special talents, I am only passionately curious.”
— Albert Einstein

I greatly admired the essay written by Prof. Godfrey H. Hardy, namely, “A
Mathematician’s Apology” and I believe it would be worthwhile to have as a
preface a sort of “PhD Student’s Apology”, although somewhat brief.

I have tried, to a great extent, to unveil many of the fundamental fluid dy-
namic features that are produced within the left ventricle by a leaking aortic
heart valve. I certainly hope that the results and insight offered throughout
this dissertation will someday be useful to researchers and clinicians alike, af-
ter all, this is the only thing that would make my work worthwhile. Surely,
personal achievement and motivation should play an important role in a doc-
toral student’s drive to graduate, however, at least to me, the degree is only
secondary or even tertiary to the actual research itself. I am not so much inter-
ested in the recognition. I don’t quite see why the degree has to be the prize,
to quote Prof. Feynman, “I’ve already got the prize. The prize is the pleasure
of finding the thing out, the kick in the discovery, the observation that other
people use it. Those are the real things.” In the end, I am simply curious about
the world and that’s what drives me to do meticulous research. To paraphrase
Prof. Amaouche, “c’est plus amusant de chercher que de trouver”, namely, the
joy truly is in the research process rather than the discovery itself. It permits
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Unfortunately, as I am sure most doctoral graduates feel, I cannot be satisfied
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but alas, I could not quite have done so without extending my graduation date
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me. This is why I cannot stress enough how central both Emilia and Lyes have
been to me all these years, Emilia at home and Lyes at work. For without them
fiercely and tirelessly keeping me on track with my mind constantly wandering
off and my will to procrastinate, I would never have graduated, I would have
veered off a long time ago to do something else. I have never known patience
at the level that these two have displayed it. But now I can finally take a deep
breath. My PhD is done and I will get to attempt to tackle my exponentially
expanding bucket list of research topics and home/engineering projects. Onward
and upward!
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Chapter 1

Introduction

“The heart of animals is the foundation of their life, the sovereign of
everything within them, the sun of their microcosm, that upon which all
growth depends, from which all power proceeds.”

— William Harvey

Over the average human lifespan, the tireless human heart will beat about
2.65 billion times, pumping a grand total of over 185 million litres of blood.1
That’s about as much water contained in 74 Olympic-sized swimming pools!
What a true marvel nature is, and how clever she can be to devise such a
laborious muscle, critical to the lives of countless animals (humans included)
over the 3.8 to 4.1 billion years of life here on Earth (Bishopric, 2005; Bell et
al., 2015).2

1.1 The heart in brief
The heart is a muscular organ whose purpose is to serve as the pump that
circulates blood throughout the body. The human heart itself (as well as all
avian and mammalian hearts) consists of four chambers, namely, two atria and
two ventricles, as well as four one-way valves.3 The heart valves come in two

1The calculation is done assuming that the average human heart beats 70 times per minute
and pumps 70 mL of blood per beat, as in Waite and Fine (2007). The global average human
lifespan used was that in 2016, namely, 72.0 years (World Health Organization, 2019).

2Animals, of course, have not been around for all that time. The earliest known animals
(sponges) are suspected to have existed 540 to 650 million years ago, namely, prior to the
Cambrian period and as early as the Cryogenian period (Love et al., 2009; Gold et al., 2016).

3Not all animals have four-chambered hearts. In fact, a complete evolutionary spec-
trum from simple linear/tubular hearts to four-chambered hearts can be found in nature;
cf. Bishopric (2005). Fish, for instance, have two-chambered hearts (one atrium and one ven-
tricle) while amphibians and reptiles (not including birds) have three-chambered hearts (two
atria and one ventricle). The non-avian reptiles have a partial separating wall within the
ventricle and, depending on the reptile, this wall can be mostly incomplete or it can almost
divide the ventricle completely in two, as seen in crocodiles (Jensen et al., 2013).

1
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categories, those separating the atria from the ventricles, known as the atri-
oventricular valves, and those separating the ventricles from the major arteries,
known as the semi-lunar valves. The atrioventricular valves are named the mi-
tral and tricuspid valves, which is indicative of their shape,4 while the semi-lunar
valves are named the aortic and pulmonary (or pulmonic) valves, according to
the main artery to which they are connected. A schematic of the heart, labelling
the four chambers, the four valves and the two major arteries, is provided in
Fig. 1.1.

Figure 1.1: Schematic of the heart showing basic anatomic nomenclature as
well as the oxygenated (red) and deoxygenated (blue) blood flow paths. This
figure was adapted from a Wikimedia Commons illustration by P. J. Lynch and
C. C. Jaffe under the CC BY 2.5 licence (2006).

Effectively, the heart functions as two synchronous halves, the right heart
and the left heart, each including one atrium and one ventricle. The right
heart circulates deoxygenated blood while the left circulates oxygenated blood.
The blood flow path through the heart is demonstrated in Fig. 1.1, with de-
oxygenated blood depicted in blue and oxygenated blood in red. The reader
is encouraged to follow along with Fig. 1.1 as the circulation of blood in the
healthy heart is here described. The right atrium continuously collects deoxy-
genated and nutrient-depleted blood from the upper and lower body via the
superior and inferior venae cavae, respectively. The right ventricle, in turn, fills
with deoxygenated blood from the right atrium through the tricuspid valve (the
pulmonary valve remaining closed). At the end of this filling phase, the tri-
cuspid valve closes and the right ventricle contracts to pump the deoxygenated
blood to the lungs through the pulmonary valve and pulmonary artery, allowing
oxygenation. This oxygenated and nutrient-rich blood is continuously collected
in the left atrium from both lungs through the pulmonary veins. The left ventri-
cle, in turn, fills with oxygenated blood from the left atrium through the mitral
valve (the aortic valve remaining closed). Once filling has completed, the mitral

4The mitral valve is so named because it resembles the shape of a bishop’s mitre and, of
course, the tricuspid valve is so named because it has three cusps.

https://commons.wikipedia.org/wiki/File:Heart_circulation_diagram.svg
https://creativecommons.org/licenses/by/2.5/
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valve closes and the left ventricle contracts to pump blood through the aortic
valve and aorta to provide oxygen and nutrients throughout the body.

Figure 1.2: Schematic Wiggers diagram of the left heart, demonstrating several
key phenomena within the cardiac cycle using intracardiac pressures and the
intraventricular volume change (hence the ∆ symbol above). This includes the
opening and closing of the mitral valve (MV) and aortic valve (AV) as well as all
the phases of the cardiac cycle: i) isovolumetric contraction; ii) rapid ejection;
iii) reduced ejection; iv) isovolumetric relaxation; v) rapid filling (or E wave
filling); vi) reduced filling (or diastasis); vii) atrial systole (or A wave filling).
A typical electrocardiogram (ECG) and phonocardiogram (PCG) is included
for future reference. This figure was adapted from a Wikimedia Commons
illustration by adh30, DanielChangMD, DestinyQx and xavax under the CC
BY-SA 4.0 licence (2016).

In reality, the ventricles operate in sync, contracting and expanding at the
same time. The same is true of the two atria. The contraction phase of any
particular cardiac chamber is in fact termed systole while the corresponding
relaxation/expansion phase is termed diastole. The cardiac cycle is however
more complex than just systole and diastole of the cardiac chambers. In order to
properly describe the cardiac cycle, it helps to make use of a timing diagram that
illustrates the key phenomena occurring in the heart with the aid of intracardiac
pressure and volume waveforms. Such a diagram is known as a Wiggers diagram,
named after Carl J. Wiggers who first developed it, and is shown schematically
in Fig. 1.2 for the left heart.5 The reader is now encouraged to follow along with
Fig. 1.2 as the cardiac cycle is here described. Beginning with the closure of the

5While Fig. 1.2 shows the Wiggers diagram for the left heart, it is effectively the same for
the right heart with one important difference. Essentially, the pressure waveforms in the aorta,
left atrium and left ventricle are respectively very similar to those in the pulmonary artery,

https://commons.wikimedia.org/wiki/File:Wiggers_Diagram_2.svg
https://commons.wikimedia.org/wiki/File:Wiggers_Diagram_2.svg
https://creativecommons.org/licenses/by-sa/4.0/
https://creativecommons.org/licenses/by-sa/4.0/
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atrioventricular valves, the ventricles exhibit an isovolumetric contraction phase
(denoted by phase i in Fig. 1.2) where the myocardium (i.e., the heart muscle)
surrounding the ventricles begins to contract. The contraction occurs while all
four heart valves remain closed, quickly increasing the intraventricular pressures
to the levels of the major arteries (i.e., the aorta and the pulmonary artery).
Within only about 20 to 40 ms (Hirschfeld et al., 1976), the intraventricular
pressures surpass those in the major arteries, opening the semi-lunar valves
and causing a rapid ejection of blood from the ventricles (denoted by phase ii).
The ejection then slows down as the myocardium slows its contraction until the
pressure gradient across the semi-lunar valves equilibrate and reverse, prompting
the closing of the semi-lunar valves (denoted by phase iii). This is followed by an
isovolumetric relaxation phase of the ventricles (denoted by phase iv) where the
myocardium surrounding the ventricles begins to relax while all four heart valves
again remain closed. This typically lasts around 70 to 140 ms (Cabrita et al.,
2013) before further relaxation of the myocardium prompts the atrioventricular
valves to open, causing rapid filling of the ventricles (denoted by phase v).
This rapid filling stage of ventricular diastole is known as the E wave which
coincides with a sudden drop in the atrial pressure waveforms (correspondingly
called the v wave). Notably, the atria are relaxed and expanded during this
period. Following the E wave, the ventricles continue to fill, but much more
slowly and at a decelerating rate (denoted by phase vi). This stage is known
as diastasis. At the end of diastasis, the ventricles have filled to capacity with
blood and the pressures between the atria and ventricles nearly equilibrate. The
atria then complete their systolic phase, further loading the ventricles with an
additional volume of blood, promoting the atrioventricular valves to close due
to the increased ventricular pressures relative to those in the atria (denoted by
phase vii).6 This is known as the A wave or atrial kick of ventricular diastole and
is also seen as a local bump in the atrial pressure waveforms (correspondingly
called the a wave). The A wave typically contributes 20 to 30% of ventricular
filling (Marieb & Hoehn, 2008). The cycle then repeats. While ventricular
systole specifically refers to the entire contractile phase (i.e., phases i through
iii) and ventricular diastole to the entire relaxation phase (i.e., phases iv through
vii), the isovolumetric phases are often ignored in discussions. Throughout this
dissertation, the distinction is made by explicitly referring to pure ejection as
mechanical systole (i.e., phases ii and iii) and pure filling as mechanical diastole

right atrium and right ventricle, however, the right heart operates within a lower pressure
range (0 to 25 mmHg) than the left heart (0 to 120 mmHg). Of course, instead of referring
to the mitral and aortic valves, one would then be referring respectively to the tricuspid and
pulmonary valves. Therefore, at least schematically, a simple change of pressure scale in
Fig. 1.2 is sufficient to visualize the Wiggers diagram of the right heart (Marieb & Hoehn,
2008). On the other hand, while the overall sizes or volumes of the left and right ventricles
may be different, the volume change they exhibit throughout a cardiac cycle ought to be the
same due to the continuity of blood flow.

6The reader may also notice the presence of the c wave in the atrial pressure waveforms.
This is due to the isovolumetric contraction of the ventricles, which forces the atrioventricular
valves to slightly bow into the atria (Marieb & Hoehn, 2008), increasing the intra-atrial
pressures before the semi-lunar valves open.
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(i.e., phases v through vii), as done in Chung et al. (2004).

1.2 The burden of heart disease
With our beating hearts serving as the engines of our lives, it is no wonder why
cardiovascular diseases are comprehensively the leading cause of death in the
world, killing as many as 17.9 million people in 2016 (World Health Organiza-
tion, 2017). That’s like repeating the first World War every year! Specifically,
diseases of the heart accounted for approximately 11 million of those deaths
while stroke accounted for about another 5.8 million (Global Burden of Dis-
ease 2015 Mortality and Causes of Death Collaborators, 2016; World Health
Organization, 2018).7 Moreover, heart disease has consistently been ranked as
the leading cause of death in the United States (Heron, 2018) and as second in
Canada and Québec (Statistics Canada, 2019) over the past few years.8

Canada truly is heartsick, despite heart diseases being the second leading
cause of death. While roughly 50 000 Canadians die of heart disease each year
(Statistics Canada, 2019), around 2.4 million Canadians over the age of 20
are living with ischemic heart disease today (Public Health Agency of Canada,
2018).9 Another 600 000 to 1 million Canadians are currently suffering from
heart failure (Heart and Stroke Foundation, 2016; Public Health Agency of
Canada, 2018) of which approximately 120 000 to 150 000 live right here in
Québec (Léouzon, 2016). By definition, heart failure refers to the state of a
weakened heart that is no longer capable of sufficiently pumping blood to meet
the body’s demands. As such, it typically develops after the heart is weakened
by other heart diseases. It has in fact been referred to as Canada’s silent epi-
demic (Heart and Stroke Foundation, 2016) since, with improved healthcare,
more and more Canadians survive heart diseases and subsequently live with
weakened hearts that ultimately grow weaker until developing heart failure.
Alone, it is estimated to pose a yearly economic burden of almost $3 billion
in Canada, and with 50 000 to 100 000 Canadians newly diagnosed with heart
failure each year, this burden is only expected to rise (Heart and Stroke Founda-
tion, 2016; Public Health Agency of Canada, 2018). To compare, it is estimated
that over 5.8 million Americans currently suffer from heart failure with over
550 000 new cases reported each year (S. A. Hunt et al., 2005, 2009; Roger,
2013; Mozaffarian et al., 2016), posing an estimated yearly economic burden
of over $30.7 billion (Heidenreich et al., 2011).10 It is therefore of paramount

7In other words, heart disease and stroke respectively accounted for 61% and 32% of global
deaths caused by cardiovascular diseases in 2016.

8 The leading cause of death in Canada and Québec is cancer (Statistics Canada, 2019),
which is in turn the second leading cause of death in the United States (Heron, 2018).

9Ischemic heart disease refers to the inability of the arteries of the heart to deliver enough
oxygen- and nutrient-rich blood to the heart muscle (National Heart, Lung, and Blood Insti-
tute, 2019). There are of course more subcategories of heart disease (e.g., rheumatic heart
disease, cardiomyopathy, hypertensive heart disease, myocarditis, endocarditis, valvular dis-
eases), however ischemic heart disease is by far the most common.

10 Consider that the total population in Canada is about 37 million whereas that in the
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importance to understand the mechanisms of heart failure to further improve
the overall state of health of Canada and the world.

Naturally, there are two directions that require further study in order to
reduce the impact of heart failure on society. The first, of course, is to research
new and more effective ways to diagnose, manage and treat patients with heart
failure. Although immediately appealing, such an approach turns out to be
rather daunting since heart failure may arise as a result of a long list of singular
and combined pathologies. The second direction, therefore, is to work toward
preventing heart failure altogether by scrutinizing the underlying heart diseases
that may lead to it. This idea aims to further strengthen our understanding of
various heart diseases in order to detect and manage them earlier. Ideally, it
would be best to do so at their onset, before the heart is irreversibly weakened
by them. Such a stance has also been alluded to by the American College of
Cardiology (ACC) and the American Heart Association (AHA) in the conclud-
ing remarks of their guidelines for the management of heart failure (Yancy et
al., 2013). This dissertation therefore looks to take a step in this very direction
by focusing on a specific heart disease which is known to lead to heart failure,
namely, aortic valve regurgitation.

Evidently, clinicians already have the tools, techniques and guidelines avail-
able to diagnose and treat a wide variety of cardiac pathologies, aortic valve
regurgitation included. The question then, as always, is can we improve? Can
these pathologies indeed be detected earlier, preferably making use of existing
practices and technologies on the clinical stage? Over the past two decades,
it has become increasingly clear that an understanding of the influence of car-
diac pathologies on the fluid dynamics within the heart cavities may provide a
stepping stone for such an improvement (Narula et al., 2007).

1.3 Fluid dynamics as an early indicator
In a clinical setting, many different parameters are used to assess heart function
and evaluate the severity of its pathologies. These parameters typically consist
of several point (or local) measurements (e.g., pressures, flow rates, peak veloci-
ties, lengths, distensions) or computed quantities based on such measurements.
These measures of heart function are then used to classify a patient’s pathologi-
cal condition into a severity category (e.g., trace, mild, mild-to-moderate, mod-
erate, moderate-to-severe, severe), prompting decisions for treatment. While
this process works quite well in general, it certainly comes with some disadvan-
tages. Firstly, while still being a good indicator, the use of a few local spatial
and/or temporal measurements is unlikely to provide a complete global descrip-
tion of the overall state of health of the heart and hence is likely to miss some
key features. Secondly, by lacking the global picture, such local measurements
may not necessarily be sensitive to changes brought on by pathologies in their

United States is about 332 million, almost 9 times as many people (United States Census
Bureau, 2019). Also, the estimated economic burden in Canada and in the United States are
respectively given in Canadian and American dollars.
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earliest stages, which is exacerbated by variations that may be observed from
patient to patient. Lastly, categorizing the severity of pathologies based on
such measurements relies heavily on setting thresholds, which to some extent
are vague and most certainly not patient-specific again due to natural patient-
to-patient variability. This latter point is further complicated when multiple
pathologies are present or in marginal cases, which becomes especially critical
when the question of surgery comes into play.

The use of the fluid dynamics within the heart cavities to assess cardiac
pathologies earlier and more effectively is rather promising, and largely appeals
to the aforementioned limitations of the current clinical approach. The main
motivation behind this effort is that the dynamics of a fluid in general is largely
sensitive to boundary conditions, and so slight structural or functional changes
in the heart brought on by disease ought to be readily observable from the
flow within its cavities. Moreover, acquiring the flows within the heart cavities
in practice is already realizable using existing technologies such as echocar-
diography (ultrasound) and magnetic resonance imaging (MRI), therefore, this
approach is rather appealing as it does not immediately require new infrastruc-
ture for its implementation. In fact, in the pioneering study of Kilner et al.
(2000), magnetic resonance phase-velocity mapping had been used to obtain
the elegant swirling flows in the heart cavities of a healthy patient. The use
of the flow fields within the heart cavities also has the added benefit of being
a more global approach, taking into account the entire intracavitary domain,
or at least a representative two-dimensional slice of it, rather than only a few
local measurements. In this way, parameters can be derived from the flow to
characterize disease or the extent of heart failure in a more comprehensive con-
text that captures both subtle and predominant flow changes. Additionally,
as will be discussed further in Chp. 2, similar qualitative flow features have
been shown to occur among healthy patients as well as among patients having
the same pathological condition. This is an interesting result as it suggests
that an assessment of intracardiac blood flow has the potential to apply to a
broader patient-base which may allow for some progress toward patient-specific
medicine when combined with a suitable normalization, thus drifting away from
thresholded categorization of disease severity altogether.

Research toward an improved understanding of blood flow in the heart cavi-
ties, and particularly how specific pathologies alter the flow, may therefore con-
tribute significantly toward alleviating the burden of heart failure by offering a
means to detect and consequently treat or manage heart diseases earlier. While
heart failure may involve the left, right or both sides of the heart (specifically
the ventricles), over the past twenty years or so, much of the research attention
associated with intracardiac fluid dynamics has in fact been given to the left
ventricle, the heart’s most laborious chamber; see Chp. 2 for a comprehensive
review as well as Pedrizzetti and Domenichini (2015). The left ventricle truly is
the heart’s powerhouse, carrying the largest burden of the four heart chambers
as it is responsible for supplying each and every tissue throughout the body
with oxygenated and nutrient-rich blood. Its diseases are therefore compara-
tively more debilitating than those of other heart chambers and, consequently,
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contribute significantly to heart failure (Pazos-López et al., 2011). Altogether,
left-sided heart failure is more common than right-sided heart failure, with the
latter often being caused by the former (American Heart Association, 2019;
Mayo Clinic, 2019). For instance, in an Italian study of 5 517 outpatients with
heart failure, 36.0% and 12.9% of patients respectively had dilated cardiomy-
opathy (i.e., an enlarged and weakened heart muscle) and hypertensive heart
disease (which leads to left ventricular hypertrophy, namely, an increase in heart
muscle size) as the root cause, two diseases heavily biased toward the left ventri-
cle (Baldasseroni et al., 2002).11 Indeed, it therefore comes as no surprise why
the focus of intracardiac flow studies has largely been on the left ventricular flow
response to dilated cardiomyopathy or left ventricular hypertrophy (Pedrizzetti
& Domenichini, 2015).

Interestingly, while diseases of the heart valves, such as aortic valve regurgi-
tation, are particularly important causes of heart failure and are very common,
they have gained very little attention in intracardiac flow studies. This is sur-
prising as diseases of the heart valves must affect the flow rather clearly and
distinctly since they directly alter the inflow and/or outflow conditions of the
ventricles. Moreover, valvular diseases often lead to heart failure in ways that
mimic other important causes of heart failure such as dilated cardiomyopathy
and hypertensive heart diseases; refer to Sec. 1.5.1 for more detail.12

1.4 The burden of heart valve disease
The Italian patient-based study of Baldasseroni et al. (2002) suggested that
11.9% of heart failure patients had valvular diseases as the underlying cause,
just about as many caused by hypertensive heart disease.13 Similar results were
reported by Cowie et al. (1999) in the United Kingdom (using a population from
the southern half of Hillington District in London), where valvular diseases
were responsible for 7% of heart failure patients. The results of Philbin and
DiSalvo (1999), however, showed that over 20% of patients hospitalized for
heart failure at the New York State Hospital in 1995 also had valvular heart
disease, suggesting that it tends to be a contributing comorbidity. Altogether,
this poses a rather serious problem as the prevalence of heart valve disease
increases exponentially with age, especially for adults aged 45 and over (Nkomo
et al., 2006; Iung & Vahanian, 2011; Coffey et al., 2016). In fact, with the

11 The leading cause, they found, was ischemic heart disease, accounting for 45.6% of
patients, which is neither biased toward the left nor right heart. It refers to an insufficient
supply of blood to the heart muscle.

12The reverse is also true, namely, that heart valve diseases may be caused by cardiomy-
opathies (Shiota et al., 1989; McElderry et al., 1991; Kar et al., 1993) or hypertensive diseases
(Waller et al., 1982; Ravakhah & Motallebi, 2013).

13This percentage includes the aforementioned 5 517 heart failure patients as well as the
additional 745 patients having heart failure brought on by valvular disease that were ex-
cluded in the study. With these additional patients, 40.1%, 31.7% and 11.4% of heart failure
patients respectively had as root causes ischemic heart disease, dilated cardiomyopathy and
hypertensive heart disease.
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average human life expectancy constantly on the rise, valvular heart diseases
are believed to be the next cardiac epidemic of this century (d’Arcy et al., 2011).

Particularly, aortic valve regurgitation is rather common, with the Euro
Heart Survey suggesting it accounts for 13% of valvular diseases (Iung et al.,
2003). The renowned Framingham Heart Study estimated a prevalence of 5.2%
of mild or worse aortic regurgitation in the adult population over age 40 in the
United States (J. P. Singh et al., 1999). Other more specific population stud-
ies show varying statistics. For instance, the Strong Heart Study estimated a
prevalence of 10% of at least mild aortic regurgitation in the native american
population, 47 to 81 years of age, in the United States (Lebowitz et al., 2000).
Additionally, the Valvular Heart Disease Epidemiological Survey estimated that
2% of the elderly population (60 to 70 years of age) in Hubei, China had some
form of valvular disease and aortic regurgitation was the most common, ac-
counting for just over half those patients (Shu et al., 2016). While there is
no recent epidemiological study of valvular heart disease in Canada, Rabkin
and Chu-Chun-Lin (1988) reported that from 1965 to 1985, about 1.5 deaths
per 100 000 Canadians (per year) were the result of nonrheumatic aortic valve
disease14 and the trend remained rather constant throughout this period. In-
terestingly, aortic regurgitation and other valvular diseases also appear to be
linked to stroke with the study of Petty et al. (2000) estimating a 7.5% incidence
of cerebrovascular events in patients with aortic regurgitation after five years,
the incidence of which increases in the presence of comorbidities (such as aortic
stenosis). With one-third of all ischemic strokes occurring in the United States
being cryptogenic (Yaghi & Elkind, 2014) and with stroke being the second
leading cause of death among cardiovascular diseases, it is of additional interest
to identify and investigate possible causes, perhaps, such as aortic regurgitation.

1.5 Aortic regurgitation
The clinical signs and symptoms of aortic regurgitation (AR), also known as
aortic insufficiency (AI) or incompetence of the aortic valve, were first described
by William Cowper (Cowper, 1706) and Raymond de Vieussens (de Vieussens,
1715); see Flaxman (1939) and Mehta and Kahn (2003) for more historical
context. However, it was not until 1827 that Charles Aston Key and Thomas
Hodgkin correlated these signs with a leaking aortic valve (Hodgkin, 1829).15

Nonetheless, it is Sir Dominic John Corrigan who is often credited with the
discovery of aortic regurgitation due to the tremendous detail and insight he

14Rheumatic heart disease, associated with rheumatic fever, is an inflammatory disease
that is known to damage heart valves; it forms part of the etiology discussion of aortic valve
regurgitation in Sec. 1.5.2. Here, only the statistic for nonrheumatic aortic valve disease is
provided as rheumatic fever is no longer a common cause of aortic regurgitation in developed
countries.

15Actually, in the associated letter (Hodgkin, 1829), it appears that Charles Aston Key
must have encountered a patient having aortic regurgitation in mid to late 1826 and reported
this to Thomas Hodgkin. Nonetheless, the first observations still appear to be by William
Cowper (Cowper, 1706) a century earlier.
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offered shortly after (Corrigan, 1832).

1.5.1 Pathophysiology
Aortic regurgitation is characterized by a leaking aortic valve. During normal
left ventricular function, throughout diastole, the aortic valve should remain
closed and its leaflets should coapt tightly so that no blood can leak back into
the ventricle from the aorta. A normal left ventricle therefore fills strictly from
the mitral valve and, in turn, the proper functioning of the cardiac valves ensures
that blood always moves forward in the cardiovascular system. Additionally, ow-
ing to the eccentricity of the mitral valve, the mitral inflow is known to produce
an elegant swirl within the left ventricle, which is believed to optimally organize
blood flow for ejection (Kilner et al., 2000; Pedrizzetti & Domenichini, 2005);
refer to Fig. 1.3 for a schematic. In the case of aortic regurgitation, however,
some blood that has been ejected will leak (or regurgitate) back into the left
ventricle during diastole. The left ventricle will therefore fill from two sides,
namely, from the mitral valve and the leaking aortic valve. Moreover, being
that the aorta holds a higher pressure than both the left atrium and ventri-
cle during ventricular diastole, the regurgitation manifests as a noticeable and
relatively high-velocity jet flowing into the left ventricle during this time. In-
terestingly, other than the fact that a regurgitant jet is produced, we have no
idea how the natural swirling flow in the left ventricle is incrementally affected;
see Fig. 1.3. The fluid dynamics perspective must be important to understand
since a suboptimal intraventricular flow suggests that more energy will be dis-
sipated by viscosity, which must be compensated for by additional work on the
part of the heart muscle. Additionally, the mixing of the regurgitant and mi-
tral inflows directly implies that blood resides in the left ventricle for longer
periods, an important factor for the development of thrombi, and hence possi-
ble cerebrovascular events. Furthermore, the diagnosis of aortic regurgitation
in practice is based entirely on the characteristics of the aortic valve, regur-
gitant jet and left ventricular volume; refer to Sec. 1.5.4 for more detail. No
consideration is taken of the actual interaction of the regurgitant jet with the
intraventricular flow, which is what this dissertation aims to explore.

The regurgitation itself may be caused by a variety of defects affecting the
aortic valve, which are discussed further in Sec. 1.5.2. This dissertation is how-
ever concerned with the most common defect, namely, when the leaflets are
unable to completely coapt upon valve closure, leaving open a roughly centrally-
located regurgitant orifice (Borer et al., 1998; Dujardin et al., 1999; Bekeredjian
& Grayburn, 2005); see Fig. 1.4 for a schematic. Such a defect is most com-
monly associated with both the calcification and stiffening of the aortic valve
leaflets as well as the dilation of the aortic root and/or annulus, whether idio-
pathic or pathologic in nature. Aortic regurgitation may be further classified as
chronic or acute. Chronic aortic regurgitation occurs gradually and allows the
left ventricle to adapt to the regurgitation in a variety of ways. Conversely, acute
aortic regurgitation occurs suddenly and is often immediately life-threatening
(Maurer, 2006; Stout & Verrier, 2009; Hamirani et al., 2012), leaving the left
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Figure 1.3: Schematic of left ventricular filling in a healthy left ventricle (left)
and one with aortic regurgitation (right). AV: aortic valve; MV: mitral valve.

ventricle with too large a burden to adapt to in too short an amount of time.
While this dissertation is primarily interested in chronic aortic regurgitation,
for reasons that will be described shortly hereafter, both are here described to
make the distinction clear.

Chronic aortic regurgitation

Primarily, in chronic aortic regurgitation, the left ventricle gradually dilates in
order to accommodate both the regurgitant volume as well as that from the
mitral inflow. In so doing, the left ventricle attempts to maintain the same for-

Figure 1.4: Schematic of the closed and open states of the aortic valve in health
(left) as well as in the case of aortic regurgitation (centre) and aortic stenosis
(right). Note that for pure aortic regurgitation, the aortic valve has difficulty
closing but opens adequately while the reverse is true for pure aortic stenosis.
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ward (or effective) stroke volume as though it were healthy in order to continue
meeting the body’s demands. By consequence, the left ventricle must eject more
blood per stroke, namely, the regurgitant volume plus the forward stroke volume
(Maurer, 2006). The regurgitating volume of blood therefore poses not only a
volume overload in the left ventricle (or increased preload) but also a pressure
overload (or increased afterload) as the additional blood volume is being ejected
against the relatively high aortic pressures. This is in contrast with mitral re-
gurgitation where the volume overload is also present for the same reasons, but
where part of the additional blood volume is being ejected against the much
lower pressures in the left atrium (Carabello, 1990; Maurer, 2006).

The volume overload activates the Frank-Starling mechanism,16 causing the
force of contraction to increase in aortic regurgitation which tends to increase
the aortic systolic pressure although it may also remain relatively unchanged
(Bekeredjian & Grayburn, 2005; Maurer, 2006). This may occur in combination
with other compensatory vasoconstricting mechanisms, such as that enacted by
the sympathetic nervous system and/or by the renin-angiotensin system, hence
the use of beta-blockers and angiotensin-converting enzyme (ACE) inhibitors or
angiotensin receptor blockers (ARBs), respectively, to aid in reducing the pres-
sure overload by reducing the aortic systolic pressure (Galbraith et al., 2015);
see Sec. 1.5.5 for more detail regarding the management of chronic aortic re-
gurgitation. The blood regurgitating back into the ventricle, in turn, causes
the aortic diastolic pressure to fall while that in the left ventricle remains un-
changed from healthy conditions; see Fig. 1.5 for a schematic. The net result
is a widened aortic pulse pressure, defined as the difference between the aortic
systolic and diastolic pressures.

Being that the volume overload remains with each beat, eccentric hypertro-
phy of the left ventricle ensues, where sarcomeres are replicated in series within
the myocardium to form longer fibres which consequently enlarges the heart
muscle surrounding the left ventricle (Grossman et al., 1975; Brtko, 2018);
see Fig. 1.6. In so doing, the regurgitation is compensated. Conversely, the
pressure overload induces concentric hypertrophy of the left ventricle, where
the sarcomeres are instead replicated in parallel within the myocardium and
primarily thicken the walls of the left ventricle (Ross Jr., 1976; Nishi et al.,
1989; Taniguchi et al., 2000); see Fig. 1.6. This however occurs to less of an
extent than eccentric hypertrophy and is more noticeable in the presence of
comorbidities such as aortic stenosis (Parker & Aurigemma, 2016). Should the
regurgitation worsen, the left ventricle will continue to dilate and become more

16The Frank-Starling mechanism (or Frank-Starling law of the heart) refers to the com-
pensatory action taken by the ventricles in response to increased volume. Particularly, an
increased volume of blood in the ventricles will stretch the heart’s muscle fibres, consequently
resulting in a more forceful contraction and increased stroke volume; i.e., the force of contrac-
tion of muscle fibres is dependent on the number of fibres as well as the fibre length (Konhilas
et al., 2002; Nichols et al., 2011). This is the same reason why the heart’s stroke volume
increases with heart rate, namely, the muscle fibres must lengthen in order to increase the
force and rate of contraction which results in the ventricles filling with and ejecting more
blood (Jacob et al., 1992).
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Figure 1.5: Schematic of typical pressure changes occurring with chronic aortic
regurgitation. The healthy pressure waveforms were adapted from a Wikimedia
Commons illustration by adh30, DanielChangMD, DestinyQx and xavax under
the CC BY-SA 4.0 licence (2016).

hypertrophic, ultimately leading to a grossly enlarged heart17 (Bekeredjian &
Grayburn, 2005). However, the ability of the heart to compensate chronic aor-
tic regurgitation through the Frank-Starling mechanism and by consequent left
ventricular dilation (or increased preload reserve) and hypertrophy is of course
limited, and left ventricular systolic performance18 will ultimately be compro-
mised, leading to decompensation and heart failure (Ross Jr., 1976; Ricci, 1982;
Nishimura et al., 2014).

Figure 1.6: Schematic of the changes in the myocardium associated with concen-
tric and eccentric hypertrophy of the left ventricle. In concentric hypertrophy,
the myocardium surrounding the left ventricle thickens in order to compensate
for pressure overload. In eccentric hypertrophy, the myocardium lengthens in
order to compensate for volume overload. AV: aortic valve; MV: mitral valve.

17Hence the commonly used Latin phrase cor bovinum, meaning “bovine heart”, in discus-
sions of chronic aortic regurgitation, suggesting the heart becomes large like that of a cow.

18The systolic performance of the left ventricle is generally assessed using its ejection frac-
tion, namely, the fraction of the end-diastolic volume being ejected. In other words, ejection
fraction (EF) is the stroke volume (SV) divided by the end-diastolic volume (EDV).

https://commons.wikimedia.org/wiki/File:Wiggers_Diagram_2.svg
https://commons.wikimedia.org/wiki/File:Wiggers_Diagram_2.svg
https://creativecommons.org/licenses/by-sa/4.0/


14 CHAPTER 1. INTRODUCTION

Acute aortic regurgitation

Being that the left ventricle is unable to compensate for acute aortic regurgita-
tion, there are vast differences in its associated pathophysiology when compared
to chronic aortic regurgitation. Most importantly, the absence of left ventricular
dilation will result in increased ventricular diastolic pressure and a relatively un-
changed total stroke volume (Stout & Verrier, 2009). The inability to increase
the total stroke volume, in turn, results in decreased aortic systolic pressure,
pulse pressure and forward stroke volume (Mann et al., 1975; Reimold et al.,
1994; Stout & Verrier, 2009). Altogether, these immediate consequences of
acute aortic regurgitation present an ever-worsening scenario. For instance, the
reduction in forward stroke volume suggests that the left ventricle can no longer
meet the body’s oxygen and nutrient demands, including what the heart itself
requires for proper functioning, therefore resulting in coronary ischemia (Stout
& Verrier, 2009). Additionally, being that tachycardia (i.e., increased heart
rate) may accompany acute aortic regurgitation as an attempted compensatory
mechanism of the heart, the heart muscle would require more oxygen and nutri-
ents which further exacerbates coronary ischemia (Stout & Verrier, 2009). This
is aggravated further by the increased ventricular diastolic pressures, which im-
pedes filling from the mitral inflow (i.e., the fresh supply of oxygenated blood)
and may additionally result in early mitral valve closure (Eusebio et al., 1994).
Yet another important consequence of acute aortic regurgitation is an abrupt
increase in pulmonary capillary wedge pressure, especially in conjunction with
activation of the sympathetic nervous system and the renin-angiotensin system,
which may result in pulmonary edema (Stout & Verrier, 2009).

Evidently, the consequences of acute aortic regurgitation often require im-
mediate medical attention. Considering that acute aortic regurgitation is less
common than chronic aortic regurgitation (Bekeredjian & Grayburn, 2005) and
that it effectively cannot be diagnosed in its “early” stages (i.e., it occurs sud-
denly and is immediately life-threatening), this dissertation focuses on exploring
chronic aortic regurgitation which is more clinically relevant. As such, for the
remainder of this dissertation, unless otherwise specified, chronic aortic regur-
gitation will be the subject of interest and will therefore often be referred to
simply as aortic regurgitation (i.e., without the “chronic” identifier).

1.5.2 Etiology
In the case of a native aortic valve, aortic regurgitation may be caused by
diseases, abnormalities or injuries affecting the aortic root, the aortic annulus,
the aortic valve leaflets or a combination of the three (Bekeredjian & Grayburn,
2005); refer to Fig. 1.7 for a basic schematic of the anatomy of the aortic root.

Dilation of the aortic root and/or annulus is one of the most frequent causes
of chronic aortic regurgitation (Roman et al., 1987; Nishimura et al., 2014).
The dilation may be idiopathic (i.e., spontaneous or of unknown cause) or oc-
cur as part of either arterial hypertension (Brtko, 2018) or annuloaortic ectasia
(Rammohan et al., 1998; Krishnankutty et al., 2000), which refers to dilation
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Figure 1.7: Schematic of the aortic root. This figure was adapted from Fig. 1
of Roselli (2017).

of both the ascending aorta and annulus, be it idiopathic or pathologic. The
dilation may also arise as a result of diseases or genetic disorders affecting con-
nective tissues such as Marfan syndrome (van Karnebeek et al., 2001; Stuart &
Williams, 2007), Reiter’s syndrome or reactive arthritis (Rodnan et al., 1964),
Ehlers-Danlos syndrome (Simon & Stein, 1974; Leier et al., 1980; Wunderlich et
al., 2005), cystic medial degeneration (Marsalese et al., 1990; Srivastava et al.,
2014), Loeys-Dietz syndrome (Nakajima et al., 2014; Harky et al., 2017) and
osteogenesis imperfecta (Criscitiello et al., 1965; Lamanna et al., 2013). The
same is true for diseases or disorders affecting blood vessels such as giant cell
arteritis (Klinkhoff et al., 1985; Gagné-Loranger et al., 2016) and Behçet’s syn-
drome (Han et al., 2009; W.-G. Ma et al., 2012). Syphilis, in its tertiary stage,
may lead to dilation of the aortic root as well (Graciaa et al., 2017), known as
syphilitic aortitis. Syphilis, in fact, was a very common cause of aortic regurgi-
tation during the period Hodgkin and Key first discovered it (Flaxman, 1939).
Additionally, aortic dissection in the ascending aorta, especially in proximity to
the aortic root, has been known to cause dilation of the root due to the ensuing
aneurysm (Movsowitz et al., 2000; Hiratzka et al., 2010; Knio & Montealegre-
Gallegos, 2016). For more detail regarding causes of aortic root and annulus
dilation, the reader is referred to Roman et al. (1987), Waller et al. (1994) and
Bekeredjian and Grayburn (2005).

Diseases, abnormalities or injuries affecting the aortic valve leaflets are also
important causes of aortic regurgitation. Particularly, the leaflets may experi-
ence atherosclerotic degeneration, especially with age, causing them to stiffen
and even tear due to calcification (Agmon et al., 2001; Nollert et al., 2003). This
results in poor coaptation of the leaflets during diastole and will also tend to
restrict valve opening, resulting in combined aortic regurgitation and stenosis.
In general, calcific aortic valve diseases and bicuspid aortic valves are the most
common causes of chronic aortic regurgitation in the United States and in most
developed countries (Enriquez-Sarano & Tajik, 2004; Nishimura et al., 2014).
Connective tissue and inflammatory diseases are also known to affect the aortic
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valve leaflets and cause regurgitation, such as bacterial (or infective) endocardi-
tis (Krishnaswami et al., 1976; Cortés et al., 2017), nonbacterial endocarditis
(Kardaras et al., 1995; Keenan et al., 2016), rheumatic heart disease (Spagnuolo
et al., 1971), Whipple’s disease (Schneider et al., 1998; Hansen & Mereles, 2008),
Crohn’s disease (O’Mahony et al., 1990; Ozsöyler et al., 2005), Kawasaki disease
(Nakano et al., 1985; Akagi et al., 1989), Takayasu’s arteritis (Hashimoto et al.,
1992; McGraw et al., 2015) and ankylosing spondylitis (Bulkley & Roberts,
1973), although the latter three are known to also cause aortic root dilation
(Bekeredjian & Grayburn, 2005). Particularly, while rheumatic heart disease
is now rare, it is the most common cause of aortic regurgitation in developing
countries (Enriquez-Sarano & Tajik, 2004; Nishimura et al., 2014). Addition-
ally, some autoimmune disorders, such as lupus erythematosus (Oh et al., 1974),
rheumatoid arthritis (Levine et al., 1999) as well as antiphospholipid or Hughes
syndrome (Zuily et al., 2013), are known to damage the aortic valve as well
as other heart valves, causing aortic regurgitation among other valvulopathies.
Interestingly, certain anorectic drugs (i.e., drugs reducing appetite), such as
fenfluramine-phentermine, have been known to damage the aortic and mitral
valves (Volmar & Hutchins, 2001; Loke et al., 2002; Rothman & Baumann,
2009; Surapaneni et al., 2011; Cosyns et al., 2013). Congenital abnormalities of
the leaflets often have associated aortic regurgitation as well. For instance, pa-
tients with bicuspid aortic valves often develop aortic regurgitation due to both
malcoapting leaflets and dilation of the aortic root (Hahn et al., 1992; Ward,
2000; Ferencik & Pape, 2003; Bekeredjian & Grayburn, 2005). Malcoaptation
of the aortic valve leaflets also occurs in the rarer cases of patients having uni-
cuspid (Yuan et al., 2010; S. Singh et al., 2015), quadricuspid (Yuan, 2016) and
quinticuspid (Bogers et al., 1982; Meng et al., 2009; Kuroki et al., 2012) aortic
valves.

Other causes of aortic regurgitation, particularly acute, may result from
aortic lacerations (Yeo et al., 1999) or even blunt chest trauma (Obadia et al.,
1995) which may cause aortic dissection or actually tear the aortic valve leaflets
and/or cause prolapse (W. Li et al., 2011). Furthermore, congenital heart de-
fects, such as subvalvular aortic stenosis, coarctation of the aorta or ventricular
septal defects (as in the tetralogy of Fallot disease), may cause aortic regurgi-
tation later in life (Brtko, 2018). Regurgitation may also arise from radiation
(Yusuf et al., 2011) or surgical complications such as accidental punctures of the
leaflets, aortic valvuloplasty and balloon dilation within the aorta (Bekeredjian
& Grayburn, 2005). Implanted aortic valves may exhibit aortic regurgitation
as well. Particularly, transcatheter aortic valve replacement (TAVR) often has
associated with it some leakage along the perimeter of the implanted valve
(Abdel-Wahab et al., 2011; Dvir et al., 2013; Sinning et al., 2013; Tang et al.,
2013), known as a paravalvular leak (PVL). Patients with left ventricular assist
devices (LVADs), particularly in the continuous-flow mode, often develop aortic
regurgitation as well (Cowger et al., 2010; Jorde et al., 2014; Cowger, 2016;
Bouabdallaoui et al., 2018).

While all these factors warrant careful patient follow-up in order assess the
onset and progression of aortic regurgitation, the lack of symptoms specifically
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associated with aortic regurgitation poses some diagnostic difficulty.

1.5.3 Symptoms
Most commonly, patients with chronic aortic regurgitation tend to experience no
symptoms for quite a long time throughout the progression of the disease (Brtko,
2018). Symptoms that may develop include shortness of breath on physical
exertion (exertional dyspnea) as well as fatigue, thus falling into NYHA class
II19 (Maurer, 2006; Brtko, 2018). Unfortunately, patients experiencing these
symptoms may simply respond by reducing their physical activity over time and
live a more sedentary lifestyle, often allowing these symptoms to go unnoticed for
longer periods (Bekeredjian & Grayburn, 2005). This is why exercise testing has
been suggested as an indicator of the severity of the disease (Calavrezos, 2016;
Albertí et al., 2017). Less common symptoms include shortness of breath at rest
(non-exertional dyspnea), palpitations, chest pain (angina pectoris) and fainting
(syncope), thus falling into NYHA class III or IV, although these become more
common with increasing regurgitation severity (Maurer, 2006; Brtko, 2018).

The lack of symptoms in chronic aortic regurgitation, particularly in its
early to middle stages, suggests a serious problem for diagnosis. Effectively,
patients may go undiagnosed for years or, at worst, until they begin experi-
encing symptoms in which case surgery is highly recommended (Nishimura et
al., 2014). Alas, without adapting diagnostic practices like echocardiography
(see Sec. 1.5.4) into routine check-ups, the problem of diagnosing chronic aortic
regurgitation in its earliest stages is likely to go unsolved for years to come.

1.5.4 Diagnosis
Since the symptoms associated with chronic aortic regurgitation are also quite
general (i.e., they can be associated with many other diseases), if they are
even present, clinicians must resort to other techniques in order to adequately
evaluate the patient.

Physical signs

Associated with aortic regurgitation, several physical signs may be present
that would lead a clinician to suspect a patient has the disease. For instance,
Corrigan (1832) first observed visibly throbbing arteries in the head, neck and
superior extremities, particularly of the carotid, subclavian, temporal, brachial
and palmar arteries (Zacek, 2018a); this is referred to as Corrigan’s pulse. The

19The New York Heart Association (NYHA) developed a functional classification to assess
the extent of chronic heart failure in patients by evaluating their ability to perform physical
activity. A patient in NYHA class I has no limitation of ordinary physical activity while one in
NYHA class II has slight limitation, experiencing fatigue, palpitations and dyspnea (American
Heart Association, 2019). A patient in NYHA class III has noticeable limitation, even in less
than ordinary physical activity, and one in NYHA class IV cannot partake in any physical
activity without discomfort and exhibits symptoms even at rest (American Heart Association,
2019).
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increased pulse pressure may also cause a patient’s head to noticeably bob with
each heart beat, known as de Musset’s sign (Zacek, 2018b). The uvula may show
some pulsation during systole as well (Williams III & Steinberg, 2006), known
as Müller’s sign, and so can the fingernail beds upon compression (Hsieh & Wu,
2012; Mansoor & Mansoor, 2013), known as Quincke’s sign, although these are
typically only seen in patients with severe aortic regurgitation. Lastly, although
not often reported, visible pulsation of the pupils (Landolfi’s sign) and retinal
arteries (Becker’s sign) with each heart beat may also be indicative of aortic
regurgitation (Saini et al., 2017). Videos demonstrating these physical signs
have been abundantly posted online, including on YouTube. See for instance
https://www.youtube.com/watch?v=szfBqPNAJDA.

Auscultation

Aortic regurgitation is typically first suspected in a patient following the re-
sults of an auscultation (i.e., by listening to the heart using a stethoscope). A
healthy heart typically produces two main sounds, namely, the closing of the
atrioventricular valves and the closing of the semi-lunar valves.20 These are
the “lub-dubs” you hear when you rest your ear against your pillow and are
referred to as the first and second heart sounds respectively. However, in the
case of aortic regurgitation, the aortic valve fails to adequately close and the
blood rushing back into the left ventricle from the aortic valve causes the second
heart sound to drag on far into diastole with decreasing pitch; see Fig. 1.8 for
a schematic phonocardiogram. It is recommended that the murmur be listened
to online, for instance at https://www.youtube.com/watch?v=i2dtQu5Ow1U.
This is sometimes called the Key-Hodgkin murmur since Hodgkin (1829) first
correlated the sound with the prolapse (or retroversion) of one or more aortic
valve leaflets in the case of syphilitic aortitis (I. Ma & Tierney Jr., 2010). A
similar murmur can be heard in the case of pulmonary regurgitation, however,
when heard, it is most likely indicative of aortic regurgitation being that it is
more common (Babu et al., 2003).

An additional two heart sounds may be heard during ventricular diastole
known as the third and fourth heart sounds. The third heart sound, com-
monly referred to as the ventricular gallop, is associated with the abrupt de-
celeration of the mitral/tricuspid inflow which causes some vibration of the
atrioventricular valves and myocardium (Shah et al., 2008). It is a dull sound
that may be heard in healthy patients, although it tends to be more audible in
the case of a dilated ventricle (as in the case of dilated cardiomyopathy). As
such, an audible third heart sound may also be indicative of aortic regurgita-
tion (Abdulla et al., 1981; Folland, Kriegel, et al., 1992; Folland, Henderson, &
Hammermeister, 1992; McGonigal, 1992). Please refer online for audio record-
ings, for instance at https://www.youtube.com/watch?v=_i2D1KZkN1w. This

20In each of these sounds, a slight split may be heard. This is due to the mitral and aortic
valves respectively closing slightly before the tricuspid and pulmonary valves (Leatham, 1954).
The splitting is affected by the phase of respiration and is not to be confused with the two
additional heart sounds described hereafter.

https://www.youtube.com/watch?v=szfBqPNAJDA
https://www.youtube.com/watch?v=szfBqPNAJDA
https://www.youtube.com/watch?v=i2dtQu5Ow1U
https://www.youtube.com/watch?v=i2dtQu5Ow1U
https://www.youtube.com/watch?v=_i2D1KZkN1w
https://www.youtube.com/watch?v=_i2D1KZkN1w
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Figure 1.8: Schematic of a phonocardiogram as heard in a healthy patient and
in one having aortic regurgitation (AR), where MV denotes the mitral valve
and AV the aortic valve. The healthy phonocardiogram was adapted from a
Wikimedia Commons illustration by adh30, DanielChangMD, DestinyQx and
xavax under the CC BY-SA 4.0 licence (2016).

third heart sound may also combine with other phenomena that are associated
with aortic regurgitation. For instance, the third heart sound may combine
with the sound of the regurgitant jet during diastole to form an audible mur-
mur heard from the left axilla; this is known as the Cole-Cecil murmur and
may be used to distinguish aortic from pulmonary regurgitation (I. Ma & Tier-
ney Jr., 2010). Alternatively, especially in severe aortic regurgitation, a sound
may be produced by the turbulent regurgitant jet alone in mid to late diastole
(Emi et al., 1993) or its vibration-inducing interaction with the anterior mitral
leaflet (Rahko, 1991) and/or the ventricle apex (Landzberg et al., 1992); this
is known as the Austin Flint murmur (I. Ma & Tierney Jr., 2010). Refer to
https://www.youtube.com/watch?v=_k5u933BIbo for a sample audio record-
ing. The fourth heart sound, commonly referred to as the atrial gallop, is again
associated with vibrations of the atrioventricular valves and myocardium, how-
ever caused by a forceful atrial contraction (Marcus et al., 2005). It is rarely
heard in healthy patients and is typically associated with a hypertrophic left
ventricle and diastolic dysfunction (Marcus et al., 2005), however, it seems to
have no specific correlation with aortic regurgitation in the literature and would
nonetheless likely be overshadowed by its corresponding characteristic diastolic
murmur.

In addition to these murmurs, two auscultory signs are particularly indicative
of aortic regurgitation. The first is Traube’s sign, which can be heard as a loud
‘pistol shot’-like sound over the femoral arteries occurring both in systole and
diastole (Graffeo & Harrynauth, 2017). The second is Duroziez’s sign, which is
an audible murmur heard over the femoral arteries when compressed proximally
during systole and distally during diastole (Sapira, 1981; Babu et al., 2003).

Aortic angiography

Aortic angiography is a procedure where dye (or contrast) injected from a
catheter in the aorta is used to visualize blood flow with the help of X-rays.

https://commons.wikimedia.org/wiki/File:Wiggers_Diagram_2.svg
https://creativecommons.org/licenses/by-sa/4.0/
https://www.youtube.com/watch?v=_k5u933BIbo
https://www.youtube.com/watch?v=_k5u933BIbo
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Of course, the procedure requires cardiac catheterization and so has the disad-
vantage of being invasive. The use of aortic angiography to assess the severity of
aortic regurgitation involves injecting the contrast in the ascending aorta, par-
ticularly in the vicinity of the aortic root, and observing the amount of contrast
entering and leaving the left ventricle (Feldman & Grossman, 2006). The sever-
ity of the regurgitation is then defined by a semi-quantitative grading scheme
based on these visual observations. The method was largely pioneered in the
context of aortic regurgitation by Sandler et al. (1963), Brandt et al. (1969) and
D. Hunt et al. (1973). An angiographic grade of 1+ denotes mild regurgitation
and corresponds to very little contrast entering the left ventricle during dias-
tole, which is typically restricted to the outflow tract and is completely cleared
from the left ventricle in the following systole (D. Hunt et al., 1973; Feldman &
Grossman, 2006). A grading of 2+ corresponds to moderate regurgitation and
is described by progressive but faint opacification of the left ventricle with each
diastole due to the residing contrast (D. Hunt et al., 1973; Feldman & Gross-
man, 2006). Currently, the AHA/ACC guidelines associate angiographic grades
of 3+ and 4+ with severe regurgitation (Nishimura et al., 2014, 2017). However,
classically, an angiographic grade of 3+ denotes moderately severe regurgitation
and one of 4+ severe regurgitation, where in the former, the opacification ob-
served in the left ventricle is equivalent to that in the ascending aorta, and in the
latter, the opacification in the left ventricle is greater than that in the ascending
aorta and occurs within one heart beat (Feldman & Grossman, 2006).

Although only semi-quantitative and subjective, aortic angiography was once
the accepted gold standard for the evaluation of the severity of aortic regur-
gitation (Bolger et al., 1988) and is still used today, particularly its grading
scheme (Nishimura et al., 2014). However, being an invasive procedure, it is no
longer the primary option used for the assessment of aortic regurgitation sever-
ity in favour of non-invasive techniques such as echocardiography and cardiac
magnetic resonance (CMR) (Nishimura et al., 2014). However, as discussed
in the AHA/ACC guidelines, aortic angiography is warranted in specific cir-
cumstances. Such as, for instance, when the results from a clinical examination
and echocardiographic examination disagree, and other non-invasive alternatives
cannot be used either because they are not available or there are contraindica-
tions for them (Nishimura et al., 2014).

Echocardiography

Transthoracic echocardiography (TTE) is now the go-to method of evalua-
tion for patients suspected of having valvular regurgitation in general and is
highly recommended in clinical guidelines by the AHA/ACC and collaborators21

(Nishimura et al., 2014, 2017), by the American Society of Echocardiography
(ASE) and the Society for Cardiovascular Magnetic Resonance (SCMR) (Zoghbi

21The guidelines were developed in collaboration with the American Association for Tho-
racic Surgery, the American Society of Echocardiography, the Society for Cardiovascular An-
giography and Interventions, the Society of Cardiovascular Anesthesiologists and the Society
of Thoracic Surgeons.
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et al., 2017) and by the European Association of Cardiovascular Imaging (EACI)
(Lancellotti et al., 2013). In practice, the severity of chronic aortic regurgitation
is defined by the patient’s symptomatic status, the amount of regurgitation, the
left ventricular volume and the systolic performance of the ventricle (Lancellotti
et al., 2013; Nishimura et al., 2014; Zoghbi et al., 2017), all of which are readily
assessed by TTE (Bekeredjian & Grayburn, 2005).

In particular, the AHA/ACC guidelines require the evaluation of a specific
set of diagnostic parameters using TTE in order to assess the progression of
chronic aortic regurgitation in a patient. These include the vena contracta
width of the regurgitant jet, the ratio of the regurgitant jet width to that of the
left ventricular outflow tract, the regurgitant volume, the regurgitant fraction,
the effective regurgitant orifice area as well as the left ventricular end-systolic
volume, end-diastolic volume and ejection fraction (Nishimura et al., 2014).
The vena contracta width, as in classical fluid dynamics, refers to the smallest
width of the jet, namely, that where the jet contracts and attains its maximum
velocity in the vicinity of the regurgitant orifice. The regurgitant jet width is
measured in the left ventricular outflow tract (LVOT) within 1 cm downstream
of the vena contracta and the LVOT width is measured during ventricular sys-
tole; see Fig. 1.9. Both the vena contracta and jet widths are measured using
two-dimensional colour flow Doppler, which requires proper alignment of the ul-
trasound transducer with the orientation of the regurgitant jet preferably within
the parasternal long-axis view (Lancellotti et al., 2013; Nishimura et al., 2014;
Zoghbi et al., 2017); this is the view shown in Fig. 1.9. The regurgitant volume
is evaluated using the stroke volume method, which takes the difference of the
total stroke volume and the mitral inflow volume. From two-dimensional TTE,
the total stroke volume may be evaluated in two ways. In the first method, the
total stroke volume is evaluated by multiplying the LVOT area (measured in sys-
tole) by the velocity-time integral in the LVOT as measured by pulsed Doppler.
Similarly, this is how the mitral inflow volume would be obtained, namely, by
multiplying the mitral annulus area (measured in mid-diastole) by the velocity-
time integral at the same level. In the second method, the total stroke volume
is computed as the difference between the left ventricular end-diastolic and end-
systolic volumes, which are both obtained by the method of summation of discs.
In three-dimensional TTE, of course, the full three-dimensional volume is ac-
quired directly and so the stroke volume calculation is more accurate, subjected
only to errors in spatiotemporal resolution and human error rather than also to
approximation. The regurgitant fraction is then given by the ratio of the regur-
gitant volume to the total stroke volume. The effective regurgitant orifice area
(EROA) is the regurgitant orifice area as measured by the proximal isovelocity
surface area (PISA) method, also known as the colour Doppler flow convergence
method. The method is based on fundamental fluid dynamic principles, namely,
that the flow through a small circular orifice in a flat plate will converge up-
stream in hemisphere-like layers of equal velocity. The PISA method therefore
requires measurement of the velocity on one such hemispherical layer and its
corresponding radius, giving the regurgitant flow rate. The EROA can then be
computed by dividing the regurgitant flow rate by the peak regurgitant jet ve-



22 CHAPTER 1. INTRODUCTION

locity obtained by continuous-wave Doppler. The regurgitant volume may also
be estimated by dividing the regurgitant flow rate by the velocity-time integral
of the regurgitant jet from the continuous wave Doppler.

Figure 1.9: Schematic of the left ventricle in the parasternal long-axis view show-
ing the regurgitant jet and several echocardiographic measurements including
the left ventricular outflow tract (LVOT) width, the regurgitant jet width, the
vena contracta width, the left ventricle diameter (or dimension) as well as the
flow convergence zone for the proximal isovelocity surface area (PISA) method.

Focusing on the AHA/ACC guidelines (Nishimura et al., 2014, 2017), chronic
aortic regurgitation is classified in four stages, namely, A through D. Stage A
describes patients who are at risk of developing aortic regurgitation due to the
associated morbidities described in Sec. 1.5.2, but who are currently experi-
encing no symptoms and at most only trace regurgitation. Stage B describes
the progression of chronic aortic regurgitation from a mild state through to a
moderate state without any symptoms. A patient is diagnosed with mild aortic
regurgitation if the regurgitant jet width measures less than 25% of the LVOT
width, the vena contracta width of the jet less than 0.3 cm, the regurgitant vol-
ume less than 30 mL per beat, the regurgitant fraction (RF) less than 30% and
the EROA less than 0.10 cm2. Moderate aortic regurgitation, in turn, is associ-
ated with a regurgitant jet width measuring between 25 and 64% of the LVOT, a
vena contracta width between 0.3 and 0.6 cm, a regurgitant volume between 30
and 59 mL per beat, a regurgitant fraction between 30 and 49% and an EROA
of between 0.10 and 0.29 cm2. Alternatively, mild aortic regurgitation is associ-
ated with an angiographic grade of 1+ and moderate aortic regurgitation with
one of 2+. Stages C and D respectively describe patients with asymptomatic
and symptomatic severe aortic regurgitation. In terms of the diagnostic param-
eters, stages C and D are classified as exceeding the values of moderate aortic
regurgitation. In particular, stage C is divided into two subcategories, namely,
stage C1 and C2. Stage C1 describes asymptomatic severe aortic regurgitation
in the case of normal systolic function (ejection fraction greater than 50%) and
mild-to-moderate dilation of the left ventricle (end-systolic dimension of less
than 50 mm). Stage C2 describes asymptomatic severe aortic regurgitation in
the case of abnormal systolic function (ejection fraction less than 50%) and/or
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severe dilation of the left ventricle (end-systolic dimension of more than 50 mm).
Notably, patients with symptomatic severe aortic regurgitation (stage D) may
have normal or abnormal systolic function, although with moderate-to-severe
dilation of the left ventricle. These conditions are summarized in Tab. 1.1 for
convenience.

Table 1.1: Summary of the grading of chronic aortic regurgitation severity by
transthoracic echocardiography. This table was adapted from Nishimura et al.
(2014). LVOT: Left ventricular outflow tract.

Stage A — At risk
The patient is predisposed to having aortic regurgitation in some way
(cf. Sec. 1.5.2)
Stage B — Mild
Regurgitant jet width less than 25% of LVOT width
Vena contracta width less than 0.3 cm
Regurgitant volume less than 30 mL per beat
Regurgitant fraction less than 30%
Effective regurgitant orifice area less than 0.10 cm2

Stage B — Moderate
Regurgitant jet width between 25 and 64% of LVOT width
Vena contracta width between 0.3 and 0.6 cm
Regurgitant volume between 30 and 59 mL per beat
Regurgitant fraction between 30 and 49%
Effective regurgitant orifice area between 0.10 and 0.29 cm2

Stage C — Severe (asymptomatic)
Regurgitant jet width greater than 64% of LVOT width
Vena contracta width greater than 0.6 cm
Regurgitant volume greater than 59 mL per beat
Regurgitant fraction greater than 49%
Effective regurgitant orifice area greater than 0.29 cm2

→ Stage C1 — Normal systolic function
→ Ejection fraction greater than 50%
→ End-systolic dimension less than 50 mm
→ Stage C2 — Abnormal systolic function/Severe dilation
→ Ejection fraction less than 50%
→ End-systolic dimension greater than 50 mm

Stage D — Severe (symptomatic)
Same conditions as Stage C
May occur with normal or abnormal systolic function



24 CHAPTER 1. INTRODUCTION

While TTE is now the method of choice in the evaluation of aortic regurgi-
tation and the AHA/ACC guidelines effectively base the stages of its severity
on quantities that can be measured by TTE, it is important to understand that
these measures and principles have important limitations, many of which are
highlighted in Zoghbi et al. (2017). For instance, the use of colour flow Doppler
to measure the jet width may underestimate it in the case of an eccentric jet or
overestimate it in the case of a central jet. The jet width is also directly affected
by the size of the LVOT, the shape of the regurgitant orifice, the orientation of
the ultrasound probe as well as the colour scale used to visualize it. Additionally,
the jet width may expand or sway unpredictably past the regurgitant orifice,
especially when the jet is turbulent. Similar factors affect the vena contracta
width in addition to the added difficulty of adequately visualizing it. Since the
AHA/ACC guidelines partly judge severity based on the dimensional vena con-
tracta width (i.e., rather than using some suitable normalization like the LVOT
width as done for the regurgitant jet width), this has the added problem of being
subject to patient-to-patient variability. The use of the dimensional regurgitant
volume suffers from the same problem, namely, it is not patient-specific; the
regurgitant fraction is therefore the better metric. Measures of ventricular vol-
umes, whether based on the method of discs or using the velocity-time integral
from pulsed- or continuous-wave Doppler, are also quite approximate since they
rely on assumptions that are not quite true such as circular cross-sections of the
left ventricle or circular orifices. The measurement of the EROA, being based on
the PISA method, is also approximate since the hemispherical isovelocity layers
in the flow convergence zone is strictly true for a circular orifice in a flat plate.
Depending on the shape of the orifice, this flow convergence zone may not be
evident and in fact the method performs poorly for eccentric jets. Again, since
the AHA/ACC guidelines use the dimensional form of the EROA, the metric is
not patient-specific. Additionally, since the metrics in the guidelines are based
on either colour flow, pulsed- or continuous-wave Doppler, they are also subject
to their inherent limitations. For instance, pulsed-wave Doppler is sensitive to
the small area used to evaluate the velocity and may not be able to see higher
velocities due to aliasing. Colour flow Doppler is based on pulsed-wave Doppler
and is additionally subject to errors in colour scaling. Conversely, continuous-
wave Doppler can see these higher velocities but loses the spatial localization
of the measurement. This all goes without saying that echocardiography relies
heavily on the experience of the practitioner and is subject to several human
errors, especially proper probe positioning and alignment.

Complementary diagnostic methods

There are some complementary diagnostic methods that are of use for the pur-
poses of preliminary assessment or verification in chronic aortic regurgitation.
These include electrocardiograms (ECGs), radiography, radionuclide imaging,
transesophageal echocardiography (TEE) and cardiac magnetic resonance. Elec-
trocardiograms, for instance, can be useful in capturing some conditions as-
sociated with aortic regurgitation, however, these conditions are non-specific.
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Specifically, a negative U wave is common in patients with left ventricular vol-
ume overload (Venkatachalam & Rimmerman, 2011) and increased QRS am-
plitude is seen in patients with left ventricular hypertrophy (Buchner et al.,
2009; Burgos et al., 2017); refer to the ECG in Fig. 1.2. Taken together, these
signs may therefore be indicative of underlying aortic regurgitation, however,
more testing would be required (i.e., they may also be indicative of mitral re-
gurgitation). Similarly, chest radiography (or X-ray) may also provide some
non-specific information, such as heart size, fluid in the lungs (i.e., pulmonary
edema) and dilation of the aortic root and/or ascending aorta (Morales et al.,
2012).

Notably, radionuclide imaging (or radionuclide ventriculography) can mea-
sure left ventricular volumes, and consequently ejection fraction, to a higher de-
gree of accuracy and reproducibility than TTE with less exposure to radiation
than a chest X-ray (Bellenger et al., 2000; Nousiainen et al., 2001). However,
TTE is now readily available (and even portable), cheaper than radionuclide
imaging and offers no exposure to ionizing radiation whatsoever (Bellenger et
al., 2000; Nousiainen et al., 2001; de Oliveira et al., 2017). Radionuclide ven-
triculography was once the gold standard for the evaluation of ejection fraction
(Bonow et al., 1991; Borer et al., 1998) and, although it is effectively being
replaced by TTE and CMR, it may still be used in the case of chronic aortic
regurgitation when TTE imaging is insufficient and when there are contraindi-
cations for CMR or in the event that it is not available (Tamás et al., 2009).

Transesophageal echocardiography refers to the insertion of an ultrasound
transducer down the esophagus in order to image the heart. Being that the
transducer is closer to the heart and there are no obstructions (like the chest
in the case of TTE), the images are often much more clear. Transesophageal
echocardiography can therefore evaluate the presence and severity of aortic re-
gurgitation just as well as or better than TTE (Hall et al., 2014; Nishimura
et al., 2014; Zoghbi et al., 2017). However, TEE is usually used when TTE is
insufficient and/or more detail is required, particularly of the etiology of the
regurgitation since better images of the valves can typically be obtained (Hall
et al., 2014; Zoghbi et al., 2017). The main disadvantage of TEE is of course its
semi-invasive nature, which often requires sedation or anaesthesia prior to its
use, as well as the added time and personnel required over TTE (Khandheria
et al., 1994; Rebel et al., 2012).

Like TEE, cardiac magnetic resonance offers a complete alternative to TTE
as it can be used to determine the etiology and severity of aortic regurgitation
among other things (Zoghbi et al., 2017). Evaluation of left ventricular end-
systolic and end-diastolic volumes is more accurate and repeatable with CMR
than with TTE (Bekeredjian & Grayburn, 2005; Zoghbi et al., 2017). Since
CMR is non-invasive, in the absence of contraindications, it is the method of
choice when TTE is inadequate or when there is discordance between evaluations
(Nishimura et al., 2014; Zoghbi et al., 2017). Unfortunately, CMR is much less
available than TTE and is therefore not always a viable option.



26 CHAPTER 1. INTRODUCTION

1.5.5 Treatment and management

Once a patient is diagnosed with chronic aortic regurgitation (stage B or C)
with associated hypertension, the main clinical recommendation is to reduce
systolic blood pressure using vasodilating drugs such as calcium channel block-
ers (e.g., nifedipine) or ACE inhibitors/ARBs, thereby reducing the pressure
overload on the left ventricle and improving overall function (Nishimura et al.,
2014). Conversely, for such asymptomatic patients having normal systolic func-
tion, vasodilator therapy is not recommended. The ultimate treatment for aortic
regurgitation is aortic valve replacement (AVR). Surgery is however not recom-
mended for a patient until the regurgitation is severe and the patient either
begins experiencing symptoms (stage D), left ventricular systolic dysfunction
(stage C2) or severe dilation of the left ventricle (stage C2). Patients in stage
C1 with progressive dilation of the left ventricle in diastole may also be consid-
ered for surgery. In the event that a patient with aortic regurgitation is receiving
cardiac surgery for other indications, replacement of the aortic valve is also rec-
ommended for patients in stages C and D and is regarded as reasonable for those
in stage B. Interestingly, symptomatic patients (stage D) or those experiencing
left ventricular systolic dysfunction (stage C2) that are not admitted for surgery
due to high risk (such as in the case of comorbidities or frailty of the patient)
are recommended to undergo vasodilator therapy using ACE inhibitors/ARBs,
beta-blockers or both.

1.6 Scope and objectives
In view of the important role chronic aortic regurgitation plays in heart fail-
ure, and potentially also in stroke, deepening our understanding of this disease
will contribute significantly toward a further reduction in the incidence and
economic burden of heart failure. This is especially so considering the valvu-
lar disease epidemic headed our way alongside the aging population. With the
fluid dynamics within the heart cavities presenting a new and promising route
for the early diagnosis of heart disease, this dissertation aims to explore how
progressive chronic aortic regurgitation affects the flow in the left ventricle, a
topic essentially unexplored in the literature and in practice. Specifically, left
ventricular flow subject to progressive chronic aortic regurgitation will be mod-
elled experimentally, and the resulting flow captured by time-resolved particle
image velocimetry (PIV). Given the multitude of approximations, human er-
rors and limitations associated with the current clinical guidelines in assessing
chronic aortic regurgitation via transthoracic echocardiography, the future of its
diagnosis will benefit greatly from such a study. Particularly, the understand-
ing gained from the high spatiotemporal resolution of time-resolved PIV will
lay the groundwork for the added flow field information that can be obtained
with current and upcoming technological improvements of blood flow imaging
technologies (e.g., spatiotemporal resolution, cost-effectiveness, post-processing
time). These include the vector flow mapping technique, echocardiographic
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particle image velocimetry (echo-PIV), volumetric echo-PIV and 4D-flow MRI.
These technologies are rendering the flow fields within the heart chambers more
easily obtainable in clinical practice and hence more commonplace. Moreover,
the constant improvement in spatiotemporal resolution of these technologies are
permitting clinical flow data to become more and more amenable to the more ad-
vanced and powerful post-processing techniques in the fluid dynamics literature,
thus paving the way for the creation of more effective diagnostic parameters.
Additionally, due to the lack of available flow data regarding chronic aortic
regurgitation, it will significantly benefit the research community and promote
future advancement of the field if researchers had access to high quality flow data
for the purposes of comparison, reproduction, diagnostic parameter testing or
further deduction. The objectives of this work may therefore be summarized as
follows:

1) To support the current body of knowledge of flow phenomena in the healthy
left ventricle by experimental (in vitro) observation. While being a subtle point,
this objective is necessary to ensure that the experimental model is reproducing
well-known left ventricular flow behaviour.

2) To investigate the key flow phenomena occurring in the left ventricle with
progressive chronic aortic regurgitation. This objective is the heart of this dis-
sertation. Being that the corresponding fluid dynamics is unexplored in the
literature, this dissertation aims to lay the foundation of our understanding of
the effect of aortic regurgitation on left ventricular flow.

3) To use the high spatiotemporal resolution of time-resolved particle image
velocimetry to demonstrate the added clinical value of modern fluid dynamic de-
velopments. This objective aims to prepare the clinical stage for the constant
improvement in spatiotemporal resolution of imaging technologies, which will
provide access to more flow field information and hence more physical phenom-
ena. Additionally, with high spatiotemporal resolution, the results can be used
for the validation of future computational fluid dynamic studies.

4) To construct and make available data-driven reduced-order models of the
healthy and regurgitant intraventricular flows. This objective aims to offer the
flow field data obtained from this dissertation to the research community in
order to further promote the advancement of the field and offer a means of
comparison for future in vivo, ex vivo, in vitro or in silico studies.

1.7 Organization of this thesis
Throughout the course of this dissertation, three related articles have been pub-
lished as well as a number of conference proceedings where the ideas contained
in the articles were presented to and critiqued by the clinical, fluid dynamics and
biofluid dynamics communities. This thesis is therefore organized by article.

Each article contains an introduction and literature review that is specifi-
cally tailored to the contents of the respective article. However, for the sake
of completeness and to appeal to a wider audience, Chp. 2 of this thesis of-
fers a comprehensive and more detailed review of the work that has been done
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regarding left ventricular flows both in health and disease. Of course, in so
doing, some information contained within Chp. 2 is repeated in the articles.
Nonetheless, the introduction and literature review presented in each article is
sufficient for the reader to comprehend its contents. The choice is therefore left
to the preference of the reader to either read Chp. 2 and skip the introductions
and literature reviews in the articles or vice versa. However, Sec. 2.2 in Chp. 2
specifically conducts a critical literature review of the few works that have been
done in the past 5 years regarding left ventricular fluid dynamics in the context
of aortic regurgitation, and its reading is strongly encouraged.

Each article also contains a discussion of the experimental methodology of
this dissertation, some more detailed than others. Although these sections have
not been omitted, the reader is strongly encouraged to thoroughly read the
detailed presentation of the methodology in Chp. 3. To avoid redundancy or
confusion, the reader should therefore ignore the less detailed methodology sec-
tions in the articles or, alternatively, quickly skim over them to be reacquainted
with the experiment. The limitations of the methodology are also discussed
in depth in Chp. 3 in order to place the extent of the clinical validity of this
dissertation into context.

The first article, provided in Chp. 4, presents the main features that were
observed to occur in the left ventricular flow with progressive chronic aortic
regurgitation. These include features that were primarily observable with the
naked eye from particle motion during velocimetry, which are quantified directly
from the acquired velocity fields. The amount of energy dissipated by viscosity
within the left ventricle, which is indicative of the additional work required by
the myocardium to compensate for the disease, is also evaluated. The second
article, provided in Chp. 5, investigates flow features that are not immediately
evident to the naked eye or from a classical Eulerian flow analysis. The focus
is on how material is organized, transported and mixed within the left ventricle
with progressive chronic aortic regurgitation, namely, a Lagrangian flow anal-
ysis. Such an analysis provides insight on blood stasis, or how well the left
ventricle washes out “old” blood, which is a requirement for the development
of thrombi and possible cerebrovascular events. The third and final article,
provided in Chp. 6, produces and makes available data-driven models from the
acquired flow data and draws out some additional pertinent physical phenomena
in the process. Given the absence of available incremental flow data in the case
of chronic aortic regurgitation, this work promotes the advancement of research
by offering a means of comparison, reproduction or further deduction for future
work in the field. Should some additional information be needed within the
articles that was not explained prior in this dissertation, footnotes are added
(please note that the original articles contain no footnotes). Additionally, fol-
lowing each article, further discussions are offered which expand on the ideas
presented in the articles.

The thesis then closes with a reiteration of the scope and objectives of this
work as well as a summary of the most pertinent physical phenomena explored
throughout the course of this dissertation. The implications of this dissertation
in clinical practice are then highlighted and several new and exciting research
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directions to push this work further are noted.
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Chapter 2

Background & Related
Work

“Nature uses only the longest threads to weave her patterns, so that each
small piece of her fabric reveals the organization of the entire tapestry.”

— Richard P. Feynman

Over the course of this work, only three notable publications, excluding those
resulting from this dissertation, have been released regarding the left ventricular
flow subject to aortic regurgitation. However, rather than jumping ahead to such
a discussion, it is best to first review the development of our understanding of
blood flow in the left ventricle over the past two decades. In addition, the reader
is encouraged to read del Álamo et al. (2009), Pedrizzetti et al. (2014), Bermejo
et al. (2015) and Pedrizzetti and Domenichini (2015) for elegant reviews of the
subject. This review will serve in part to validate the results of this dissertation,
particularly under healthy flow conditions, as well as to draw some parallels with
the case of chronic aortic regurgitation in subsequent chapters. Following this
review, the recent few studies of left ventricular flow in the presence of aortic
regurgitation, again excluding those resulting from this dissertation, will be
discussed.

2.1 Blood flow in the left ventricle

2.1.1 Early works
For many years, it was largely believed that blood flow in the healthy left ventri-
cle was turbulent and well-mixed (McDonald, 1952; Helps & McDonald, 1954;
Taylor & Wade, 1973), with some diagnostic methods even relying on this as-
sumption; such as indicator-dilution for the measurement of cardiac output
(Dow, 1956). Naturally, the first studies of blood flow in the left ventricle were

31
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largely qualitative and therefore succeeded only in demonstrating a few simple
flow features with some resistance from researchers in the field.

The first in vivo studies

In the context of in vivo studies, Taylor and Wade (1969) estimated the velocity
of flow through the mitral valve in several dogs and sheep by measuring the
pressure difference across the valve. The authors proposed that the velocity
profile across the mitral valve was relatively flat with high shear close to the
leaflets. Additionally, the peak flow velocity across the valve was found to be
highest during early diastole (E wave filling). Taylor and Wade (1970, 1973)
then demonstrated the corresponding stability of the flow across the mitral valve
(i.e., its laminarity), again in dogs and sheep, by observing the motion of tracers
(radio-opaque dye and small bubbles). This confirmed the earlier hypothesis of
Brecher and Galletti (1963) that the flow pattern in the left ventricle ought to
be quite stable. The authors identified the vortex ring forming off of the tips of
the mitral valve leaflets and expanding into the left ventricle, proposing further
that the vortex ring promotes an even pressure distribution on the surrounding
walls of the ventricle. Furthermore, they identified that the part of the vortex
developing on the anterior mitral leaflet was always stronger than that part
developing on the posterior leaflet and proposed that the corresponding vortex
dynamics was important for proper valvular and ventricular function.

With the advent of two-dimensional echocardiography, investigation of blood
flow in the heart became more commonplace and flow descriptions became in-
creasingly more detailed. Particularly, there was considerable interest in con-
trast echocardiography as a means to visualize hemostasis in the left ventricle
(Mikell et al., 1982a, 1982b) and left atrium (Beppu et al., 1985) to serve as an
indicator for the development of thrombi. Rather notably, Beppu et al. (1988)
used contrast echocardiography to visualize particle motion in the left ventricles
of dogs with induced myocardial infarction in order to understand the mecha-
nism behind the development of mural thrombi in human left ventricles. They
demonstrated stunning in vivo visualizations of blood flow in the left ventricle
and how the flow changes as a consequence of the pathology. The visualizations
showed the roll-up of the cardiac vortex as well as regional stasis of blood in
the infarcted ventricles. This cardiac vortex was shown to penetrate into the
left ventricle to a lesser extent with increasing infarct size. Studies also be-
gan to acquire flow velocities in various spatial regions of the left ventricle using
pulsed-wave Doppler in health (Kilner et al., 1997) and in patients with myocar-
dial infarction (Miyatake et al., 1984) and dilated cardiomyopathy (Hayakawa et
al., 1983). Colour flow Doppler and colour M-mode Doppler studies also began
to surface, being used to assess blood flow patterns in the left ventricle (human
and animal) in health (Brun et al., 1992; W. Y. Kim et al., 1994) as well as in
the case of cardiomyopathies (Jacobs et al., 1990; Brun et al., 1992), myocardial
ischemia (Stugaard et al., 1993), coronary artery disease (Stugaard, Brodahl, et
al., 1994; Stugaard, Risöe, et al., 1994; Stugaard, Steen, et al., 1994), prosthetic
valves (Van Rijk-Zwikker et al., 1996) and especially in the case of valvular re-
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gurgitation (Omoto et al., 1984; Miyatake et al., 1986). These works, although
very important, were merely able to demonstrate abnormal flow patterns in the
left ventricle and correlate them with disease, particularly since these echocar-
diographic methods can only acquire the velocity component directed away from
or toward the ultrasonic transducer (i.e., the velocity component parallel to the
ultrasound beam). A proper understanding of the underlying fluid dynamics
associated with a given pathology requires, in one way or another, the acqui-
sition of complete velocity fields. With echocardiography, full velocity fields in
the left ventricle were not acquired until the development of echocardiographic
particle image velocimetry (H. B. Kim et al., 2004) and the vector flow mapping
technique (Ohtsuki & Tanaka, 2006; D. Garcia et al., 2010). For further reading
on the advancements in ultrasound imaging, the reader is referred to Poelma
(2017).

Conversely, methods of using magnetic resonance imaging to acquire blood
flow velocity were being developed just as echocardiography was being popular-
ized; see Moran (1982), van Dijk (1984), Nayler et al. (1986) and Firmin et al.
(1987) for instance. Initial velocity fields obtained by magnetic resonance veloc-
ity mapping were for flow in the major arteries and veins; cf. Mohiaddin et al.
(1994) and the references therein. However, the acquisition of full velocity fields
by magnetic resonance velocity mapping in the healthy human left ventricle
seems to have been first reported by W. Y. Kim et al. (1995). The authors were
able to demonstrate that the vortex developing from the anterior mitral leaflet
grew large enough to impart a swirling flow to the entire left ventricle. They
also quantified the size of the vortex, estimated its angular velocity and com-
puted its peak kinetic energy. For further historical context of cardiovascular
magnetic resonance and corresponding advancements in blood flow acquisition
and processing, the reader is referred to Markl et al. (2011).

The first in vitro studies

Interestingly, there were several early in vitro studies demonstrating similar
features somewhat more clearly. For instance, following the seminal in vitro
work of Bellhouse and Talbot (1969) on flow past an aortic valve, and moti-
vated by their results regarding the importance of the vortices in the sinuses of
the aorta, Bellhouse and Bellhouse (1969) and Bellhouse (1970, 1972) demon-
strated the asymmetrical vortical flow in the left ventricle in a simplified in
vitro model of the left heart. The system was rather well-constructed and may
have been the first left heart simulator ever built, many principles of which are
still used in modern simulators (including this very dissertation). The system
consisted of a bileaflet mitral valve model with chordae attached, a trileaflet
aortic valve model, a transparent flexible left ventricle and a hydraulic activa-
tion system following a sinusoidal waveform with a mechanism to imitate atrial
systole. The authors were primarily interested in the dynamics of the mitral
valve and the velocity of the flow passing through it. By testing different sized
ventricles, they demonstrated that the mitral valve opened widely during early
diastole after which the valve steadily began to close, due in part to the decel-
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erating flow across the valve and the strength of the vortex, until atrial systole
which partially reopened the valve. Particularly, they noted that the asymmet-
ric vortex ring causes the anterior mitral leaflet to begin closing earlier than the
posterior leaflet, except in the case of the largest ventricle where they closed
simultaneously. They attributed this phenomenon to the vortex strength and
its weakening with the size of the ventricle. Similar results were reported in the
in vitro work of Hwang (1977). Bellhouse et al. (1973) used a trileaflet mitral
valve model instead and reported similar results to the bileaflet case. In order
to address the importance of the cardiac vortex on mitral valve closure, Reul
et al. (1981) later improved the physiological detail of the mechanical left heart
model considerably and included an actual porcine mitral valve. The authors
provided what was perhaps the first in vitro flow visualization images in the left
ventricle by illuminating particles in the flow. Their results beautifully imaged
the formation and decay of the vortex ring emanating from the mitral valve,
with and without the use of a ventricle, and they concluded that the cardiac
vortex does not significantly affect mitral valve closure, attributing it largely
to the decelerating flow (i.e., the tendency toward a reversal of the pressure
gradient across the valve). Wieting and Stripling (1984) also demonstrated the
development of the vortex in an in vitro model using dissected human mitral
and aortic valves, describing the resulting fluid dynamics largely the way it is
understood today. They suggested that the large vortex developing off of the
anterior mitral leaflet stores energy and that the intraventricular flow remains
in a state of constant rotation, with the ejected flow “peeling off” of the vortex.
They further suggested that this vortex “washes” the left ventricle to prevent
the formation of thrombi. These two key ideas, namely, that the intracardiac
vortex conserves energy and promotes a low degree of blood stasis in the left
ventricle, have been central to our understanding of healthy and pathological
flow patterns even today.

Several in vitro works later began to investigate the effects of prosthetic
valves on flow in the left ventricle, mostly with rigid ventricle models (Woo &
Yoganathan, 1986; Chandran et al., 1989; Schoephoerster & Chandran, 1991).
These works demonstrated a drastic change in flow patterns brought on by the
prosthetic valves in conjunction with elevated turbulent shear stress (which may
lead to hemolysis and platelet activation) and regional stasis of blood (which
may promote the formation of thrombi). Other early in vitro works, such as
those of Steen and Steen (1994) and Shortland et al. (1996), focused on the more
fundamental fluid dynamics aspects, namely, the conditions for and mechanism
of formation and propagation of a vortex in an elastic ellipsoidal model of the
left ventricle. Steen and Steen (1994) demonstrated that the vortex ring pro-
duced from a central jet (the experiments were axisymmetric) propagated with
approximately half the velocity of the jet itself. Both Steen and Steen (1994)
and Shortland et al. (1996) illustrated the importance of the mitral orifice size
and shape on vortex formation, demonstrating that under certain conditions,
the axisymmetric vortex ring can be made to propagate the length of the ven-
tricle and promote blood mixing (averting thrombus formation). Acquisition of
entire flow fields in vitro however was not achieved until the popularization of
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particle image velocimetry.

2.1.2 Modern works

It was not until relatively recently that more detailed visualization of blood flow
had been achieved, the pioneering study being that of W. Y. Kim et al. (1995)
and the seminal work that of Kilner et al. (2000). From magnetic resonance ve-
locity mapping, Kilner et al. (2000) produced remarkable images of the swirling
streamlines in all cavities of the heart, coloured by velocity magnitude, in a
healthy 34-year-old man. The same dominant flow features were observed in an
additional 21 healthy patients. They conjectured that the asymmetric swirling
flow in each heart cavity during diastole facilitates the subsequent ejection of
blood by redirecting flow in an optimal manner. Like Wieting and Stripling
(1984), they proposed further that this swirling flow naturally minimizes energy
dissipation in the cardiac chambers by reducing the likelihood of flow separation
and instability. Several subsequent studies looked to provide further testing and
evidence for this hypothesis, particularly for the left ventricle, as it would have
diagnostic value. Namely, if the dissipation of energy by the swirling intraven-
tricular flow is minimal, then an increase in dissipation may be indicative of the
onset of some cardiac pathology.

Energy characteristics in the left ventricle

Through numerical simulation in a simplified left ventricle model, Pedrizzetti
and Domenichini (2005) sought to provide some evidence for the optimal nature
of the intraventricular vortex. The simulations use a numerical model developed
earlier by the same group (Domenichini et al., 2005) which incorporates the
asymmetric position of the mitral valve in the left ventricle, reproducing the gen-
eral flow behaviour in the left ventricle quite well in comparison to their later in
vitro experiments (Domenichini et al., 2007) as well as the previously described
in vivo findings. This model is a considerable improvement over previous models
which simulate an axisymmetric flow into the left ventricle (Vierendeels et al.,
2000, 2002; Baccani, Domenichini, & Pedrizzetti, 2002; Baccani, Domenichini,
Pedrizzetti, & Tonti, 2002; Baccani et al., 2003) and produces results compara-
ble to those incorporating the immersed boundary method with fluid-structure
interaction to simulate ventricular wall motion (Lemmon & Yoganathan, 2000a,
2000b; McQueen & Peskin, 2000). The authors investigated the effects of dif-
ferent eccentricities of the prescribed mitral inflow velocity profile and showed
that at near-physiological values of eccentricity, the total viscous dissipation of
the flow is minimal. The definition of the rate of viscous dissipation at a point
in the flow (ε) is based on classical fluid dynamics and is given by the sum of the
products of the corresponding components of the viscous stress (τ ) and strain
rate (S) tensors at that point, i.e., ε =

∑
i,j τijSij ; cf. Batchelor (2007). In

the case of a Newtonian fluid, we have τij = 2µSij − κ∆δij , where the rate of
expansion ∆ = ∇ · u and δij is the Kronecker delta, being equal to unity when
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i = j and zero otherwise. The rate of viscous dissipation is therefore given by

ε =
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∀i,j

{[
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(
∂ui
∂xj

+ ∂uj
∂xi

)
− κ∆δij

] [
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2

(
∂ui
∂xj
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)]}
, (2.1)

where i, j ∈ {1, 2, 3}. The definition of the constant κ depends on whether the
fluid stress tensor σ is expressed in terms of the mechanical or thermodynamic
pressure when separating out the isotropic and non-isotropic components. In
the former case, we have κ = 2

3µ while in the latter we have κ = 2
3µ− µb, with

µb being the bulk viscosity. Nonetheless, in the case of an incompressible flow,
continuity requires that ∆ = 0 and therefore the viscous dissipation is given
succinctly by

ε = µ

2
∑
∀i,j

(
∂ui
∂xj

+ ∂uj
∂xi

)2
, i, j ∈ {1, 2, 3}. (2.2)

Previous works based the evaluation of energy loss on the pressure drop and
flow across the cardiac valves (D. Garcia et al., 2000, 2003; Bahlmann et al.,
2013; Yoshida et al., 2019), since this was the primary information available
to clinicians. Now, with the velocity fields available, the dissipation of energy
by an abnormal cardiovascular flow can be readily evaluated in the classical
fluid dynamic sense based on Eq. (2.2). Evaluation of the viscous dissipation
in cardiovascular flows has since found ample success in assessing dysfunction.
For instance, Pedrizzetti et al. (2010) analyzed the flow in the left ventricle be-
fore and after mitral valve replacement using the same numerical model. They
demonstrated that a misalignment of the mechanical mitral valve may cause
the intracardiac vortex to swirl in the opposite direction (for which they also
showed in vivo visualizations of this phenomenon), and this was accompanied by
elevated viscous dissipation. Yap et al. (2010) estimated the viscous dissipation
in the ascending aorta in an in vitro model with and without aortic stenosis,
showing an increase in energy loss with severity. Barker et al. (2014) also eval-
uated the viscous dissipation in the aorta, however using actual flow field data
from 4D-flow MRI measurements in healthy subjects and in patients with aortic
dilation and aortic stenosis, showing significant increases in the presence of the
pathologies. Similarly, J. Garcia et al. (2017) demonstrated its potential in the
detection of early bicuspid aortic valve disease. However, using particle tracking
velocimetry on a realistic in vitro model of the human aorta to test different
spatial resolutions and signal-to-noise ratios, Binter et al. (2016) demonstrated
that the current spatial resolution available in clinical practice (specifically in
phase-contrast MRI) results in a significant underestimation of the viscous dis-
sipation. In view of this work, these limitations should be kept in mind when
interpreting viscous dissipation results from in vivo studies. Nonetheless, the
question of whether the arrangement of the left ventricle is optimal in this
kinetic-energy-preserving sense is still up for debate; see for instance Watanabe
et al. (2008), Kilner (2010), Watanabe et al. (2010) and Seo and Mittal (2013).

As stated by Pedrizzetti and Domenichini (2005), the intraventricular fluid
dynamics in the sense of velocity field information had still found limited use
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in clinical diagnosis at the time. In part, this is largely due to the lack of a
“healthy” reference for quantitative flow parameters rather than only the then
well-known qualitative flow patterns. However, these studies directed attention
toward the evolution and behaviour of the vortex in the left ventricle and its
correlation with disease, the importance of which was further emphasized within
the clinical community in editorials by Richter and Edelman (2006) and Narula
et al. (2007). In view of the lack of a “healthy” reference for vortex parameters,
Cimino et al. (2012) investigated the flow in 10 healthy volunteers using echo-
PIV and assessed several vortex and energy characteristics, providing baseline
values for comparison. In light of this work, from echo-PIV data in patients with
myocardial infarction, Agati et al. (2014) demonstrated a correlation between
energy dissipation and kinetic energy fluctuation with left ventricular function.
I.-C. Kim et al. (2018) then illustrated that a lower kinetic energy fluctuation
was correlated with a higher risk of major adverse cardiovascular events in pa-
tients with heart failure and systolic dysfunction. For further reading regarding
fluid-dynamics-derived parameters for clinical assessment, the reader is referred
to Mele et al. (2019).

An assessment of the energy characteristics in the left ventricle in the case
of chronic aortic regurgitation is conducted in the first article presented in this
dissertation (Chp. 4).

Vortex formation and flow in the left ventricle

Modern in vitro studies of the intraventricular flow, beginning with Vlachos
et al. (2001), use particle image velocimetry to acquire the flow at high spa-
tiotemporal resolution. The first studies were interested in the effect of different
prosthetic heart valves on the flow in the left ventricle and particularly on the
formation and propagation of the intracardiac vortex. For instance, Pierrakos
et al. (2004) investigated the intraventricular flow with a bileaflet mechanical
heart valve in the anatomical and anti-anatomical mitral positions1 and also
with a bioprosthetic (trileaflet) porcine valve. The authors showed that the
bileaflet mechanical valves generated large vortices that broke down and gen-
erated pockets of stagnant flow. On the other hand, the bioprosthetic valve
generated a vortex which, for all intents and purposes, seemingly functions just
as well as that generated by a normal mitral valve (as observed in vivo), but
penetrates the depth of the ventricle to a lesser extent. Cenedese et al. (2005)
then investigated the left ventricular flow with a tilting-disc valve in the mitral
position. They demonstrated that the jets emanating from each side of the tilt-
ing disc formed their own vortex rings, one of which propagates diagonally, and
interact with each other and the walls of the ventricle. They also demonstrated
that some of the vortices persist longer with higher Reynolds numbers (i.e.,
faster filling, which can be associated with an increase in stroke volume and/or

1Placing a bileaflet mechanical heart valve in the anatomical mitral position refers to
orienting the two leaflets of the prosthesis so that they are parallel to the native mitral valve
leaflets. Conversely, placement in the anti-anatomical position refers to orienting the two
leaflets so that they are perpendicular to the native valve leaflets.
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heart rate). In their subsequent in vitro work, Querzoli et al. (2010) compared
the left ventricular flows in their model with uniform mitral inflow and with a
tilting-disc valve and bileaflet mechanical valve placed in the mitral position.
The uniform inflow produced a rather symmetric vortex ring with one end dissi-
pating against the ventricle wall. Their work confirmed their previous results for
the tilting-disc valve (Cenedese et al., 2005) and demonstrated the characteristic
triple jet pattern seen to emerge from bileaflet mechanical valves. The bileaflet
valve (placed in anatomical position) still formed the anterior vortex that grew
and occupied the majority of the left ventricular volume, however, the flow
with both mechanical valves were marked by increased turbulent kinetic energy
and Reynolds shear stresses (the tilting-disc valve being considerably worse).
The same group then demonstrated the performance of an asymmetric bileaflet
prosthetic mitral valve prototype which generated flow patterns resembling the
natural mitral valve more closely (Vukićević et al., 2012).

One of the first attempts to use modern fundamental principles of fluid dy-
namics to assess left ventricular pathological condition, however, was by Gharib
et al. (2006). In their fundamental experimental work, Gharib et al. (1998)
investigated vortex ring formation by ejecting a column of fluid from a piston-
cylinder arrangement into a large tank. They defined a dimensionless quantity,
termed the vortex formation time (T ), as the ratio of the length of the ejected
fluid column (L) to its diameter (D), namely, T = L/D or T = (U/D)t; where
U is the running time-averaged velocity at the nozzle exit and t is the elapsed
time. They found that past a certain vortex formation time, which they termed
the vortex formation number (T ∗ ≈ 4), the resulting vortex ring attains its
maximum possible circulation and pinches off of a trailing jet, inhibiting further
vorticity transfer from the jet’s shear layer. Dabiri and Gharib (2005) later
extended the definition of the vortex formation time to include a varying noz-
zle exit diameter (T = (U/D)t, the time average being taken over the ratio of
the nozzle exit velocity to its diameter) and found that the formation number
at pinch-off fell in a similar range (T ∗ ≈ 4) in their experiments. Gharib et
al. (2006) suggested that the effects of left ventricular pathologies may be in-
crementally reflected in the vortex formation time during early diastole. They
reformulated the expression for the vortex formation time in approximate terms
using common clinical parameters such as ejection fraction and end-diastolic
volume, namely,

T ≈ 4 (1− β)
π

α3EF = 4 (1− β)
π

SV
D̄3

, (2.3)

where β is the fraction of stroke volume from A wave filling, EF = SV/EDV
is the ejection fraction (SV being the stroke volume and EDV the end-diastolic
volume) and α = EDV1/3/D̄ (D̄ being the time-averaged mitral valve diame-
ter). Effectively, their relation suggests that the vortex formation time is ap-
proximately proportional to the stroke volume. Using values within the normal
range of human left ventricular function, they established that completion of
E-wave filling occurs within vortex formation times of 3.3 < T ∗ < 5.5. Addi-
tionally, in a blind study consisting of 110 volunteers with no prior information
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on their cardiac health, the authors demonstrated that the vortex formation
time for the adults consistently fits within this optimal range. On the other
hand, patients with dilated cardiomyopathy were characterized by a shortened
vortex formation time and hence fell below the optimal range. Altogether, their
results suggested that the vortex formation time may be a relevant indicator
of cardiac health. Further support for this study was provided from the three-
dimensional numerical simulations of Mangual et al. (2013). Subsequent studies
largely supported the implications of the vortex formation time, such as that of
Nucifora et al. (2010) who correlated it with infarct size in the case of acute my-
ocardial infarction of the left ventricle. It has been suggested to be an important
predictor of adverse cardiovascular events in heart failure patients (Poh et al.,
2012) and a particularly good indicator of diastolic dysfunction (Jiamsripong et
al., 2009; Kheradvar et al., 2012; Ghosh & Kovács, 2013).

However, by expressing the vortex formation time in terms of common clin-
ical parameters (like ejection fraction and end-diastolic volume), there is no
added diagnostic benefit as clinicians already know how these parameters cor-
relate with disease without the extra step of computing a new quantity. For
instance, it is already well-known that in patients suffering from dilated car-
diomyopathy, the left ventricle is characterized by an increase in end-diastolic
volume and a general decrease in stroke volume, making it obvious as to why
the vortex formation time appears below the “optimal” range. This was further
emphasized by Pedrizzetti and Domenichini (2015). Instead, the vortex forma-
tion time should be computed from its true definition, which would be difficult
to accurately achieve in clinical practice. In fact, the in vitro work of Pierrakos
and Vlachos (2006) used the original definition of the vortex formation time
with the spatiotemporal resolution of particle image velocimetry. The authors
showed that the vortex formation time in the left ventricle consistently fell far
below the “pinch-off” value, and this was the case for a variety of prosthetic
valves. In essence, this makes physical sense since below the pinch-off stage, the
transition of vorticity from the inflowing mitral jet to the produced vortex ring
will remain smooth, without the added viscous dissipation following a trailing
jet past the critical formation number (Krueger & Gharib, 2003).

Subsequent studies have examined the intracardiac vortex and flow be-
haviour in more detail. For instance, Hong et al. (2008) examined the left
ventricular flow in healthy subjects and in patients with diastolic dysfunction
using echo-PIV. They characterized the vortex using 1) its position in terms
of its depth from the base of the ventricle and its transversal position 2) its
geometry using its length, width and sphericity index (ratio of length to width)
and 3) its strength using the integral of “pulsatile” vorticity within the en-
tire left ventricle (relative strength) and within the vortex boundary (vortex
relative strength). Effectively, the authors decompose the vorticity using the
Fourier transform into “steady” and “pulsatile” components, the former being
the constant part of the series and the latter being the first harmonic. The au-
thors describe an additional parameter, termed the vortex pulsation correlation,
which evaluates spatial correlation between the steady and pulsatile components
of vorticity. With clear vortices being acquired within the healthy subjects and
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patients with diastolic dysfunction, the authors demonstrated marked differ-
ences in these parameters. In particular, the relative strength, vortex relative
strength and vortex pulsation correlation were significantly lower in the pa-
tients with diastolic dysfunction. These parameters were then used by Faludi
et al. (2010) who performed echo-PIV in healthy subjects and patients with
several different prosthetic mitral valves. Like the in vitro work of Pierrakos
et al. (2004), all prosthetic valves were shown to produce large vortices in the
left ventricle, but never quite like the healthy scenario where a single swirling
pattern dominates the flow domain. The vortex strength parameters of Hong
et al. (2008) showed a marked increase in the patients with prosthetic valves
when compared to the healthy subjects. These parameters were also tested
in vivo in the case of heart failure patients and the change in vortex strength
correlated well with left ventricular performance (Abe et al., 2013). However,
using echo-PIV in pigs, D. H. Kim et al. (2013) demonstrated the sensitivity
of the geometric vortex parameters to left ventricle geometry and of the vor-
tex strength parameters to heart rate, intracardiac pressures and mitral inflow
velocity. For further reading on these vortex parameters and their clinical appli-
cations, the reader is referred to Hong et al. (2013). From another perspective,
Bermejo et al. (2014) and Martínez-Legazpi et al. (2014) characterized the in-
traventricular vortex in the case of non-ischemic dilated cardiomyopathy and
hypertensive cardiomyopathy. While the post-processing methodology used in
the paper seemingly violates conservation laws (Pedrizzetti et al., 2015), the re-
sults approximately hold true (Martínez-Legazpi et al., 2015) and, at least taken
qualitatively (i.e., inspection of the flow), they illustrate that the patients with
dilated cardiomyopathy exhibited larger and stronger vortices in the left ven-
tricle while those with hypertensive cardiomyopathy exhibited impaired vortex
formation (Sengupta et al., 2014).

An investigation of general flow features in the left ventricle in the case
of chronic aortic regurgitation are conducted in the first and second articles
presented in this dissertation (Chps. 4 and 5).

Material transport in the left ventricle

While many of the aforementioned works inferred blood stasis from the veloc-
ity fields, information on actual material transport within the left ventricle,
even using simple virtual particle advection, was effectively non-existent. Fur-
thermore, the assumption that the healthy left ventricular flow promotes a low
degree of blood stasis had not been validated. In view of this, Bolger et al.
(2007) developed a cardiovascular flow concept, which has gained significant at-
tention over the past decade, where they sought to partition the blood in the left
ventricle into four distinct regions, delineating blood volume by: 1) that which
has entered and ejected the ventricle in the same beat (direct flow), 2) that
which has entered and remained in the ventricle in the current beat (retained
inflow), 3) that which was already present in the ventricle and was ejected in
the current beat (delayed ejection flow) and 4) that which was already present
in the ventricle and not ejected in the current beat (residual volume). These
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volumes are then normalized with respect to the maximum left ventricular vol-
ume (making the parameters dimensionless quantities). In this manner, the
overall pumping efficiency of the left ventricle, in a Lagrangian sense, is effec-
tively described on a per-cycle basis. They showed that particles following the
direct flow path retained more of their kinetic energy. Also, in a single case
of dilated cardiomyopathy, they observed a significant reduction in direct flow
and a consequent increase in retained inflow and residual volume. The concept
provides information on the left ventricle’s pumping efficiency and the method
of separation was later semi-automated by Eriksson et al. (2010). The results
of Bolger et al. (2007) were further validated in a small cohort of patients by
Eriksson et al. (2013). The definitions could be made even more precise using
Lagrangian coherent structures (LCSs) to delineate the four regions, since they
mark transport barriers in the flow. This approach was taken by Hendabadi et
al. (2013) and also supported the results of Bolger et al. (2007). Although the
method is promising, it still requires a comprehensive study of how the fractions
of the four flow regions vary in a large population of healthy individuals as well
as in patients with a variety of cardiac diseases.

It is not long before the simple inspection of a velocity field using the com-
mon Eulerian quantities is found to provide limited information in describing
the characteristics and coherent structures of a flow. Rather recently, finite-time
Lyapunov exponent (FTLE) fields and Lagrangian coherent structures (LCSs)
have been gaining attention in the cardiovascular fluid dynamics literature, be-
ing introduced to the field by the work of Shadden (2008) and Shadden and Tay-
lor (2008) in their numerical analysis of a carotid artery bifurcation, abdominal
aortic aneurysm and total cavopulmonary connection. Vétel et al. (2009) also
demonstrated the significance of FTLE fields in cardiovascular flows through
experimental investigation of flow in a carotid artery. Effectively, Lagrangian
coherent structures are material surfaces (or curves in two dimensions) that act
as organizing centres for particle advection patterns, the full variational theory
and computation of which could be found in Haller (2011) and Farazmand and
Haller (2012a, 2012b); the reader is referred to the work of Haller (2015) and
the references therein for a comprehensive review. With regards to applications
in the left ventricle, Töger et al. (2011) first illustrated the potential of LCSs to
distinguish blood volumes separated by their dynamics. Subsequently, Töger et
al. (2012a) and later Töger et al. (2012b) used LCSs as boundaries to quantify
vortex ring volume in the left ventricle from in vivo 4D phase contrast MRI
data. They showed that patients with dilated ischemic cardiomyopathy exhibit
little change in vortex volume.2 Hendabadi, del Álamo, and Shadden (2012),
Hendabadi, del Álamo, Benito, et al. (2012) and later Hendabadi et al. (2013)
also used LCSs to analyze dilated cardiomyopathy in the left ventricle, however
from in vivo Doppler echocardiography data, noting the poor temporal resolu-
tion of PC-MRI. By computing attracting and repelling LCSs, they visualized
the volume of fluid injected into and ejected from (respectively) the left ventri-

2The authors in fact demonstrate that the ratio of the vortex volume to left ventricular vol-
ume is reduced in patients with dilated cardiomyopathy, however, this is a direct consequence
of the increased left ventricular volumes rather than diminished vortex volumes.
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cle over multiple beats. They showed a decrease in direct flow in the patients,
accompanied by an increase in retained inflow and delayed ejection flow (i.e.,
longer residence time of blood in the left ventricle and therefore decreased pump-
ing efficiency). In view of studies describing the importance of the mitral valve
annulus and leaflets on left ventricular filling (Kheradvar & Gharib, 2007; Kher-
advar et al., 2007), Charonko et al. (2013) aimed to investigate their relevance
in terms of material transport using LCSs in vivo. The authors demonstrated
an LCS extending downstream of the anterior mitral leaflet to form a channel
with the ventricle wall, guiding the mitral inflow jet toward the ventricle apex
and delaying its expansion.

From an in vitro perspective, Espa et al. (2012) described the flow in a model
left ventricle from feature tracking velocimetry (Moroni & Cenedese, 2005) using
forward and backward FTLE fields in (mainly) two orthogonal planes. Their
results further characterized the evolution of the vortex ring throughout the
cardiac cycle, clarifying features that have been consistently observed in vivo
and in silico using Eulerian quantities. The study was later extended to three
dimensions by Fortini et al. (2013) and Badas et al. (2013, 2015). Further-
more, Badas et al. (2017) performed numerical simulations of flow in a healthy
left ventricle, one with a mechanical prosthetic valve in the anatomical mitral
position, and one with dilated cardiomyopathy in the presence of myocardial
infarction. The authors extracted highly resolved surfaces of attracting and
repelling LCSs, remarkably showing the diastolic vortex ring in health and dis-
ease. Using LCSs, they demonstrated that the vortex ring in the case of the
infarcted ventricle remains rather localized near the mitral inlet, suggesting a
large quiescent zone within the left ventricle and offering some explanation for
the development of thrombi in such patients. In the healthy and mechanical
valve cases, the vortex ring was shown to occupy the majority of the ventricular
volume. Their work also demonstrated use of FTLE fields beyond that of flow
visualization, linking the probability density function of the FTLE field to the
presence of disease, accompanied by decreased mean and standard deviation
and increased statistical skewness in the infarcted ventricle. Other notable in
vitro studies using LCSs are those by May-Newman et al. (2016) and Herold
(2016) who investigated the effects of a left ventricular assist device (LVAD) on
the flow in a left ventricle with either dilated cardiomyopathy or a thrombus at
the level of the left ventricular outflow tract. Their results show the positive
effects of the LVAD on blood stasis for dilated cardiomyopathy. Conversely, an
increase in blood stasis was observed with a thrombus located at the level of
the left ventricular outflow tract when the LVAD was operating in the series
flow condition.3 Herold (2016) also investigated the effects of various prosthetic
valves in the mitral position under the same circumstances, with the biopros-
thesis showing superior performance. Similar results were achieved by Wang et
al. (2017) for the bileaflet mechanical mitral valve.

An investigation of material transport characteristics in the left ventricle
3The series flow condition refers to when all the blood is ejected through the LVAD (the

aortic valve remains closed at all times). Alternatively, the parallel flow condition refers to
when blood is ejected through both the LVAD and aortic valve.
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in the case of chronic aortic regurgitation is conducted in the second article
presented in this dissertation (Chp. 5).

Towards predictive models of left ventricular flow

With a multitude of information now being available regarding left ventricu-
lar flow in health and in the case of a few abnormal conditions (mostly pros-
thetic mitral valves, myocardial infarction and dilated cardiomyopathy), the
next logical step is to integrate this information into predictive models so that
clinicians may quickly assess left ventricular function and predict how it will
change post-surgery or with the progression of a pathology. This idea falls
into the ever-increasing need for patient-specific medicine, namely, every pa-
tient should be his/her own reference. With the advent and popularization of
reduced-order modelling techniques and machine learning in recent years, this is
becoming more and more realizable. For instance, McGregor et al. (2008, 2009)
used proper orthogonal decomposition (POD) in a rather clever and innovative
manner. The authors first constructed a database of numerical simulations of
flow in abdominal aortic bifurcations having various geometries which they then
mapped onto a standard geometrical model. The idea was then to enhance the
low-spatial-resolution flow fields obtained by phase contrast MRI by first map-
ping the flow to the standard model geometry and then interpolating the flow
onto a fine grid by minimizing a cost function in the modal space, as in Blanz
and Vetter (2002), composed of the decomposition of the database. The in-
terpolated flow could then be mapped back onto the original patient geometry,
improving the spatial resolution. McLeod et al. (2010) and Guibert et al. (2014)
incorporate similar methodology into creating a predictive model. They use a
POD database of numerically simulated flows in pulmonary arteries of patients
having the tetralogy of Fallot disease for the purposes of full flow state esti-
mation in new patient geometries. Manzoni et al. (2012) carried out a similar
feat for carotid artery bifurcations and Ballarin et al. (2016) for coronary artery
bypass grafts. These predictive models are promising and may make real-time
flow simulation viable in clinical practice.

Reduced-order modelling techniques, although used very little in the cardio-
vascular flow community, offer additional benefits, particularly the description
of large datasets using a subset of dominant flow modes. The methods therefore
encourage the sharing of data by condensing the overall size of the datasets.
Additionally, these techniques, when used appropriately, can be used to extract
additional dynamical information from a flow that may not be immediately
clear. Unfortunately, the application of proper orthogonal decomposition in
this context to cardiovascular flows has not yet found much merit. For instance,
Grinberg et al. (2009) applied POD to a direct numerical simulation of flow in
a stenosed carotid artery bifurcation. The method was used to determine inter-
mittency in the flow by investigation of the temporal dynamics of the proper or-
thogonal modes as well as of the eigenspectra, although this did not provide any
additional insight from what could have been deduced from careful inspection of
the velocity field and derived quantities, or through the use of better-suited tech-



44 CHAPTER 2. BACKGROUND & RELATED WORK

niques such as analyzing the time-frequency spectra using continuous wavelet
transforms applied to velocity signals at strategic locations in the flow. Their use
of windowing, although interesting, emphasizes that a local approach is better-
suited. Along similar lines, Kefayati and Poepping (2013) applied POD to the
flows in three coronary artery bifurcation models (one healthy model and two
with different degrees of stenosis) obtained from PIV. Again, while the energy
spectrum of the modes obtained from the application of POD to such flows,
or the corresponding Shannon entropy in the sense defined by Aubry (1991),
gives some indication of flow complexity and perhaps intermittency, POD is
in general not tailored to such an application. Other reduced-order modelling
techniques, such as dynamic mode decomposition (DMD), appear in very few
studies. For instance, the method has found use in coherent structure eduction
for non-pulsatile flow in a model of total cavopulmonary connection by Delorme
et al. (2014). In terms of reduced-order modelling, Borja et al. (2016) applied
DMD to in vivo flows obtained from colour Doppler velocimetry in a healthy
left ventricle, one with dilated cardiomyopathy and one with hypertrophic car-
diomyopathy. The authors demonstrated the potential of the dominant modes
to act as clinical markers for assessing the quality or health of the left ventricular
flow. This bio-marker idea has also subsequently been used in vitro by our group
in the context of pulmonary valve regurgitation in the right ventricle following
tetralogy of Fallot repair (Mikhail et al., 2017). Additionally, Lozowy (2017)
applied DMD for the reduced-order modelling of flow in an abdominal aortic
aneurysm, showing that the corresponding phase-averaged flow is qualitatively
well-approximated by the low-order dynamics obtained from DMD.

Reduced-order modelling of the left ventricular flow in the case of chronic
aortic regurgitation is conducted in the third article presented in this disserta-
tion (Chp. 6).

2.2 Blood flow and aortic regurgitation
The first study of the intraventricular fluid dynamics in the case of aortic re-
gurgitation was conducted by Itatani (2014). In his work, the author mainly
looked to demonstrate the value of the vector flow mapping technique in clinical
practice as well as the viscous dissipation computed from the acquired velocity
fields. The definition of viscous dissipation used was that of Eq. (2.2), which
when integrated over the flow domain gives the total rate of energy dissipation
by viscous stresses at a given instant in time. Then, when integrated over a
cardiac cycle, the total energy lost from viscous stresses per beat can be quan-
tified. Although the author has re-derived this definition (Itatani, 2011; Itatani
et al., 2013; Itatani, 2014; Itatani & Ono, 2014; Stugaard et al., 2015), it has of
course been known to classical fluid dynamics for over a century and has been
used in this form for cardiovascular flows by previous works, such as that of
Pedrizzetti and Domenichini (2005); refer to Sec. 2.1.2. Nonetheless, this work
demonstrated that the viscous dissipation in a healthy left ventricle is minimal
throughout systole, increases during early diastole (E wave) and then steadily



2.2. BLOOD FLOW AND AORTIC REGURGITATION 45

decreases with only a small contribution from the A wave. The viscous dissi-
pation within the intraventricular vortex was shown to be rather small and the
peak dissipation was approximately 75 mW/m (units are per unit depth since the
imaging was performed on a single plane). While the author does not comment
on the small viscous dissipation observed in the vortex core region, this is likely
due to the core exhibiting rigid body rotation (i.e., substituting u = 1

2ωc × r
in Eq. (2.2) gives zero viscous dissipation, with ωc representing a constant core
vorticity). In the case of severe chronic aortic regurgitation, the regurgitant jet
itself as well as the resulting turbulence in the left ventricle were accompanied by
elevated viscous dissipation. The increase in dissipation was observed in systole
and considerably in diastole, with a peak of approximately 700 mW/m (i.e., an
order of magnitude larger than in the healthy case). The contribution of the A
wave in the case of regurgitation was not apparent. Understandably, the results
presented in this work were meant as a demonstration and, of course, one could
not suspect that the observed increase in viscous dissipation will be present in
all patients with chronic aortic regurgitation. Furthermore, the healthy sub-
ject and the patient with chronic severe aortic regurgitation were two different
people, and therefore likely do not share the same conditions in health (i.e.,
the comparison is not entirely valid, demonstrating the need for patient-specific
parameters). Nonetheless, the author presented several interesting points re-
garding cardiac energy loss in health and disease and this certainly warrants
further study. Interestingly, as suspected by Binter et al. (2016), Itatani (2014)
demonstrated that phase contrast MRI underestimated viscous dissipation when
compared to vector flow mapping in a patient after aortic valve replacement for
aortic stenosis. Itatani (2014) also presented a case of moderate chronic aortic
regurgitation after mitral valve replacement with a mechanical bileaflet valve
in the anti-anatomical position. The results also showed that the regurgitant
and mitral jets collided and significantly elevated values of viscous dissipation
were present during diastole (with a peak of about 300 mW/m), however, the
peak occurred in late diastole in this case (A wave), the reasons of which are
not clear.

The following study of left ventricular flow in the presence of aortic regurgi-
tation was that of Stugaard et al. (2015). Their study consists of two separate
experiments. In the first experiment, vector flow mapping was used to acquire
the velocity fields in 11 anaesthetized dogs. The regurgitation was induced
by distorting the aortic valve to various degrees using an inserted catheter.
The authors reported 20 cases of induced regurgitation, amounting to 11 mild-
to-moderate cases and 9 moderate-to-severe cases, for which they evaluated
the viscous dissipation. Their results, based on an average of the respective
cases, demonstrated a clear increase in viscous dissipation during both systole
and diastole from the baseline conditions to mild-to-moderate regurgitation to
moderate-to-severe regurgitation. Their results showed the peak viscous dis-
sipation occurring during systole in the isovolumetric contraction phase which
was not observed in the previously reported results (Itatani, 2014). While the
authors do not comment on this, it may be due to premature ejection occur-
ring during this phase, where the flow is forced through the small orifice of the
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aortic valve (i.e., high longitudinal strain rate), however this does not explain
why the peak is also seen under baseline conditions. Nonetheless, while a peak
in viscous dissipation is also observed in diastole, the dissipation curves are
very different from those reported in Itatani (2014). The reported magnitudes
are also rather large, being on the order of 10 W/m in the baseline cases and
of 100 W/m in the moderate-to-severe cases; that’s three orders of magnitude
larger than what was reported in Itatani (2014). In the second experiment,
11 patients with mild-to-moderate chronic aortic regurgitation and another 11
in the moderate-to-severe stage where recruited. Again, vector flow mapping
was used to acquire the intraventricular velocity fields and the viscous dissipa-
tion was evaluated. The viscous dissipation was again found to increase with
regurgitation severity. In the results of this second experiment, no significant
dissipation was reported or shown to occur in systole. The peak dissipation oc-
curred in diastole, one peak during the E wave (∼ 50 W/m in moderate aortic
regurgitation) and another during the A wave (∼ 100 W/m in moderate aortic
regurgitation); compare with the peak being ∼ 5 W/m for the healthy subjects.
Again, the viscous dissipation magnitudes disagree with what was reported in
Itatani (2014) and, with the larger peak occurring in the A wave, the corre-
sponding curve resembles what Itatani (2014) reported in the case of combined
moderate chronic aortic regurgitation and a bileaflet mechanical mitral valve.
In summary, the work of Stugaard et al. (2015) is met with significant limita-
tions. Rather importantly, the first set of experiments represents a model of
acute aortic regurgitation rather than chronic, for which there are vast differ-
ences in the corresponding pathophysiology; see Sec. 1.5.1. The results of the
dog model are therefore not an adequate reference for what should be expected
in chronic aortic regurgitation since the heart has had no time to adapt to the
regurgitation by left ventricular dilation and eccentric hypertrophy. This may
explain many of the observed differences when compared to Itatani (2014) or
their second experiment in patients. Additionally, the provided visualization of
the flow in one of the dogs shows the regurgitant jet directed toward the op-
posite ventricular wall like the patient with severe chronic aortic regurgitation
in Itatani (2014); refer to Fig. 2.1 for a schematic. It is not clear whether this
was observed in all cases, whether it was a result of the manner in which the
regurgitation was produced nor whether it was also observed in the patients.
Finally, the variations observed in the viscous energy loss among the patients
is of similar magnitude to the mean, and so no reasonable conclusions could be
drawn from the results in the patients since the variability was so large.

In an accompanying editorial by Pedrizzetti and Sengupta (2015), while
the usefulness of the viscous energy loss reported by Stugaard et al. (2015)
was largely commended, many of the above limitations regarding the work of
Stugaard et al. (2015) were pointed out. The most important limitation, they
noted, is the use of vector flow mapping itself. Since colour flow Doppler is
only capable of acquiring velocities in the direction of the ultrasound beam,
vector flow mapping was developed as a method of obtaining the cross-beam
velocity in order to acquire full two-dimensional velocity fields within the heart
cavities. Effectively, the method subdivides the left ventricle into a polar grid.
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For the grid cells on the walls of the left ventricle, the edge of a cell in contact
with the wall will move with the same velocity as the wall itself. Using the
continuity equation and knowing the fluid velocities at three of the four edges
of the wall-bounded cells, the velocity can be determined at the remaining edge
and this procedure can then be continued within the left ventricle to obtain a
complete two-dimensional velocity field. The main issue lies in the assumption
that the flow is purely two-dimensional when using the continuity equation for
which it most certainly is not. Furthermore, in the presence of turbulence
occurring with aortic regurgitation, the errors are expected to be considerable.
How accurate the velocity fields acquired by Itatani (2014) and Stugaard et al.
(2015) really are is therefore unknown and their results can only be truly valid
when considered in a global context; i.e., energy loss increases with regurgitation
severity. The actual fluid dynamics in the left ventricle in the presence of chronic
aortic regurgitation therefore remains to be explored and there is a critical need
for reliable in vivo results.

The only additional work related to left ventricular fluid dynamics under
aortic regurgitation conditions is that of Okafor et al. (2017). The authors
simulated the conditions of aortic regurgitation in vitro in a left heart simula-
tor designed previously by their own group (Okafor, Santhanakrishnan, et al.,
2015) after investigating the effect of compliance on global ventricular perfor-
mance in the case of aortic regurgitation (Okafor, Houser, et al., 2015; Okafor
et al., 2016; Okafor, 2016). The authors simulated regurgitant orifice areas of
0.0121, 0.0331 and 0.0866 cm2 with respective regurgitant fractions of 0.0756,
0.1661 and 0.4055. While the authors considered these respective cases as trace,
mild and moderate aortic regurgitation, according to the AHA/ACC guidelines
(Nishimura et al., 2014, 2017) all these cases correspond to mild aortic regurgi-
tation. Their largest regurgitant orifice area (0.0866 cm2) falls under the mild
grade while its corresponding regurgitant fraction (0.4055) falls under the mod-
erate grade, therefore this case is not a true moderate grade. At best, their
largest regurgitant orifice area may be classified as mild-to-moderate. Nonethe-
less, the velocity fields were acquired using phase-locked, two-dimensional par-
ticle image velocimetry at 35 instances in the cardiac cycle. In the experiment,
the authors reproduce healthy conditions excellently when compared to what
has been reported in vivo. Keeping these healthy flow conditions constant, they
insert stents of different sizes within the aortic valve to produce the desired
regurgitant orifice areas. Since they did not simulate the physiological adapta-
tions associated with chronic aortic regurgitation, their simulations investigate
the results of sudden regurgitation in a healthy heart and therefore only pro-
vide insight into the case of acute aortic regurgitation. The work reports the
behaviour of the flow using streamlines, vorticity and viscous dissipation. From
flow field observations, they demonstrate the regurgitant jet impacting the op-
posite ventricular wall in all cases, interfering with the filling from the mitral
inflow and the proper development of the left ventricular vortex. Associated
with the regurgitant jet, the visualization of the streamlines and the vorticity
suggest that the regurgitant jet is accompanied by the generation of its own
vortex ring; see Fig. 2.1 for a schematic. Like Itatani (2014) and Stugaard et al.
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(2015), they show an increase in viscous energy loss with regurgitation sever-
ity; actually, in their case they report mean viscous dissipation per unit volume
(units of W/m3), but the result is the same. They observe peaks in viscous
dissipation of comparable magnitude in both the E and A waves of diastole
with negligible dissipation in systole. Again, this is not quite in agreement with
what has been reported by Itatani (2014) and it is likely that these peaks of
comparable magnitude occur as a result of a rather unfortunate flaw in the
design of their experimental apparatus. Namely, to reproduce the ventricular
filling phase, the ventricle is expanded hydraulically for both the E and A waves.
As a result, the left ventricle fills impulsively from both the mitral and aortic
valves during both the E and A waves. This is physiologically inaccurate since
the A wave corresponds to atrial systole and little to no regurgitation should
occur during this period, whether the regurgitation is chronic or acute. The
mechanisms producing the E and A waves ought to be decoupled in order to
properly simulate aortic regurgitation in vitro. Therefore, in the work of Okafor
et al. (2017), there is an excessive amount of regurgitation and the resulting
fluid dynamics, at least in late diastole and early systole, are not representative
of aortic regurgitation. Furthermore, the studies of Itatani (2014), Stugaard et
al. (2015) and Okafor et al. (2017) suffer from an additional limitation, namely,
they are not time-resolved. For reference, at 70 bpm, the temporal resolution
of these studies taken together range from about 15 to 50 time points per cycle
(17 to 57 Hz). This would have the result of poorly resolving the behaviour of
the viscous dissipation in time.

To date, apart from the work associated with this dissertation, no com-
prehensive study has been undertaken to analyze the fluid dynamics in the left
ventricle in the case of progressive chronic aortic regurgitation. Due to the inher-
ent uncertainty in the vector flow mapping technique, the mixed results between
chronic versus acute and in vivo versus in vitro aortic regurgitation studies, the
lack of comprehensive in vivo studies with which to compare, the poor tempo-

Figure 2.1: Schematic of healthy left ventricular filling (left) compared to filling
in the case of aortic regurgitation as found by Itatani (2014) and Stugaard et
al. (2015) (centre) and by Okafor et al. (2017) (right).
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ral resolution expressed in the literature and the lack of physiology-mimicking
simulations of chronic aortic regurgitation, our current understanding of the
corresponding intraventricular flow is limited and unguided. Furthermore, the
present studies are limited to an elementary description of the flow, namely, to
the raw velocity fields and the viscous dissipation. The underlying fluid dynam-
ics of chronic aortic regurgitation therefore remains largely unexplored. The
points addressed in this section further clarifies the scope and objectives of this
dissertation provided in Sec. 1.6. Particularly, it is the intent of this dissertation
to develop our knowledge in this area in a more refined in vitro setting (objec-
tives 1 through 3) and make the data and results publicly available to guide
future research in the field (objective 4).
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Chapter 3

Methodology

“The best and safest method of philosophizing seems to be first to inquire
diligently into the properties of things, and establishing those properties
by experiments, and then to proceed more slowly to hypotheses for the
explanation of them.”

— Isaac Newton

In general, the inherent lack of control and repeatability in performing in vivo
studies makes it rather difficult to investigate the incremental effects of some
conditions or pathologies in isolation, often requiring tedious data collection
from a considerably large number of patients and the use of statistical infer-
ences to judge the significance of the reported correlations. The in vivo study
process itself is quite cumbersome, requiring the search for one or more col-
laborating cardiologists and hospitals, obtaining ethical approval for the study,
recruiting and screening a preferably diverse and large cohort of patients, ob-
taining and defining control cases, repeatedly performing flow measurements
to evaluate inter- and intra-observer variability (i.e., the measurements involve
human practice and hence human error) and, of course, post-processing the
immense amount of data. Proper execution of such studies takes years, often
involving the collaboration of a number of researchers. Furthermore, the flow
measurement techniques that are currently available in clinical practice have
their own limitations, which include spatiotemporal resolution and the cost of
running the equipment in the case of MRI. It is therefore more effective to in-
vestigate pathophysiology with in vitro or in silico models and then validate the
findings against in vivo data. In order to investigate the flow in the left ventricle
subject to various grades of aortic valve regurgitation, here, the scenario was
modelled by experiment. While the problem may have equally been modelled
through numerical simulation, there are several associated complexities that are
more readily implementable in an in vitro experiment which would require a
few simplifying assumptions in silico.

For instance, proper modelling of the inflow and outflow conditions of the left
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ventricle would require taking into consideration the fluid-structure interactions
associated with the aortic and mitral valve leaflets. Being that there exists
no “equation of motion” available in the literature that can be prescribed to
the valve leaflets a priori, this would require the implementation of a two-
way-coupled fluid-structure interaction model for each valve in silico, greatly
complicating the simulation and therefore increasing the computational cost
(i.e., computation time and/or resources). Such left ventricular flow simulations
are only now beginning to be realizable with works such as Meschini et al. (2018)
and Celotto et al. (2019) incorporating the mitral valve in their models, the
aortic valve being completely absent. A realistic and promising aortic valve
model has recently been developed by Wu et al. (2018) however, although it
has yet to be incorporated in a left ventricular flow simulation, let alone one
including aortic valve regurgitation. The alternative to simulating the inflow
and outflow conditions of the left ventricle, which has been the case for most
in silico studies, is to ignore the valves altogether and prescribe approximate
velocity profiles to the inflow and outflow; see for instance Baccani, Domenichini,
Pedrizzetti, and Tonti (2002) and Baccani, Domenichini, and Pedrizzetti (2002).
Such a simplifying assumption, while capturing many salient features of the
intraventricular flow, certainly lacks in physiological detail. In the case of an
in vitro experiment, this modelling challenge is easily avoided since it suffices
to simply incorporate bioprosthetic valves into the model, although this may
be somewhat costly and requires exercising some care in handling the delicate
valves. An additional fluid-structure interaction model for the ventricle wall
motion makes the in silico approach even more cumbersome, whereas in vitro,
this can again be readily incorporated (discussed in Sec. 3.1.2). Furthermore,
in the work of Kilner et al. (2000), blood flowing into the left atrium through
the pulmonary veins was shown to produce a swirl in atrial diastole, prior to
the opening of the mitral valve. The importance of this intra-atrial flow on the
subsequent hemodynamics in the left ventricle, however, remains to be further
examined in the literature. The only such study is the numerical work of Vedula
et al. (2015), who showed that while the mitral inflow becomes highly regularized
with an anatomical left atrium model, a 10% difference in the peak mitral inflow
velocity was observed between using a straight pipe or an anatomical left atrium
at the inlet of the left ventricle. Nonetheless, without complete knowledge of
the three components of the inflow velocity to the left ventricle, in silico works
tend to assume a uniaxial flow. Conversely, in vitro, it suffices to incorporate a
physiologically-accurate model of the left atrium into the experiment which will
more closely reproduce the realistic inflow conditions (Vedula et al., 2015). The
same could be said of the regurgitant inflow, which may have imparted onto it
a swirl from the Dean-like flow in the aortic arch.

Certainly, the reverse is also true that in silico modelling has advantages
over in vitro modelling. The main advantage of numerical simulation is the
relative ease with which the full time-resolved three-dimensional flow can be
obtained (notwithstanding all the modelling difficulties mentioned above). In
a fluid dynamics experiment, this would require tomographic particle image
velocimetry which is not widely available, although it is now the gold standard
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of velocity field acquisition for experimental fluid dynamicists. This can also
be achieved by performing phase-locked stereoscopic particle image velocimetry
in many planes and then reconstructing the flow, however, the flow will no
longer be time-resolved. Nonetheless, three-dimensional in vivo flow data with
which to validate the numerical simulations is non-existent for the subject of this
dissertation. The current clinical understanding of chronic aortic regurgitation
is limited to a two-dimensional plane, and even in this case the behaviour of
the corresponding time-resolved velocity field has never been described. The
experiment was therefore performed on a system designed and built to simulate
the functioning of the left heart to high physiological detail and particularly to
simulate the left ventricular flow. The main interest of this work is the same
two-dimensional plane used in clinical practice to evaluate aortic regurgitation.
In what follows, the methodology will be divided into two major sections. The
first (Sec. 3.1) discusses the left heart simulator and the experimental conditions
used for the simulation of aortic regurgitation. The second (Sec. 3.2) discusses
the method of acquisition of the velocity fields (particle image velocimetry).

3.1 The left heart duplicator
The left heart duplicator, depicted in Fig. 3.1, works for the most part on prin-
ciples used in many other cardiac duplicators; see for instance those presented
in Mouret et al. (2000), Kheradvar et al. (2006) and Okafor, Santhanakrishnan,
et al. (2015). The simulator consists of two separate flow circuits, one of which
constitutes the circulatory model of the left heart and the other is responsible
for ventricular activation.

3.1.1 The circulatory model
The circulatory model consists of an elevated reservoir, a shut-off valve, trans-
parent silicone models of the heart cavities (left atrium, left ventricle and aorta),
bioprosthetic valves, silicone tubing and a peripheral resistance. A schematic is
provided in Fig. 3.2 and a photograph of a similar view in Fig. 3.3.

The reservoir is connected directly to the left atrium, allowing atrial fill-
ing to occur passively and continuously, which is in accordance with cardiac
physiology; see Sec. 1.1. The elevation of the reservoir and the placement of a
shut-off valve between the reservoir and the left atrium allows for some control
over the atrial pressure and flow rate. A drain connected to the reservoir pro-
vides a method of draining the system. The left atrium is made of compliant
(40 Shore A hardness) and optically clear silicone; see Sec. 3.1.3. Compliant
silicone rubber tubing, having 35 Shore A hardness, is used to join the four pul-
monary veins of the left atrium to the reservoir, just downstream of the shut-off
valve. Together, all these factors permit the left atrial pressures to fall in the
range of 5 to 28 mmHg throughout the cardiac cycle. This left atrial pulse pres-
sure is slightly above that observed in the average healthy adult, namely, 4 to
12 mmHg (Stefanadis et al., 1998), however a slight increase such as this is not



54 CHAPTER 3. METHODOLOGY

Figure 3.1: The left heart duplicator used in this dissertation with major compo-
nents labelled. The left ventricle was here purposefully made slightly opaque for
visibility in the photographs. The figure on the left shows an isometric view of
the full system while that on the right shows the activation system components
in more detail.

uncommon in chronic aortic regurgitation, particularly once it progresses past
the mild stage (with the regurgitation still being compensated) and especially
when decompensation begins to ensue (Bekeredjian & Grayburn, 2005).

A left ventricle, made of the same silicone (see Sec. 3.1.3), is encased in
an acrylic hydraulic chamber which is used as a means of compressing and ex-
panding the left ventricle for ejection and filling respectively (see Sec. 3.1.2).
Trileaflet bioprosthetic valves are used in both the mitral and aortic positions.
In the mitral position, a Perimount Magna Ease valve (Edwards Lifesciences;
Irvine, CA), having a nominal diameter of 23 mm, was used. In reality, the mi-
tral valve should be bileaflet, however, the use of a trileaflet valve has been
found to reproduce physiology rather well in vitro (Kheradvar et al., 2006;
Okafor, Santhanakrishnan, et al., 2015; Herold, 2016); refer to Sec. 3.1.6 for
further discussion of this limitation. The fluid dynamics are aided further by
orienting the valve such that one leaflet aligns with the ventricle wall (mimicking
the shorter posterior leaflet of the mitral valve) while the other two open toward
the left ventricle outflow tract (together mimicking the longer anterior leaflet
of the mitral valve). Furthermore, the bioprosthetic valve was oriented directly
downward so that the mitral inflow emanates parallel to the wall of the left ven-
tricle, just as a true mitral valve does. Notably, bioprosthetic valves are known
to stiffen and even slowly degrade the leaflets over time (J. T. M. Wright, 1979),
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Figure 3.2: Representative schematic of the left heart duplicator used in this
dissertation.

displacing the water within them (dehydrating them). Some methods even pro-
posed to use glycerol to dehydrate the valves to make them collapsible for use in
catheter deployment (Fumoto et al., 2011) and so that they may be stored un-
der dry conditions (Flameng et al., 2015; Schmoker, 2015). Whether this truly
affects the performance of the valves is still up for debate however (Chandran
& Khalighi, 1984; Carey & Herman, 1989), especially with the recent study of
Raghav et al. (2016) putting the same bioprosthetic valve through over 1 billion
cardiac cycles (∼ 25 years) in their left heart simulator using a water-glycerol
solution and showing virtually no hemodynamic difference with the first cycle.
Nonetheless, the mitral and aortic bioprosthetic valves were regularly immersed
back into their gluteraldehyde solution to avoid any adverse effects and they
were regularly checked for porosity (i.e., by loading them in reverse and looking
for leaks through the leaflets themselves). After all experiments conducted in
this dissertation, the bioprosthetic valves seem to have been unaffected.

The outflow of the left ventricle is connected to a model of the aorta, again
made of the same silicone (see Sec. 3.1.3). In the aortic position, a Perimount
Theon RSR valve (Edwards Lifesciences; Irvine, CA), having a nominal diameter
of 25 mm, was used. The aortic valve was oriented so that each leaflet aligns
with an aortic sinus and is placed at the end of the left ventricle outflow tract,
maintaining the same axis. The base of the aorta and the aortic valve are housed
within a cylindrical mechanism which is used to induce the regurgitation (see
Sec. 3.1.5). At the point of curvature of the aorta, a port is placed for the
insertion of a catheter, which is used for the purposes of measuring pressure,
injecting dye and for draining the remaining fluid in the circulation. The aorta
is connected to the reservoir through compliant silicone tubing and a peripheral
resistance. The tubing is comprised of two lengths, the first having 40 Shore
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Figure 3.3: The left heart duplicator in the view of the schematic in Fig. 3.2.
Again, the left ventricle was here purposefully made slightly opaque for visibility
in the photograph. The red arrows depict the flow path.

A hardness (the same silicone as the heart models) and the second having 35
Shore A hardness (the same tubing connected to the pulmonary veins of the
left atrium). The peripheral resistance (a simple ball, shut-off valve) aids in
attaining the proper aortic and ventricular pressure waveforms; see Fig. 3.4b.

The pressures were recorded using a fiber optic pressure sensor (FOP-M260-
10 sensor with the FPI-HR module, FISO Technologies Inc.; Québec, QC). The
sensor has an accuracy of ±3 mmHg and includes error compensation from
temperature variations (< 0.3 mmHg/◦C), however an additional variation of
approximately 2 mmHg was observed from cycle-to-cycle variations throughout
the experiments, bringing the overall accuracy to at most ±5 mmHg for this dis-
sertation. The mean mitral and aortic flow rates were recorded at the reservoir
exit and return using transit-time ultrasonic flowmeters (T206 Series with A-
probes, Transonic Systems Inc.; Ithica, NY) calibrated specifically for the tubing
and working fluid used throughout the system, giving an absolute accuracy of
at best 2%. Evidently, the two measured mean flow rates should be identical
and equal to the cardiac output (Q̇), however, including the cycle-to-cycle varia-
tions, the two measured values differed by up to 0.20 L/min for all experiments,
suggesting an overall accuracy of ±0.29 L/min. Notably, the fact that transit-
time ultrasonic flowmeters were used rather than Doppler ultrasonic flowmeters
has important repercussions in these experiments since the velocity fields were
recorded using particle image velocimetry. The underlying issue is that particle
image velocimetry relies on the use of particles in the flow to infer the velocity of
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Figure 3.4: (a) Mitral inflow waveform recorded just ahead of the reservoir
generating a total cardiac output of 4.5 L/min at a heart rate of 70 bpm with
distinct E and A waves of filling observed in the velocity field just below the mi-
tral valve (inset). (b) Sample ventricular and aortic pressure waveforms falling
in the expected healthy range.

the fluid. Doppler ultrasonic flowmeters also rely on particles in the flow, as the
ultrasonic beam emitted by the transducer needs to be reflected by the moving
particles and the frequency shift of the beam, recorded by another transducer,
can be used to compute the flow rate. Transit-time ultrasonic flowmeters, on
the other hand, work on another principle and must not have particles in the
flow. The measurement is based on the fact that sound will travel faster when
emitted in the direction of flow and slower when emitted against the direction
of flow. The flowmeters therefore rely on the ultrasound beam travelling un-
interrupted from one transducer to another in the upstream and downstream
directions and the difference in the transit times between the two emissions can
be used to compute the flow rate. While these flowmeters are commonly used in
medicine with blood, the presence of red blood cells (6-8 µm), white blood cells
(12-17 µm) and platelets (2-3 µm) do not interfere with measurements partly
because they are so small and partly because they are extremely thin-walled and
filled with a similar fluid (similar refractive index) to the blood plasma itself
(the carrier fluid) which are largely composed of water. In the case of particle
image velocimetry, the particles used are solid (or hollow with gas inside), have
a very different refractive index than the carrier fluid and range in size on the
order of 10 to 250 µm (∼ 50 µm in this dissertation). Their influence is not
negligible in the flow and they will abate the ultrasound, or worse, cause reflec-
tions that the flowmeter interprets as “transitted” beams. Therefore, for each
experiment, the flow rates were recorded using a clean batch of the working
fluid (i.e., no particles) in the system. Once this was completed, the fluid was
removed, the system was cleaned (i.e., rinsed multiple times with water) and
then filled with a seeded working fluid (i.e., with particles) for the purposes of
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performing particle image velocimetry measurements. After the measurements,
the fluid was again removed and the simulator was thoroughly cleaned before
the next experiment. The seeded and unseeded working fluid were made from
a single batch of water-glycerol mixture that was later divided for this purpose.
A sample flow rate measurement in the healthy scenario is depicted in Fig. 3.4a.
Since the flow rate was recorded just ahead of the reservoir, the A wave of fill-
ing is not directly visible, however it can be seen by sampling the velocity just
below the mitral valve from the particle image velocimetry recordings (see the
inset in Fig. 3.4a). It can also be seen using continuous- or pulsed-wave Doppler
(Sonos 5500, Hewlett Packard; San Jose, CA); see Fig. 3.5. For the regurgitant
cases, only the mean flow rate was required and it was recorded directly from
the readout on the T206 Series system (Transonic Systems Inc.; Ithica, NY)
with the calibration correction as well as in LabVIEW (National Instruments;
Austin, TX) by live calculation of the mean per cycle.

Figure 3.5: Continuous-wave Doppler recorded with the transducer placed below
the left ventricle and oriented toward the mitral valve. In this recording, the
mitral valve appears on the left side of the ventricle. Note the agreement in the
velocity scale with that captured from particle image velocimetry in the inset
of Fig. 3.4a.

3.1.2 The activation system
The ventricular activation system consists of an electromagnetically-driven lin-
ear motor (LinMot P01-37×120, NTI AG; Spreitenbach, Switzerland) connected
to a standard piston-cylinder mechanism and an acrylic hydraulic chamber. The
hydraulic chamber is filled with the same working fluid used in the circula-
tory model, namely, a mixture of 60% water and 40% glycerol by volume (see
Sec. 3.1.4), which minimized optical distortion. The servo drive used to operate
the linear motor (Servo Drive E1100-RS, NTI AG; Spreitenbach, Switzerland)
offers 32-bit positional resolution for waveforms stored on the drive, correspond-
ing to a positional accuracy of 0.1 µm or to a volumetric change of 0.2 µL for the
selected 2-in (nominal) diameter pipe. Notably, the inner diameter of the pipe
measures 2.067 in with a tolerance of ±5%, which translates to an additional
uncertainty of only ±0.02 µL. Evidently, the true uncertainty of the stroke vol-
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ume produced by the linear motor will therefore arise from other factors, such
as deformation of the walls of the hydraulic chamber or the presence of bubbles
within it. The latter source of error was a simple matter to address and merely
required the removal of all bubbles in the line of the hydraulic chamber with
the help of a magnetic cleaner used in aquariums to agglomerate the bubbles in
one location after which it can be removed using a syringe. The former source
of error is certainly the largest contributor, but could nonetheless be quantified.
Since there is a column of air integrated into the line of the hydraulic chamber
(for reasons that will be discussed shortly), the change in height of the liquid
can be recorded using a ruler (accuracy of ±0.5 mm) and a high-speed camera
(Phantom v9.1, Vision Research Inc.; Wayne, NJ) for a given stroke volume
of the linear motor. The same could be done for the change in height of the
liquid in the reservoir (4.026 in diameter with a ±5% tolerance). The volume
lost to deformation of the walls of the hydraulic chamber is therefore given by
the difference of the stroke volume of the piston (accuracy of ±0.22 µL) and
the volume rise of liquid in both the column of air (accuracy of ±0.2 mL) and
the reservoir (accuracy of ±0.5 mL).1 This could then be compensated for by
adjusting the stroke of the linear motor accordingly. The accumulation of inac-
curacies therefore amounts to an uncertainty of at most ±1 mL (rounded up)
on the stroke volume produced by the linear motor.

Forward motion of the piston compresses the left ventricle for ejection rather
uniformly, with a measured pressure difference of only 7.4 ± 3 mmHg in the
hydraulic chamber between the ventricle base and apex (corresponding mostly
to the difference in hydrostatic pressure). It should be noted that compression
of the ventricle beyond a certain volume would cause the silicone membrane to
slightly fold in on itself, as seen in Okafor, Santhanakrishnan, et al. (2015) for
example, therefore it was necessary to volumetrically “preload” the left ventricle
by retracting and re-zeroing the linear motor, causing the ventricle to slightly
expand. In this way, forward motion of the piston would always cause uniform
compression without any buckling of the silicone membrane, which would induce
a false out-of-plane flow component in addition to potentially interfering with
the laser sheet when performing particle image velocimetry. This is the same
mechanism used to adequately increase the total stroke volume in the case of
aortic regurgitation (see Sec. 3.1.5).

The position program of the linear motor is very similar to that of the
ViVitro Pulse Duplicator (ViVitro Labs Inc.; Victoria, BC), which meets the
requirements of several ISO standards as well as the US Food and Drug Ad-
ministration (FDA). The waveform was modified to respect the change in the
relative fraction of mechanical systole to diastole with heart rate as per Chung
et al. (2004) and to remove the portion corresponding to the A wave for rea-
sons explained shortly; see Fig. 3.6. Therefore, the linear motor only produces
the E wave and diastasis phases of left ventricular filling, which corresponds
to relaxation of the heart muscle. While the linear motor may also produce

1The accuracy of the volume change in both the column of air and the reservoir considers
both the tolerance on the inner pipe diameters and the accuracy of the ruler.
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the A wave (atrial systole), as done in most left heart simulators, in the case
of aortic regurgitation this would not reflect realistic conditions. Such an ad-
ditional hydraulic expansion would result in filling from both the mitral and
regurgitant aortic valves, which would result in an additional forceful regurgi-
tant phase, whereas during the A wave one would only expect filling to occur
from the mitral valve with very little contribution from the regurgitation. In
order to address this detail, left atrial systole is performed by mechanically
compressing the left atrium using a servomotor (Dynamixel RX-24F, Robotis;
Lake Forest, CA) acting on a cam-follower mechanism when the piston is sta-
tionary (see Fig. 3.6 and the corresponding caption); the pusher (or follower)
and servomotor are visible in Fig. 3.1 (right) and in Fig. 3.3. The servomotor
has a maximum speed of 126 rpm under no load and a positional resolution
of 0.29◦, which corresponds to a displacement accuracy of 0.1 mm for the cam
used. The A wave of filling typically contributes 20-30% of the left ventricular
stroke volume (Namana et al., 2018), but its contribution has also been shown
to increase with age (Alhogbani et al., 2010); here the ratio is closer to 30%
at 70 bpm. Notably, with the servomotor compressing the left atrium while
the linear motor is stationary and in its most retracted position, some volume
must be made available in the hydraulic chamber to allow the left ventricle to
expand enough to accommodate the A wave volume, otherwise, with no room
for expansion, the left ventricle would effectively remain rigid for this period
and the A wave volume would be directly ejected through the aortic valve. This
is achieved by providing a volume of air at the top of a column connected to
the piston-cylinder assembly (visible just behind the acrylic chamber in Fig. 3.1
and in the schematic of Fig. 3.2), which was sufficient to resolve this effect.
Evidently, the stroke of the linear motor would then need to also accommodate
the change in volume of this column of air. In the healthy scenario, no signif-
icant difference was observed between using the ViVitro-like position program
without atrial compression versus using the program with the A wave removed
combined with atrial compression; i.e., this was used as a criterion to adjust the
latter waveform as well as the servomotor timing and stroke.

The system is controlled through a custom LabVIEW (National Instruments;
Austin, TX) interface and a multifunction input/output device (PCI-6281, Na-
tional Instruments; Austin, TX). The graphical user interface allows for control
of several parameters including the heart rate of the system, the linear motor
waveform and total stroke as well as A wave timing and servomotor stroke. The
interface and I/O device additionally provides an adjustable trigger which can
be used for the purposes of proper start-timing (or even phase-locking) with
the high-speed controller for the particle image velocimetry system (LaVision
GmbH; Göttingen, Germany) as well as for the start-timing of other data ac-
quisition devices.

With the circulatory model and activation system described, the cardiac
cycle on the simulator proceeds as depicted in Fig. 3.7 and its corresponding
caption.
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Figure 3.6: Position program of the linear motor with the A wave in black
(similar to the ViVitro Pulse Duplicator) and without the A wave in red. The
servomotor compresses the left atrium in the duration between the two green
lines. The green line on the right marks the separation of diastole (left of the
line) and systole (right of the line).

3.1.3 The models of the heart cavities

The heart models used in the system include a left atrium, a left ventricle
and an aorta. As mentioned previously, in the work of Kilner et al. (2000),
blood flowing into the left atrium through the pulmonary veins produces a
swirl in atrial diastole. In order to ensure the development of the appropriate
inflow conditions to the left ventricle, the geometric left atrial model was made
anatomically-accurate based on a 3D reconstructed model of the complete adult
human heart from CT and MRI scans (Solid Heart Gen 2, Zygote; American
Fork, UT). The atrium therefore includes the four pulmonary veins with their
orientations preserved as well as the left atrial appendage. For the purposes of
simplicity of the design of the simulator, the base of left atrium was adjusted
to form a circular shape of diameter 34 mm, which was the closest nominal
diameter that preserves the original area of the base. The model was 3D-printed
to produce a three-piece negative of the left atrium, which permits the silicone
mould to be removed completely intact.

The geometric model of the aorta, although not completely anatomically
accurate (i.e., the three-dimensional curvature is not modelled), has an internal
diameter of 30 mm, consistent with the literature (Lang et al., 2015; Syed et
al., 2017), and includes the sinuses of Valsalva which protrude at most 4.5 mm
radially outward and extend 26 mm along the length of the aorta. The silicone
aorta, as measured from the base of the sinuses, is made 140 mm long. Notably,
for a healthy left ventricular flow, modelling the anatomy of the aorta does not
appear to be critical as many studies have achieved good qualitative and quanti-
tative agreement with in vivo observations without it; see for instance Cenedese
et al. (2005) and Domenichini et al. (2005) as well as subsequent studies by
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Figure 3.7: Operation of the double-activation left heart simulator over one com-
plete cycle for the healthy scenario. (a)→(b) The piston completes its forward
stroke, compressing the left ventricle hydraulically for ejection of fluid up to the
reservoir through the aortic valve. (c)→(d) The piston completes its rearward
stroke, expanding the left ventricle hydraulically to fill from the mitral valve for
the E wave and diastasis portions of the filling phase. Note that in the case of
aortic regurgitation, filling would here also partly occur from the regurgitating
aortic valve. (e)→(f) The left atrium is compressed to provide the A wave of
filling, supplying an additional volume of fluid to the left ventricle while the
piston remains still. The cycle then repeats.

these groups. In the case of aortic regurgitation however, the regurgitant jet
may be affected by the aortic root geometry (this has never been explored), and
so the root was made to agree with physiology according to the dimensions in
Lang et al. (2015); see also Roman et al. (1989) and Hiratzka et al. (2010).

The left ventricle model designed for this dissertation was simplified and
made symmetric while maintaining characteristic geometrical features in the
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Figure 3.8: Dimensions of the silicone left ventricle used throughout this disser-
tation.

middle to upper end of the size spectrum (Lang et al., 2006; Maceira et al.,
2006; Gibson et al., 2014; Kou et al., 2014; Lang et al., 2015). This includes a
base-to-apex length of 90 mm, a maximum width of 70 mm, a maximum depth
of 50 mm, a left ventricular outflow tract diameter of 32 mm, an end-diastolic
volume of 155 mL and an aortomitral angle of 166◦ (the angle between the mi-
tral and aortic axes is therefore 14◦); see Fig. 3.8. The choice of an idealized,
symmetric left ventricular geometry was taken for several reasons. Primarily,
this enables the present dissertation to focus on general quantitative and quali-
tative flow features developing in the left ventricle without the introduction of
patient-specific geometrical effects, therefore extending the reach of the results
to the general or average population. This approach has been taken by many
authors in vitro resulting in rather excellent agreement with in vivo studies or in
clinically relevant applications; see for example Pierrakos et al. (2004), Cenedese
et al. (2005), Domenichini et al. (2007), Jeyhani et al. (2018), Meschini et al.
(2018) or many of the in vitro works discussed in Sec. 2.1.2. Particularly, the
left ventricle model used in this work bares some resemblance to that used by
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Kheradvar et al. (2006) and Kheradvar and Gharib (2009) with the shape and
dimensions adjusted to better-capture physiology based on the same 3D heart
model from which the left atrium was extracted (Solid Heart Gen 2, Zygote;
American Fork, UT). This was also done so that the size of the left ventricle
corresponds well to the size of the left atrium. Additionally, being that the
modality of velocity field measurement in this dissertation is two-dimensional
time-resolved particle image velocimetry, the choice of symmetry will allow for
an approximately two-dimensional flow within the plane of measurement with a
minimal out-of-plane component. Notably, while the selected aortomitral angle
falls within those observed in vivo, for which there is wide variability (Veronesi
et al., 2009, 2013; Tsang et al., 2013; Bai et al., 2014; Varghese et al., 2014;
Bapat et al., 2015; Bruggink, 2015), the direction of the regurgitant jet and the
resulting left ventricular flow must be strongly dependent on this angle. While
this dissertation does not consider different angles (refer to Sec. 3.1.6), an illus-
tration of the consequences is provided as part of a further discussion following
the first article in Chp. 4.

The moulds (positives) of the left atrium, aorta and left ventricle were all
made from 3D-printed models (negatives). The model of the left atrium was
printed using the Form 2 3D-printer (formlabs; Somerville, MA) out of photore-
active resin (acrylic) at a layer resolution of 30 µm. The models of the aorta
and left ventricle were printed using the Dimension 1200es 3D-printer (stratasys;
Rehovot, Israel) out of ABS at a layer resolution of 0.25 mm. The 3D-printed
models were lightly sanded to remove imperfections associated with support
material as well as with the layering of material, ultimately using 3000 grit
sandpaper for the final polishing. The models were then mounted onto a rotat-
ing mechanism within a heated enclosure. The moulds were made by manually
painting over the 3D-printed models layer by layer using addition-cure silicone
(SILASTIC RTV-4234-T4, Dow Chemical Company; Midland, MI). This sili-
cone is ideal for the purposes of this dissertation, having low hardness (40 Shore
A), easy mouldability, forgiving elastic properties (400% elongation at break,
27-N/mm tear strength), and optical properties compatible with particle image
velocimetry (optically transparent, refractive index of 1.41±0.01).2 The silicone
was prepared in doses of 11 grams (10 grams of the silicone base and 1 gram
of the curing agent) as measured on a calibrated scale (IPS100, Smart Weigh;
Chestnut Ridge, NY) with an accuracy of 0.01 g from 0 to 100 g. Once the
silicone base and curing agent were added, the mixture was gently stirred to
prevent the suspension of air bubbles within it. The mixed silicone was then
placed in the container of a vacuum pump (Vacutec 800 EV2, Graham-Field
Health Products Inc.; Atlanta, GA) to remove any additional air bubbles. The
silicone was then carefully painted on the models to avoid the introduction of
additional air as well as the spilling of any silicone. After painting, the mecha-
nism was left to rotate to ensure a uniform silicone coating for each layer. The
left atrium and left ventricle were produced using 4 layers and the aorta with

2The refractive index of the silicone was measured in the same manner as described in
the following subsection regarding the blood analogue and falls in the typical range seen for
silicone rubbers; cf. Hopkins et al. (2000) and S. F. Wright et al. (2017).
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3, where the final layer for each mould was painted on the interior (i.e., after
flipping the moulds inside-out) to remove any final imperfections not covered by
the polishing of the models. Understandably, being that the moulds were cre-
ated manually, a restrictive set of criteria were implemented for the purposes of
consistency. A loss of silicone of no more than 1 g was permitted per layer and,
for n layers, a loss of no more than (n−1) g was permitted in the final product,
resulting in left atria and left ventricles weighing 42±0.8 g.3 Any mould with a
single air bubble larger than 0.5 mm in diameter, with more than 12 air bubbles
in total or with more than 2 air bubbles within 1 cm2 were simply discarded.
With the left ventricle being the most important mould for this dissertation,
the thickness of its wall in the plane of measurement and in the cross-plane, as
seen and measured from the particle image velocimetry recordings themselves,
had to be uniform and consistent (thickness of 1.5 ± 0.4 mm). Additionally, if
a bubble would lie in the path of the laser sheet during the recordings, the left
ventricle mould would also be discarded.

3.1.4 The blood analogue
The working fluid used in the left heart duplicator was a mixture of 60% water to
40% glycerol by volume or, equivalently, 54% water to 46% glycerol by mass at
the working temperature. The temperature of the fluid was relatively constant
throughout the experiments at 23.1± 0.2 ◦C and therefore no control measures
were implemented. The temperature was monitored using a LMT70 precision
analog temperature sensor (Texas Instruments; Dallas, TX) having an accuracy
of ±0.05 ◦C in the range from 20 to 42 ◦C. Despite many in vitro studies
not monitoring the temperature of the fluid, it is quite important for water-
glycerol solutions due to fluctuations in viscosity. For instance, based on the
physical properties of water-glycerol solutions reported in Glycerine Producers’
Association (1963), Yousif et al. (2011) and Takamura et al. (2012), for the
given solution used, a change of only 1 ◦C will result in a change in dynamic
viscosity of 3.5%, while the density will only change by 0.04% and the index
of refraction by at most 0.01%. It should also be noted that blood within the
human body operates at the human body temperature of about 37 ◦C, with
some temporal and spatial variations as well as patient-specific and age-related
variations (Gomolin et al., 2005). In this work, the viscosity of the water-glycerol
mixture at 23.1± 0.2 ◦C was made to match that of blood at ∼ 37 ◦C; this will
be discussed shortly.

The density of the fluid within this temperature range was calculated by
incrementally measuring the mass on a calibrated scale (IPS100, Smart Weigh;

3For each layer, the weight of the container holding the silicone, the stirring stick and the
paintbrush were measured. The container was weighed after the addition of the silicone base
as well as after the addition of the curing agent. Once mixed, the stirring stick was weighed
to account for any silicone removed from the batch on the stick itself and the batch was also
weighed to check if the result was consistent. After removing air bubbles, the batch was
weighed once again; during this step, a difference of no more 0.02 g had ever been observed
with the previous batch weighing. Finally, after painting the silicone layer on the mould, the
container and paintbrush were weighed to account for any remaining silicone.
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Chestnut Ridge, NY) with an accuracy of 0.01 g from 0 to 100 g. The mass
was measured in increments of 1 mL from 0 to 88 mL with a 1-mL syringe
(Luer-Lok 1-mL syringe, Becton Dickinson; Franklin Lakes, NJ) having an ac-
curacy of 0.01 mL. The density corresponding to the slope of the mass-volume
line was 1.100 g/mL (r2 = 0.998) or, equivalently, 1 100 kg/m3. This agrees
almost identically to the values reported in Glycerine Producers’ Association
(1963) and Takamura et al. (2012). The kinematic viscosity of the fluid was
then measured using the Cannon-Fenske routine using two different calibrated
viscometers (9721-B53 Universal Size 50 & 9721-B56 Universal Size 75, Cannon
Instrument Company; State College, PA) having an absolute accuracy of ±0.2%,
although it is also subject to human error since it involves the measurement of
the efflux time (i.e., using a stopwatch) from one level to another on the viscome-
ter. The smaller viscometer turned out to be inadequate (kinematic viscosity
often falling outside the measurement range), while 20 measurements performed
with the larger viscometer yielded a mean kinematic viscosity of 3.8 cSt with a
standard deviation of 0.01 cSt. With the density known, the dynamic viscosity is
calculated as 4.2 cP which again agrees very well with that reported in Glycerine
Producers’ Association (1963) and Takamura et al. (2012). Although crude, the
refractive index of the mixture was evaluated by observing the deflections of a
monochromatic beam of green light (λ = 532 ± 10 nm) from a laser pointer
(Kensington; San Mateo, CA) through the medium over a printed polar grid.4
Evaluated this way, the refractive index was found to be 1.39 ± 0.01, which is
consistent with what is expected using the Arago-Biot approach, namely, using
the sum of the products of the “unmixed” refractive indices and the mass frac-
tions (Reis et al., 2010; Takamura et al., 2012). In fact, the results of Takamura
et al. (2012) suggests that this predicts the refractive index to within 0.4% for
water-glycerol solutions having a glycerol mass fraction near 0.5 (as in the case
of this dissertation where the mass fraction is 0.46).

Indeed, the use of a water-glycerol solution as a blood analogue fluid is
certainly not unique to this dissertation; see for instance Nguyen et al. (2004).
While blood is a non-Newtonian (shear-thinning) fluid, where there is significant
shear, such as in large arteries and within the heart chambers, blood behaves
effectively Newtonian (Jin et al., 2003; Nichols et al., 2011; Meschini et al.,
2018). Additionally, by gathering the literature reporting blood viscosity at
high shear rates, Yousif et al. (2009, 2011) reports the dynamic viscosity of
blood (at the human body temperature) to be 4.4 cP with a standard deviation
of 0.6 cP, therefore the working fluid used in this dissertation offers a rather
good approximation; cf. also Eckmann et al. (2000).

3.1.5 The regurgitation mechanism
Aortic regurgitation was produced in the system by pulling apart the three
leaflets of the bioprosthetic aortic valve to produce a central regurgitant ori-

4While the wavelength of the light from the laser pointer (λ = 532±10 nm) is not identical
to the wavelength of the laser sheet from particle image velocimetry (λ = 527 nm), it is still
very close and hence is expected to give a very similar result.
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fice. The mechanism consists of a rigid, translucent cylindrical housing with
three small hemostasis valves bonded 120◦ apart along its perimeter, lining up
with the centres of the valve leaflets. A graduated rod is inserted through each
hemostasis valve and hooked under the facing leaflet. By hooking under the
leaflets, the aortic valve is permitted to open without restriction during ventric-
ular systole but its closure is inhibited by the hooks throughout diastole; see
Figs. 3.9 and 3.10. The mechanism is placed just below the aortic valve sinuses
in place of the spacer as seen in Fig. 3.3. This method of producing a central
regurgitation mimics common causes of aortic regurgitation such as that caused
by dilation of the aortic root and annulus or atherosclerotic degeneration of the
leaflets; refer to Sec. 1.5.2.

Figure 3.9: Schematic of the regurgitation mechanism used throughout this
dissertation.

The rods were made from a spool of 18-gauge (1.02 mm diameter), medium-
tempered 316L stainless steel round wire (Beadalon; Valley Township, PA).
This type of steel was used because of its excellent corrosion resistance, which
is necessary given the working fluid in the system. Also, it is not expected
to react with the leaflets of the bioprosthetic valve adversely through repeated
or prolonged contact since it is in fact the most commonly used metal alloy
in all biomedical implant applications (Hermawan et al., 2011). The choice of
diameter of the rods was based on two factors. Firstly, the hemostasis valves
had to form a proper seal with the rods inserted at a gauge pressure of at least
220 mmHg, as measured by the aforementioned fibre optic pressure sensor. Sec-
ondly, the sliding friction between the rods and the hemostasis valves had to
be sufficient to hold them in place despite the repeated loading imposed by the
closing valve during system operation; nonetheless, the rods were also clamped
in place during use as an added precautionary measure. In order to produce
the rods, a length of wire was first cut and straightened to remove the slight
curvature associated with the spool of wire. The straightening was done by
repeatedly passing the wire (in excess of 20 times) through three consecutive
jeweller’s wire straightener tools (Beadalon; Valley Township, PA). This served
to not only straighten the wire but also to work harden the steel without scratch-
ing, damaging or kinking the wire (i.e., the tool is made of nylon). The wire was
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Figure 3.10: Pictures of the regurgitation mechanism used throughout this dis-
sertation with labelled components. (a) The aortic valve housing is shown con-
taining three hemostasis valves spaced 120◦ apart. (b) The functioning of the
mechanism is demonstrated with copper wire, where each leaflet is pulled apart
to create a central regurgitant orifice.

then held in a vice at one end and pulled tight at the other using pliers to fur-
ther work harden the steel and help maintain its straightness, preventing bends
or kinks that may arise during use. Three rods were cut from this straightened
wire and their ends were ground flat so that they each measured 100± 0.2 mm
in length. Each wire was then bent 90◦ at both ends using a single 3D-printed
jig, producing a 15-mm-long hook on one end and a small 5 mm handle on the
other; the radii of curvature of the bends were all 2 mm. The handles provided
a means of ensuring that the hooks were properly aligned from outside the sys-
tem, although they would nonetheless tend to gradually rotate themselves into
alignment by the repeated contact with the closing leaflets.

For this dissertation, five different centred, axisymmetric regurgitant orifice
areas were produced and simulated. For each case, the orifice size was first care-
fully tailored outside the system in order to cover a range of severities based
on the clinical guidelines of the AHA and the ACC (Nishimura et al., 2014). A
picture of each regurgitant orifice was taken using a 13 MP smartphone cam-
era (OnePlus; Shenzhen, China) directly overhead and the corresponding orifice
area was computed in MATLAB (MathWorks; Natick, MA) using their im-
age processing toolbox (which includes edge detection algorithms) as well as in
Inkscape (Free Software Foundation; Boston, MA) for comparison (which re-
quires manual edge tracing). The results agreed to within 0.01 cm2 in all cases.
For each selected severity, the rod positions were marked so that it may easily be
repeated during system operation; hence the use of the term “graduated” rods
at the beginning of this section. The regurgitant orifice areas were again verified
during system operation and showed no significant change under loading condi-
tions (on the order of 0.005 cm2). The regurgitant orifice areas produced in this
dissertation are 0 (normal), 0.10 (mild), 0.18 (moderate-1), 0.25 (moderate-2),
0.52 (severe-1) and 0.78 cm2 (severe-2). The regurgitant volume (V– r) asso-
ciated with a given severity was calculated by subtracting the forward stroke
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volume (Q̇T ), acquired by the mean flow rate measurements, from the total
stroke volume (SV) dictated by the piston motion (i.e., V– r = SV− Q̇T , having
a corresponding accuracy of ±5 mL in view of the accuracy of the flow rate and
stroke volume measurements discussed in Secs. 3.1.1 and 3.1.2 respectively). In
order to follow the AHA/ACC guidelines (Nishimura et al., 2014), for a given re-
gurgitation severity, the left ventricle had to be preloaded in order to increase its
end-diastolic volume to include both the regurgitant and mitral inflow volumes.
This was done by having the piston retract to a new starting position, producing
a dilated ventricle. The exact amount of dilation and peripheral resistance was
achieved by trial and error for a given regurgitant orifice area so that the mitral
inflow volume (or forward stroke volume) was maintained at 64 ± 4 mL,5 so
that the aortic systolic pressure was maintained at 121± 5 mmHg and so that
the selected regurgitant orifice area and regurgitant volume matched the correct
severity grade. The resulting regurgitant volumes are 0 (normal), 8 (mild), 33
(moderate-1), 43 (moderate-2), 57 (severe-1) and 69 mL (severe-2); the corre-
sponding regurgitant fractions are 0 (normal), 0.11 (mild), 0.34 (moderate-1),
0.40 (moderate-2), 0.47 (severe-1) and 0.52 (severe-2). The severe-1 case should
be thought of as borderline severe (i.e., see Tab. 1.1).

This regurgitation mechanism was selected over other possible designs for a
few reasons. Firstly, and most importantly, the method does not damage the
bioprosthetic valve in any way since no part of the mechanism is actually fixed
to the leaflets. This is in contrast to previous iterations where strings were
punctured through or fixed directly onto the leaflet tips (Raymondet et al.,
2016). Such a technique risks tearing the leaflets at the point of contact and, in
the case of an improperly sealed puncture, may result in additional regurgitation
through the leaflets themselves. Secondly, a wide range of repeatable regurgitant
orifice sizes (and to some extent even different shapes) can easily be produced
via this mechanism on-the-fly. This is unlike the mechanism of Okafor et al.
(2017), which requires the insertion of a new, rigid stent to restrict valve closure
for each simulated regurgitant orifice size (see Fig. 2a in that work). Such a stent
will also affect the flow both downstream of the aortic valve during ventricular
systole as well as downstream in the ventricle during the regurgitation. During
systole, an unphysiological boundary layer will be generated along both sides
of the excessively long central stent walls and a weak wake may be produced
downstream of the interfering support structure. While the flow downstream
of the aortic valve during ventricular systole was not of interest in that study
(nor is it in this dissertation), any such obstruction would be seen as a slight
pressure increase upstream, namely, in the left ventricle. However, this is a
non-issue so long as the pressures are adjusted to fall within those expected
in vivo, which is the case in their study. During ventricular diastole on the
other hand, an unphysiological boundary layer is still generated along the inner
central stent walls which accompany the regurgitant jet as it enters the left
ventricle. This would have the effect of narrowing the regurgitant jet, thereby

5Note that the accuracy is ±4 mL on the forward stroke volume as it depends solely on
the flow rate measurements.
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reducing the effective regurgitant orifice area. The choice of stent material (i.e.,
surface roughness) will also generally affect this boundary layer. By contrast,
the mechanism used throughout this dissertation will only have a minor affect
on the regurgitant flow since the surface area of the hooks are much smaller in
comparison. Furthermore, with the use of a rigid stent it is likely that the leaflets
coapt imperfectly with the central stent walls which may result in additional
regurgitation through the spaces.

3.1.6 Limitations
There are several limitations associated with this in vitro model that certainly
deserves some discussion. These encompass the geometry, the fluid, the con-
tractile dynamics and the choice of mitral valve.

Choice of left ventricular geometry

First and foremost, the geometry of the left ventricle is idealized and made sym-
metric. Evidently, the human left ventricle does not possess an ideal smooth-
walled interior nor is it perfectly symmetric. Rather, the left ventricle possesses
several geometrical features that are not captured in this model. These include
primarily the papillary muscles and associated chordae tendineae but also in-
cludes the trabeculae carneae as well as some undulations of the inner surface of
the left ventricle. Interestingly, Vedula et al. (2016) investigated the influence
of all these geometrical effects through numerical simulation and demonstrated
minimal influence on viscous dissipation and particle residence time, which are
of particular interest in this dissertation. However, the authors also demon-
strated that the papillary muscles aided in guiding the mitral inflow to the
apical region by allowing the velocity to increase (a contraction caused in part
by the boundary layers formed on the muscles). Recent work also demonstrated
that the trabeculae carneae appear to decrease the wall shear stress on the left
ventricle (Sacco et al., 2017).

Choice of aortomitral angle

As discussed in Sec. 3.1.3, the aortomitral angle exhibits considerable variability
in the human population. Furthermore, although not significantly pronounced,
the aortomitral angle is known to change throughout the cardiac cycle (Goetz
et al., 2003, 2006; Timek et al., 2003). Therefore, as the angle changes, the
regurgitant jet will slightly sweep in the direction perpendicular to its axis. In
fact, in chronic aortic regurgitation, the thickening of the ventricular septum,
the nature and shape of the regurgitant orifice, the aortomitral angle and the
anterior mitral valve leaflet all play an important role in dictating the direction
of the emerging regurgitant jet. In this dissertation, only one (constant) aor-
tomitral angle and only one type of regurgitant orifice was examined. A note
on the effect of the angle is however provided in a further discussion following
the first article of this dissertation in Chp. 4. The thickening of the ventricular
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septum was not modelled and a bioprosthetic valve, lacking the long anterior
mitral leaflet, was used.

Choice of ventricle orientation

In a human standing upright, the left ventricle is not quite oriented with the
mitral inflow and apex directed vertically downward, namely, parallel to the
direction of gravity. Rather, the left ventricle has a slight inclination so that
the apex points toward the chest and toward the bottom left-hand side. Specif-
ically, the heart is inclined toward the chest at an angle of about 49◦ upward
from our vertical axis (as viewed from the side), toward the bottom at an angle
of about 36◦ downward from the horizontal (as viewed from the front) and to-
ward the left-hand side at an angle of about 41◦ upward from the horizontal (as
viewed from the top); cf. (Odille et al., 2017). Being that the force of gravity
is a conservative body force (i.e., it can be expressed as the gradient of a scalar
potential function), in the Navier-Stokes equations, it can be incorporated into
the pressure term and will effectively result in a difference in hydrostatic pres-
sure between the base and apex of the left ventricle. As discussed in Sec. 3.1.2,
the observed pressure difference was only 7.4 ± 3 mmHg and given the natu-
ral inclination of the heart toward the chest, the corresponding pressure in the
physiological case would be about half. Since the pressure difference is small,
it is not expected to produce significant changes in flow acceleration (i.e., of
the mitral inflow and regurgitant jet). Furthermore, with the ventricle oriented
vertically as in this dissertation, the gravitational force gives no preferential
acceleration to the mitral inflow over the regurgitant jet. This is in contrast
with the left heart simulator of Okafor, Santhanakrishnan, et al. (2015), which
would induce a preferential acceleration (although likely insignificant) to the
regurgitant jet in the studies of Okafor (2016) and Okafor et al. (2017), as the
left ventricle is oriented horizontally rather than vertically. In reality, due to
the variability of the aortomitral angle (as discussed in the previous subsection),
this preferential acceleration may be given to either the regurgitant jet or the
mitral inflow. Nonetheless, this may deserve further study as the intraventric-
ular pressure gradient, namely, that between the base of the ventricle and its
apex, has been suggested as manner of assessing diastolic function and heart
failure; see for instance Guerra et al. (2011).

Choice of blood analogue

Blood is a non-Newtonian fluid, and while some justification was provided in
Sec. 3.1.4, the fact that it is a shear-thinning fluid suggests that calculations
of viscous dissipation and wall shear stresses may be overestimated with the
use of a Newtonian fluid. While methods do exist to mimic the non-Newtonian
behaviour of blood experimentally, such as adding xanthan gum to the water-
glycerol mixture (L. Li et al., 2014; Walker et al., 2014; Brindise et al., 2018)
or using water-xylitol or water-xylitol-urea solutions (Brindise et al., 2018), it
was not performed in this work.
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Choice of activation system

The true physiological motion of the left ventricle as it contracts and expands
is not quite captured by this in vitro model. Notably, the orientation of the
muscle fibers surrounding the left ventricle results in a twisting action of its
walls during ventricular systole followed by a rapid untwisting action as the
heart muscle relaxes for ventricular diastole. This likely imparts an additional
rotational component to the flow which is not being simulated.

Choice of silicone (compliance)

Given that eccentric left ventricular hypertrophy accompanies chronic aortic
regurgitation, the compliance of the left ventricle must also change along with
the progression of the disease. While this has been studied parametrically by
Okafor et al. (2016) and Okafor (2016) in the case of acute aortic regurgitation,
its effect on the actual flow has yet to be investigated in both acute and chronic
situations. Including this effect would require modulation of the compliance
by playing with the thickness of the silicone mould and both the pressure and
volume of the column of air in the simulator to achieve in vivo values; this
would likely require further design modifications. Additionally, as stated by
Okafor (2016), the silicone is an isotropic material while the myocardium most
certainly is not. This translates to some regions extending more than others
and a nonuniform thickening and thinning of the ventricle walls, whereas in this
work the compression is rather uniform.

Choice of mitral valve

Notably, the mitral valve used in this dissertation is a trileaflet valve. In reality,
the mitral valve is a bicuspid valve with a somewhat elliptical, D-shaped annulus
(and orifice). Additionally, the anterior mitral valve leaflet (namely, that closer
to the aortic valve) is longer than the posterior leaflet and both leaflets connect
to the left ventricle’s papillary muscles via the chordae tendineae. In practice,
there exists no mitral valve bioprosthetic that accurately replicates its anatomy
and physiology. There were therefore four main options to choose from in order
to incorporate the mitral valve into the left heart duplicator. The first option
would be to excise a mitral valve from an animal with a similar-sized heart to
an adult human (typically either pigs or sheep). While this option is taken
every so often for in vitro studies (Reul et al., 1981; Rabbah et al., 2013), it
is too time sensitive to perform any incremental experiments, the valves are
delicate and the repeatability of the experiment may be compromised by many
factors (e.g., valve size, chemical treatment, drying of the leaflets, installation
of the valve). The second option was to use a mechanical bileaflet prosthetic
valve. While in this case, the valve will be bileaflet, the flow emanating from
the valve is known to be highly unphysiological, producing a triple jet pattern
rather than the single jet expected from a healthy mitral valve (Faludi et al.,
2010; Querzoli et al., 2010; Meschini et al., 2018) and may cause a reversal of
the left ventricular vortex if improperly oriented (Faludi et al., 2010; Pedrizzetti
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et al., 2010). Similarly, the tilting disc valve tends to produce an off-axis jet
and so does not reproduce physiology (Cenedese et al., 2005; Faludi et al., 2010;
Querzoli et al., 2010). The third option was to design and fabricate a mitral
valve. While this is perhaps the best option, being that no such product is
available, it would take a considerable amount of time and effort to devote to
its design, testing and validation, certainly warranting its own comprehensive
study. Interestingly, research into developing a realistic mitral valve for in vitro
simulation and training has begun recently; see for instance Menne et al. (2017)
and LifeLike BioTissue Inc. (London, ON) for healthy valves as well as El-
Sayegh, Di Labbio, et al. (2016), El-Sayegh, Kadem, et al. (2016) and Friend
et al. (2018) in the case of mitral annular calcification. The fourth option,
which was the method of choice for this dissertation, was to use a trileaflet
bioprosthetic valve which has been shown to produce adequate results in many
in vitro studies (Kheradvar et al., 2006; Okafor, Santhanakrishnan, et al., 2015;
Herold, 2016).

Additionally, the mitral annulus is known to expand and contract throughout
the cardiac cycle (Kheradvar & Gharib, 2009; Rabbah et al., 2013), which was
not modelled here. The size of the mitral valve was also here selected to be
approximately the same size as the aortic valve, whereas in reality, the mitral
valve should be larger. This will cause the filling velocity from the mitral valve
to be slightly elevated, although still within physiological values, as shown in
Secs. 1.1 and 3.1.2. Lastly, the anterior mitral leaflet plays an important role
in modulating the size of the left ventricular outflow tract, particularly in the
presence of aortic regurgitation since the regurgitant jet may interact with the
leaflet; early mitral valve closure is often observed in conjunction with severe
aortic regurgitation for example (Bekeredjian & Grayburn, 2005). In this work,
the left ventricular outflow tract was simply maintained constant (having a
diameter of 32 mm, as shown in Fig. 3.8).

3.2 Particle image velocimetry
In this dissertation, the left ventricular flows subject to chronic aortic regurgi-
tation were acquired using time-resolve planar particle image velocimetry. In
what follows, the theory of particle image velocimetry is first briefly described
and then the details of its application in this work are provided.

3.2.1 Theory in brief
Particle image velocimetry, as the name implies, refers to the calculation of ve-
locity fields based on particle motions from one image acquisition to another.
In this dissertation, two-dimensional, time-resolved particle image velocimetry
is used and therefore will be the subject of discussion in this section. The fluid
in the system or experiment in question is seeded with microscopic particles
(typically on the order of 10 to 250 µm, but can be larger or smaller depend-
ing on the application). The particles should ideally be neutrally buoyant (i.e.,
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have a density equal to that of the fluid) and be small enough to follow the
fluid motion yet large enough to scatter a sufficient amount of incident light
from the source (usually in a direction perpendicular to the incident light). A
point-source of laser light is converted to a sheet that illuminates the particles
in a planar test section of the experiment. A high-speed camera is placed, in
most cases, perpendicular to the light sheet. In time-resolved PIV, the cam-
era records two separate image frames at regular intervals (the frequency of
recording) over the period of interest. The two frames are separated by a small,
precise time duration (typically on the order of µs except perhaps in the case
of slow-moving or creeping flows). By cross-correlating sub-domains of particle
images (called interrogation windows) in the first frame with those in the second
frame, the ‘most probable’ displacements of the particles in each sub-domain
could be obtained and hence also the velocity (since both the displacement and
time interval are known). This procedure provides a complete two-dimensional
Eulerian description of the flow field down to the resolution of the size of the
selected sub-domain (which is also dependent on the seed density), and today,
particle displacement can be resolved down to subpixel precision resulting in
highly accurate velocity field measurements. The steps to a particle image ve-
locimetry recording are displayed in Fig. 3.11 and the corresponding caption.

3.2.2 Application
Seeding particles

Evidently, particle image velocimetry is an indirect method of measuring fluid
velocity. It is of course the velocity of the seed particles that are accurately
acquired and if the seed particles follow the flow with high fidelity, then the
velocity of the seed particles is equal to the local velocity of the fluid to within
some small experimental error.

The proper selection of seed particles aims to achieve good light scattering
intensity, neutral buoyancy and fast particle response time. The parameters
that come into play are the seed density, shape and size as well as the fluid
density, viscosity and accelerations. In the case of liquids, where the viscosities
are much larger than those of gases, the primary selection criterion is the size and
refractive index of the particles so that a good light scattering intensity could be
achieved. The density is much less important unless particle settling/surfacing
becomes an issue (Adrian & Westerweel, 2011). The seed particles used for
this dissertation are solid polyamide 12 (or nylon 12) particles (PSP-50, Dantec
Dynamics; Skovlunde, Denmark) having mean diameter dp = 50 µm with a
maximum deviation of ±20 µm (i.e., the particles are round but non-spherical),
density ρp = 1 030 kg/m3 and refractive index np = 1.5. Given that the incident
light from the laser source has wavelength λPIV = 527 nm, these particles are
subject to Mie scattering (i.e., dp � λPIV). Imaging at 90◦ therefore provides
ample particle illumination intensity, albeit less than when imaging in forward
scatter (i.e., at 90◦ < θ < 180◦) however this is easily compensated for by
increasing the laser power. In this dissertation, 90% of the maximum laser
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Figure 3.11: Schematic of particle image velocimetry steps. The flow is seeded
with microscopic particles and illuminated by two pulses of laser light separated
by a precise duration in time (δt). Each of these illuminations are recorded by a
high-speed camera in two separate image frames. The image frames are subdi-
vided into interrogation windows, and the ‘most probable’ displacement of the
particles within each window is determined by cross-correlating corresponding
windows from one frame to another. Performing this over the entire measure-
ment domain permits the calculation of the velocity field with the displacement
and time duration known.

power was found to be adequate with changes of ±10% showing no significant
difference in the quality of the resulting vector fields (described in the following
subsections). The corresponding distribution of the scattered light intensity
for the selected particles is shown in Fig. 3.12, which was computed using the
parameters of the experiment in MiePlot (MiePlot v4.6.14, Philip Laven; Surrey,
United Kingdom).

The ratio of the particle density to fluid density (ρ∗p = ρp/ρ) is 0.94. As
demonstrated by Mei (1996) and discussed further by Adrian and Westerweel
(2011), the frequency response for such a ratio (i.e., the response of the particle
velocity to sinusoidal variations in the flow field) is very close to unity. The



76 CHAPTER 3. METHODOLOGY

Figure 3.12: Normalized light scattering intensity produced by the selected
seeding particles in the working fluid. The calculation considers the particles to
be spheres and incorporates the standard deviation of its diameter (considered
normally distributed). The wavelength of the laser light as well as the refractive
indices of both the working fluid and the seeding particles are also included in
the calculation.

response time (or settling time) of the particles, defined by τ0 = d2
pρp/18µ, is

34 µs.6 This corresponds to a settling velocity of approximately 20 µm/s relative
to the fluid. Taking the characteristic time of the flow to be that of the acceler-
ation during the E wave of filling (t0 ≈ 0.1 s), which corresponds to the largest
accelerations occurring throughout the cardiac cycle within the field of view of
the camera, the Stokes number for the particles is Stk = τ0/t0 = 3.4 · 10−4 � 1.
While the evaluation of the uncertainty in the velocity field associated with par-
ticle selection is not an evident task, Adrian and Westerweel (2011) estimates
that when properly selected (which was done in this dissertation following the
guidelines in Adrian and Westerweel (2011)), the associated error does not sur-
pass 1%. Since particles heavier than the fluid will tend to under-respond while
those lighter than the fluid will tend to over-respond, in the case of this ex-
periment, this uncertainty presents a bias toward higher velocity magnitudes.
Nonetheless, a similar choice of seed particles, or those having even larger devi-
ations of particle-fluid density ratios from unity, has been used in the literature
for many flows exhibiting significantly more turbulence and higher velocity gra-

6Of course, it should always be understood that this formulation assumes a constant fluid
acceleration in a Stokes flow; i.e., it corresponds to the balance of viscous drag and buoyancy
(for a given acceleration) on the particle. This is nonetheless a good assumption for most
particle image velocimetry applications since the very small diameters of the seeding particles
result in very low Reynolds numbers (relative to the particles). The response time effectively
corresponds to the time constant in the step response of the particle velocity in the case of
a particle density much greater than that of the fluid, in other words, it is the time for the
particle to reach velocity equilibrium with the fluid. Regardless of density ratio and fluid
acceleration, the response time computed this way gives a good indication on the adequacy of
the seeding particles to follow the flow (Raffel et al., 2007; Adrian & Westerweel, 2011). For
more detail, see Chp. 2 of Adrian and Westerweel (2011).
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dients than observed in this study with small (< 5%) uncertainty on the velocity
fields (cf. Melling (1997) and the references therein) as well as in cardiovascular
flow applications exhibiting similar flow conditions to those considered in this
dissertation (Pierrakos & Vlachos, 2006; Querzoli et al., 2010; Jeyhani et al.,
2018; Saaid et al., 2018), some of which show good agreement with numerical
simulations (Domenichini et al., 2007; Smadi et al., 2010; Keshavarz-Motamed
et al., 2014; Meschini et al., 2018). Notably, nylons are known to absorb mois-
ture which may affect the overall size of the particles (Oberg et al., 2016). Nylon
12, however, has the lowest moisture absorption properties among the nylons at
up to only 2% by weight (McKeen, 2010), making it suitable for particle image
velocimetry applications (van Overbrüggen et al., 2014).

The effects of Brownian motion on the velocity of the particles is negligible
in this work. As discussed in Raffel et al. (2007), Brownian motion is important
to consider when both the particle sizes fall in the range of 50−500 nm and the
flow velocities are on the order of 1 mm/s. Furthermore, given that the mean
free path of the molecules is on the order of 0.1 − 10 nm (Kauzmann, 2012;
Nikjoo et al., 2008) whereas the length scale of the experiment is on the order
of 0.1 − 10 cm; i.e., the Knudsen number (the ratio between the two length
scales) of the flow is on the order of 10−9 − 10−5 (Kn� 10−3). Relative to the
seed particles, the Knudsen number is on the order of 10−6 − 10−4. This effect
truly only becomes important in micro particle image velocimetry applications
(Raffel et al., 2007; Adrian & Westerweel, 2011).

An additional factor to consider in the experiments is the amount of particles
used to seed the flow. Keane and Adrian (1990, 1991, 1992) and Adrian and
Westerweel (2011) specify this as a design rule requiring that the image density
be greater than 10.7 This design rule was suggested based on the result that at
least 3 or 4 particles are required per interrogation volume for a valid correlation
peak (certainty of 70 to 80%), and that above 10 the probability that the peak
is valid is very high (∼ 98%); cf. Adrian and Westerweel (2011). Generally, the
image density is therefore selected to be on the order of 10 to 25 particles per
interrogation window (Guezennec & Kiritsis, 1990; Huang et al., 1997; Nobach
& Bodenschatz, 2009; Westerdale et al., 2011; Chen & Liu, 2018; Raghav et al.,
2018). The seed density had to be evaluated and adjusted regularly throughout
the experiments (from one day to another) to ensure this criterion was met (i.e.,
due to particle losses associated with draining and flushing the simulator). For
all experiments, no less than 12 particles were observed within the 16 × 16 px
interrogation windows (judged from a sample of 3 or more images throughout
the cardiac cycle for each acquisition), with the average being 16 particles; note,
however, that since a multi-pass approach was used starting from 64 × 64 px
(which will be discussed later on in this section), this condition can even be
relaxed considerably. A sample image is provided in Fig. 3.13.

7The image density (NI) is defined as NI = CAI∆z0/M2
0 , where C is the number of

particles per unit volume, AI is the area of the interrogation window, ∆z0 is the thickness of
the laser sheet and M0 is the paraxial lateral magnification. It represents the average number
of particles per interrogation window.
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Figure 3.13: Sample image from the particle image velocimetry acquisitions.
Bear in mind that sharpening the image would reveal even more particles. AV:
aortic valve; MV: mitral valve.

Field of view

The high-speed camera used for the particle image velocimetry recordings was
the Phantom v9.1 camera (Vision Research Inc.; Wayne, NJ) with a Nikon AF
Micro-Nikkor 60 mm f/2.8D lens (Nikon; Tokyo, Japan); i.e., the focal length is
60 mm and the f number is 2.8. The camera uses complementary metal-oxide
semiconductor (CMOS) image sensors (36 × 24 mm sensor) and can record at
up to 1016 Hz at its maximum resolution of 1 632 × 1 200 pixels with a 14-bit
image depth. The distance of the high-speed camera from the test section was
adjusted to meet two main criteria. For the first criterion, as a widely accepted
rule of thumb, the sizes of the images produced by the seed particles within the
measurement plane should measure 2 to 3 pixels in diameter. Particle image
sizes that are too small may also experience a bias error known as peak-locking
(Westerweel, 1997), where the particle image displacements are biased toward
integer pixel values. This is further demonstrated in Fig. 5.32a of Raffel et al.
(2007), where the lowest root-mean-square particle displacement uncertainty for
interrogation window sizes of 16 × 16, 32 × 32 and 64 × 64 px all occur within
this range and respectively amount to approximately 0.06, 0.02 and 0.008 px
(for single-exposed, double-frame PIV).8 Today, the particle displacement un-

8The authors use the three-point Gaussian fit for estimating sub-pixel displacement, which
is of course the most common choice over other methods (e.g., peak centroid or parabolic fits),
and perform Monte Carlo simulations using numerically generated (random) particle images
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certainties can be reduced to 0.001 px with a suitable modern choice of sub-pixel
displacement estimator (Wieneke, 2014, 2015), however the size of the particle
images should still lie within the range of 2 to 3 pixels (Fore, 2010; Michaelis
et al., 2016). Notably, while slight adjustment of the particle image size can be
done by small changes in the focus of the camera lens, this was not performed
for this dissertation as both the particle images and the left ventricle boundary
were ensured to be in sharp focus.

As a second criterion, as much of the left ventricular flow domain as possible
was to be captured in the camera’s field of view, while keeping the particle image
diameters between 2 and 3 pixels. With the height of the field of view being the
limiting dimension, the left ventricle was captured in length from its apex up to
the tips of the mitral valve leaflets (76 mm in height). With this adjustment on
the length of the left ventricle, the full corresponding width was captured at the
top of the flow domain (65 mm); therefore, given the image sensor dimensions,
the magnification is M0 = 0.32. The full camera resolution was used to acquire
the images and a mask following the expansion and contraction of the inner wall
of the left ventricle was computed in MATLAB using their image processing
toolbox. Consequently, the velocity field was computed in two ways. In the
first method, the velocity fields were computed in DaVis 8.2 (LaVision GmbH;
Göttingen, Germany) on the full acquired rectangular domain and the mask was
applied later in MATLAB to remove vectors lying outside the left ventricle. In
the second method, the mask was imported in DaVis 8.2 and the velocity fields
were computed only within the mask. No difference was observed between the
two methods for velocity vectors lying within the mask and a difference of at
most 0.2% was observed for velocity vectors lying on the boundary of the mask.
Nonetheless, the second method was ultimately used as it allows for reduced
computation time as well as proper assessment of some criteria regarding the
quality of the computed vector fields (discussed in the following subsections).
It should be noted that the camera lens will naturally cause some distortion at
the edges of the acquired images introducing a particle position error typically
around 0.3% (Soloff et al., 1997; Adrian & Westerweel, 2011; Harris, 2012).
In the case of this dissertation, the top of the left ventricle is bounded by the
upper edge in the acquired image and therefore, although small, this uncertainty
should still be considered.

The camera was positioned on the right side of the activation chamber (from
the views seen in Fig. 3.1) and adjusted to be perpendicular to both the acrylic
plate and laser sheet (which bisects the chamber through the front plate), there-
fore the particle image velocimetry does not suffer from any significantly percep-
tible distortion arising from the larger refractive index of the acrylic (n = 1.49).
The view is the same as those shown in Figs. 3.2 and 3.3, namely, with the mitral
valve on the right and the aortic valve on the left. It should be noted that al-
though the working fluid and silicone model were refractive-index-matched, this
is not really necessary nowadays since the effects of refraction can actually be
corrected in post-processing; see for instance Novakova (2016). Local variations

to evaluate the uncertainty.
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of the refractive index itself within the fluid is expected to be minimal since the
temperature fluctuations were also minimal (Vanselow & Fischer, 2018). With
the height and distance of the camera from the test section being adjusted
as discussed above, perpendicularity between the camera and test section was
achieved by first ensuring that both the camera and the left heart simulator
were level. The camera was levelled using a spirit level indicator incorporated
directly into the tripod itself (475B Pro Geared Tripod with Geared Column,
Manfrotto; Cassola, Italy) while the simulator was levelled using a standard
spirit level. Next, a rectangular stainless steel bar, with the edges milled to
ensure parallelism and perpendicularity between the edges, was positioned and
fixed flat against the side of the camera and levelled using a standard spirit
level. The height of the camera was lowered to ensure that the bottom face of
the bar rested flat on the table surface of the simulator. Small displacements
of the camera were then made to have the face at the far end of the bar rest
flat against the acrylic hydraulic chamber. With the camera now positioned
perpendicular to the test section, the level of the simulator, camera and bar
were re-examined (no further adjustment was required) and the height of the
camera was brought back to its previous position. It should be noted that the
position of the simulator, the camera and the laser sheet remained unchanged
throughout all experiments reported in this dissertation.

Laser and recording parameters

The laser used for the particle image velocimetry measurements was a double-
pulsed Nd:YLF laser (LDY301, Litron Lasers; Rugby, England) emitting 100 ns
pulses of coherent light of wavelength 527 nm at a repetition rate of 0.2-20 kHz.
The beam was guided from the source to the hydraulic chamber via an articu-
lated guiding arm (LaVision GmbH; Göttingen, Germany) where it was passed
through a cylindrical lens to form a roughly 1-mm-thick light sheet (tolerance
of ±0.2 mm judged with a Vernier caliper). With the help of markers on the
simulator itself, the laser sheet was ensured to bisect the left ventricle precisely
at its midplane to within the manufacturing tolerance of the hydraulic chamber
(±0.1 mm). With the laser being perpendicular to the acrylic hydraulic cham-
ber, no noticeable refraction was seen to take place as viewed from below the
chamber. The intensity of the laser sheet was very uniform, and so translating
the guiding arm toward or away from the hydraulic chamber made no difference
in the intensity of the particle images recorded by the camera.

The time between consecutive laser pulses was selected as 700 µs. This time
duration must reflect three main criteria, namely, it must be small enough to
ensure minimal in-plane and out-of-plane loss of particle pairs from one frame
to another and be significantly larger than the estimated response time of the
seeding particles (700 µs � 34 µs). As a design rule, minimal in-plane loss
of particle pairs is achieved by ensuring that particle motion within the de-
sired interrogation window size travels no more than 1/4 of the distance of
the interrogation window (Keane & Adrian, 1990, 1991, 1992; Adrian & West-
erweel, 2011). In this dissertation, a multi-pass approach was used with an
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initial interrogation window size of 64× 64 px, suggesting that particles should
not travel more than 16 pixels. In this work, the mean particle displacement
was about 4 pixels and a final interrogation window size of 16 × 16 px was
used (note that in the multi-pass approach, it is the initial interrogation win-
dow size that governs the 1/4 rule). While this design rule was respected in
this dissertation, modern algorithms are less sensitive to in-plane loss of pairs
by using interrogation window overlapping and performing multiple passes of
the cross-correlation on consecutively smaller interrogation windows (Fincham
& Delerce, 2000; Scarano & Riethmuller, 2000). Of course, the time between
pulses must also be big enough to resolve the displacement of the particles, al-
though this can typically be achieved down to an accuracy of 0.001-0.1 pixels
(Westerweel, 2000; Wieneke, 2014, 2015; Sciacchitano et al., 2015) and so does
not pose a significant experimental restriction for this dissertation. Being that
two-dimensional, time-resolved particle image velocimetry is performed here,
the acquired velocity fields capture two of the three velocity components of the
particles to high accuracy. This of course requires that the time duration be-
tween the two laser pulses be small enough so that particles remain within the
laser sheet from one frame to the next, thereby appearing in both frames and
allowing an accurate evaluation of the in-plane velocity components. Keane
and Adrian (1990, 1991, 1992) and (Adrian & Westerweel, 2011) also specify
a one-quarter rule for the out-of-plane velocity, namely, that particles should
not move more than one-quarter of the thickness of the laser sheet within the
duration between laser pulses. However, for experimentalists using planar par-
ticle image velocimetry, as in this dissertation, it is not possible to use this rule
without a priori knowledge of the out-of-plane velocity component. Evaluating
whether the selected time duration is appropriate in this sense can be done in
several ways. Firstly, given the accuracy of current methods to resolve particle
displacements, much smaller time durations can be tested to observe differences
in the computed velocity fields. Secondly, sample measurements can be taken in
several cross-planes to estimate the out-of-plane component and then judge the
appropriateness of the time between pulses (this was not performed in view of
the results from the first option). Lastly, stereoscopic particle image velocime-
try (i.e., acquiring all three components of velocity in a single plane) can be
performed, which eliminates the problem altogether. Unfortunately, while this
latter option is best, it could not have been performed within a reasonable time
frame for this dissertation as a result of equipment failure. Nonetheless, con-
sidering the first option, reducing the time between laser pulses down to 250 µs
or increasing it up to 900 µs resulted in deviations in the velocity field that
were indistinguishable from cycle-to-cycle variations for the healthy and most
severe cases (i.e., less than 5%, as explained in the following subsection). The
choice of 250 µs corresponds to requiring a velocity of over 3 m/s for a par-
ticle to traverse the brightest part of the laser sheet (1 ± 0.2 mm). This was
deemed an appropriate test since the maximum observed velocity must occur
within the mitral inflow or regurgitant jet and additionally be almost uniaxial
and occur within the plane of measurement (the symmetry plane); this velocity
was found to be 1.70 m/s in the healthy case and 1.66 m/s in the severe case,
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and so 3 m/s simply should not be observed in the flows considered. Therefore,
for the selected time duration between laser pulses, out-of-plane losses could
not have contributed significantly to errors in the computed two-dimensional
velocity fields. Yet another demonstration of this is provided in the following
subsection.

The calibration in the system was done using a standard ruler fixed onto a
3D-printed fixture which aligned the face of the ruler with the centre of the laser
sheet. Being that this involves human error (i.e., the selection of two points on
the ruler with DaVis 8.2 to translate pixel values to millimetres), it was repeated
20 times to evaluate the associated uncertainty. Using a relatively long baseline
for the calibration within the left ventricle (70 mm), the conversion factor was
found to be 15.385 px/mm. The variability turned out to be rather small, adding
an uncertainty of ±0.3% to the conversion of the particle displacements from
pixel values and hence on the computed velocity vectors.

With the heart beating at 70 bpm (T = 0.857 s), 343 images were acquired
at 400 Hz for each simulated case. Before any acquisition, the simulator was left
to operate for at least 50 cardiac cycles to ensure any variations associated with
starting up the system would attenuate. Each recording was then set to begin
with the start of the ejection phase coinciding with the beginning of the forward
motion of the piston; a digital trigger was sent to the high-speed controller of
the particle image velocimetry system via LabVIEW. Since the accuracy of the
trigger on the multifunction input/output device is ∼ 10 ns, each acquisition
is guaranteed to start at the same instant of the cardiac cycle with negligible
error.

Repeatability and sensitivity analysis

As a means of verifying the repeatability of the experiments, 10 time-resolved
particle image velocimetry recordings were performed for each simulated sever-
ity of aortic regurgitation. The recordings were done sequentially from a healthy
left ventricular flow to the most severe case of aortic regurgitation and then re-
peated in that order until the 10 recordings were acquired for each case. Point-
wise deviations in the velocity fields were observed up to ±5% when compared
to the mean of the 10 acquisitions (this in fact occurred only for the largest
pointwise velocities, mostly the variations were between 2 and 4%). Exclusively
for the healthy scenario, an additional 10 acquisitions were performed, each
using a different left ventricle mould, and the deviations were observed to fall
within the same range. The variations in the velocity fields observed between
the acquisitions are therefore likely the result of a combination of factors such as
noise, mild turbulence, velocity vector uncertainties, small discrepancies in the
experimental setup and vibrations of the simulator. The discrepancies in the
experiment include small variations in the regurgitant orifice, peripheral resis-
tance and ventricle dilation, all of which were strictly controlled and discussed
in detail in Sec. 3.1. Particularly, the vibrations occurred primarily within the
plane of measurement (can be seen with the naked eye), since this is parallel to
the direction of the piston stroke, and were not noticeable in the out-of-plane di-
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rection (could not be seen with the naked eye). However, adding heavy weights
to the simulator near the linear motor significantly reduced the vibrations.

The sensitivity of the results to slight displacements in the camera position
and laser were then examined after the conclusion of the experiments. For these
tests, only the healthy and most severe left ventricular flows were considered.
Following Keshavarz-Motamed et al. (2014), displacing the camera horizontally
or vertically by ±5 cm from the recording position used in this dissertation,
with the laser sheet maintained at the midplane of the ventricle, resulted in
velocity differences indistinguishable from the natural variations observed in the
10 respective time-resolved acquisitions (i.e., less than 5% of the mean fields).
This result should be expected since the same recording plane was used and
the particles remained in focus without any adjustment being necessary. It
should however be noted that, since the distance of the camera was optimized
so that the left ventricle appeared as large as possible in the acquired images,
the apex of left ventricle was partly cut off in the image with an upward vertical
shift of the camera. A translation of the laser sheet toward or away from the
camera by ±2 mm (measured relative to the centre of the laser sheet thickness),
with the camera focus being adjusted, resulted in variations of up to 6% of the
previously acquired mean fields. This further suggests that the flow has a rather
weak out-of-plane component relative to the plane considered throughout this
dissertation. A similar degree of variation was observed with a ±4◦ angular
deviation of the laser sheet relative to the centre of the ventricle (achieved by
viewing the path of the laser sheet within the hydraulic activation chamber
from below) with the focus of the camera adjusted as best as possible, which
falls approximately within the same 4 mm band used when examining the effects
of translation of the laser sheet.

Velocity vector calculation

The velocity vectors were computed using a multi-pass approach with minimal
smoothing and no image pre-processing. When the interrogation windows are
too small, particle image pairs may be lost due to large particle displacements
from one frame to the next. Conversely, when the interrogation windows are too
large, more spatial averaging is occurring in the calculation of the velocity field
and there is a consequent loss of spatial resolution. The multi-pass approach
offers the benefit of capturing large particle displacements while using small
interrogation windows. For all the velocity fields reported in this dissertation,
the multi-pass approach was used beginning from interrogation windows of 64×
64 px and ending with interrogation windows of 16× 16 px, which was found to
give the best resolution velocity fields with the least amount of spurious vectors
(i.e., prior to proceeding with the velocity vector validation criteria which will
be discussed shortly). Since DaVis halves the interrogation window size with
each pass until reaching the final desired size, two passes were used in the first
set, corresponding to an initial pass of 64×64 px and a second pass of 32×32 px.
For these two passes, no weighting was used. Following these two passes, three
consecutive passes of 16 × 16 px were performed using a round Gaussian (or
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bell) weighting function. For all passes, a 50% overlap between interrogation
windows was used (therefore the final resolution is improved to 8 × 8 px) and
the standard fast Fourier transform was used for the correlation function. On
the final pass, a Whittaker image reconstruction (Whittaker, 1915) was used
which is known to considerably improve the quality of the cross-correlation
(i.e., produces a more defined peak) and to further reduce any peak-locking
effect (Fincham & Delerce, 2000; Scarano & Riethmuller, 2000). The Whittaker
reconstruction also does not inherently perform a smoothing of the image like
a bicubic or Lanczos reconstruction would, although no significant difference
was observed when comparing the results to a bicubic reconstruction. The final
spatial resolution was 0.52 mm × 0.52 mm.

With the velocity fields computed, spurious vectors in the flow were then
detected and removed. Notably the correlation peak ratio (i.e., the peak ratio
is the ratio of the highest correlation peak to the second highest, both taken
relative to the lowest value) has been shown to be a good indicator of whether
or not a vector is spurious; it is an indicator of the signal-to-noise ratio for
the correlation. By definition, a peak ratio near unity suggests an ambiguity
in the correlation, namely, two or more possible displacements are probable.
The higher the peak ratio, the better the correlation. Charonko and Vlachos
(2013) and Xue et al. (2014) demonstrate that, for a standard Fourier-based
cross-correlation, peak ratios of 1.5 or above typically give mean displacement
uncertainties on the order of 0.1 px or below for a variety of flows, image qualities
and interrogation window sizes. At peak ratios above 2, the mean displacement
uncertainty falls below 0.01 px. Better mean displacement uncertainties can be
obtained if other forms of correlation are used, such as the robust phase corre-
lation (Eckstein et al., 2008; Eckstein & Vlachos, 2009), however this was not
used in this study. Here, displacement vectors having a correlation peak ratio
less than 1.5 were deemed spurious and deleted. As an additional means of
detecting spurious vectors, a median filter was used (Westerweel, 1993, 1994).
The use of the classical median filter is common for the detection of spurious
vectors as it is independent of the reference frame and of the magnitude of the
flow velocities; i.e., it eliminates a vector based on whether its deviation from
the median of its 8 neighbours is larger than some standard deviation. Typi-
cally, a vector is removed if its deviation falls outside 1-3 standard deviations
of its neighbours. For this dissertation, 2 standard deviations was used as the
criterion. The median filter was applied 2 times to the velocity fields; some dif-
ference was observed compared to applying it a single time, but no additional
spurious vectors were detected with a third application of the filter. Specifi-
cally, the 4-pass regional median filter was used; cf. Nogueira et al. (1997). As
discussed in LaVision GmbH (2014), the first pass simply applies the classical
median filter. The second pass removes vectors containing only 2 neighbouring
vectors (i.e., considering vectors at corners, edges and interior to the flow do-
main, all vectors should have 3-8 neighbours by default), since it is insufficient
to make a judgment based on so few vectors. In the third pass, good vectors are
reinserted, provided a given vector’s deviation from the mean of its neighbours
is less than some standard deviation of its neighbours (in this dissertation, 3
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standard deviations was used). While sometimes the same vector that has been
removed is reinserted (since fewer neighbours can change the median and stan-
dard deviation values), this step is meant to replace bad vectors with a high
correlation peak with possibly good vectors having lower correlation peaks (up
to 3 additional choices are stored in DaVis 8.2). This third pass is repeated until
no additional vectors can be inserted. In the fourth and final pass, groups of
only 3-4 vectors (in what should hold 9 vectors) are removed; this appears not
to have had any influence for the acquisition in this work since spurious vectors
visibly did not occur in groups of more than 2 vectors. In total, less than 2%
of the vectors of any instantaneous vector field in all simulated cases, which
corresponds to between 207 and 271 vectors out of ∼ 14 000, were spurious;
this is highly acceptable since in most applications up to 5% (or in some cases
even 10%) of the vectors may be spurious (Adrian & Westerweel, 2011). Alter-
natively, using the universal outlier detection method of Westerweel (2005), a
better-performing median test, the same spurious vectors were detected with at
most ±3 vectors of difference (constituting ∼ 1% of spurious vectors). Deleted
vectors that could not be filled using other correlation peaks were replaced by
bilinear interpolation as performed by DaVis 8.2. Alternatively, using bicubic
interpolation in MATLAB resulted in negligible differences (less than 0.1% for
any velocity vector). Being that the amount of interpolated vectors is low, er-
rors resulting from interpolation are not a significant source of error and the
smoothing of the flow is minimal; cf. Westerweel (1994), Poelma et al. (2006a,
2006b), de Jong et al. (2009) and D. Garcia (2011). Unfortunately, when using
a multi-pass approach to compute the velocity vectors, DaVis 8.2 makes some
form of additional smoothing or filtering mandatory (i.e., it cannot be disabled).
Therefore, rather than actually smoothing the data, a denoising filter was ap-
plied which only removes high frequency noise from the vector field (LaVision
GmbH, 2014).

Assessing the uncertainty in the velocity field calculations can be evaluated
using several approaches. The mostly widely used and accepted methods are
outlined and summarized in Sciacchitano et al. (2015) and constitutes the un-
certainty surface method (Timmins et al., 2012), the particle disparity approach
(Sciacchitano et al., 2013), the peak ratio criterion (Charonko & Vlachos, 2013;
Xue et al., 2014) and the correlation statistics method (Wieneke, 2014, 2015).
In this work, the latter approach was used which is included in the DaVis 8.2
software package. Effectively, for a given double-frame image, the method uses
the computed displacement field to translate the second frame backward in
time onto the first frame, like the particle disparity method of Sciacchitano et
al. (2013), using a high-order sub-pixel interpolation scheme (Astarita & Car-
done, 2005). While the particle disparity method analyzes the displacement
uncertainty down to individual particle displacements, the correlation statis-
tics method goes as far as taking into account individual pixels, thereby in-
cluding their fluctuating contribution to the correlation peak (Wieneke, 2014,
2015). With this approach, the displacement uncertainty fell between 0.06 px
and 0.22 px and was found in the vicinity of the maximum pointwise velocities
(< 1.70 m/s for all cases), which translates to an uncertainty on the velocity
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of up to ±1.4%. This is consistent with the results of Wieneke (2014, 2015),
who tested the effects of noise level, particle size, seed density and out-of-plane
motion. Particularly, a displacement error of up to 0.22 px is consistent with
an out-of-plane motion of up to 16% of the laser sheet thickness for particle
image sizes of 2.5 px in a 16 × 16 px window (Wieneke, 2014, 2015), which
would correspond to out-of-plane velocities of 0.23 m/s in this experiment. In
fact, since a multi-pass approach was used starting with 64 × 64 px windows,
the displacement error is consistent with out-of-plane motions of even up to
one-third of the laser sheet thickness (Wieneke, 2014, 2015), which would cor-
respond to out-of-plane velocities of 0.47 m/s in this experiment. Altogether,
considering the uncertainties arising from seeding particle selection (up to ±1%
on the velocity), image distortion at the upper edge of the left ventricle (up
to ±0.3% on the actual particle position), calibration (∼ 0.3% on the actual
particle position), interpolation (±0.1% on the velocity) and cross-correlation
(±1.4%), the total velocity uncertainty is estimated to be ±3.1%. This must
account for the majority of the 5% of cycle-to-cycle variations relative to the
mean velocity fields observed for each simulated case. As the velocity uncer-
tainty does not consider inherent experimental uncertainties, specifically the
aforementioned in-plane vibration of the simulator, the velocity uncertainty is
conservatively quoted as the cycle-to-cycle variability, namely, ±5%.

3.2.3 Calculation of velocity gradients
Perhaps one of the most important factors to be aware of in particle image
velocimetry are the errors associated with the estimation of velocity gradients.
Even in well-conducted particle image velocimetry acquisitions with low error
on the velocity fields, the accumulation of noise in velocity derivative estima-
tion is sufficient to produce significant errors in related quantities (Lourenco &
Krothapalli, 1995; Luff et al., 1999; Karri et al., 2009). While the first thought
may be to use higher-order derivative estimation schemes, due to their inher-
ently low bias error, in the presence of noise, which is an inevitable factor of
any experiment, higher-order schemes will amplify the random error since more
terms are involved in the calculation (i.e., there is an accumulation of errors).
Conversely, lower-order derivative estimation schemes involve fewer terms and
hence do not accumulate random error to the same extent at the cost of an
elevated truncation error (more bias). There is therefore a compromise when
estimating derivatives between bias and random error. The Padé or compact
schemes partly alleviate this challenge by offering higher-order estimations using
fewer points at the expense of elevated computation times in favour of implicit
rather than explicit schemes (Lele, 1992). Richardson extrapolation uses an-
other approach to diminish the truncation error, improving convergence, by
evaluating the derivatives on sequentially smaller grid spacings (Richardson,
1911; Richardson & Gaunt, 1927).

In Etebari and Vlachos (2005, 2006), the authors developed a velocity gra-
dient estimation scheme that combines the benefits of a fourth-order compact
scheme (Lele, 1992) and Richardson extrapolation. The Richardson extrapola-
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tion component was also taken as fourth-order, and its coefficients were selected
as those which optimally reduce noise amplification in the conventional scheme.
The noise-optimized, fourth-order, hybrid compact-Richardson scheme therefore
achieves low bias error (fourth-order truncation error), low noise amplification
and reduced sensitivity to spatial sampling, allowing it to apply to a broader
range of flow scales. Overall, the scheme outperforms a second-order finite dif-
ference scheme while effectively matching the sixth-order compact scheme in
error for the calculation of vorticity (refer to Figs. 3 and 4 in their work). The
hybrid compact-Richardson scheme outperformed all the tested schemes9 in re-
solving the velocity gradient when considering a flow generated with multiple
scales (refer to Figs. 8 and 9 in their work). In comparison to promising new
schemes making use of radial basis functions (Karri et al., 2008, 2009), the
hybrid compact-Richardson scheme still performs remarkably well, demonstrat-
ing a performance midway between the aforementioned schemes and the new
schemes (Karri et al., 2009). The hybrid compact-Richardson scheme has found
use and success in many subsequent works (Hassan et al., 2007; Apsilidis et al.,
2015; Brindise & Vlachos, 2018) including in a few cardiovascular flow applica-
tions exhibiting similar velocity magnitudes, velocity gradients and flow scales
dealt with throughout this dissertation (Pierrakos & Vlachos, 2006; Stewart et
al., 2012; Stewart & Vlachos, 2012; J. Garcia et al., 2013; Keshavarz-Motamed
et al., 2014).

In essence, for the derivative of a velocity component u in a direction x at a
gridpoint k in the flow, the noise-optimized fourth-order Richardson extrapola-
tion evaluates the derivative from
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where the weights are given by w = 1239, w1 = 272, w2 = 1036, w4 = 0 and
w8 = −69 and the derivative ∂u/∂x|k,j implicitly by
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where α = 1/4, a = 3/2 and the equation is evaluated on a grid with spacing
j∆x; j ∈ {1, 2, 4, 8}. Equation (3.2) of course applies to interior nodes only.
For nodes at the boundaries of the left ventricle, the corresponding forward
fourth-order compact scheme described by Lele (1992) was used, namely,
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9In Etebari and Vlachos (2005, 2006), the compared schemes included a second-order
(central) finite difference scheme, the conventional noise-optimized fourth-order Richard-
son extrapolation, the sixth-order Richardson extrapolation, the sixth-order compact scheme
(cf. Lele (1992)) and the fourth-order (central) finite difference scheme for vorticity estimation
developed by Chapra (1998).
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where αb = 3, ab = −17/6, bb = 3/2, cb = 3/2 and db = −1/6. Similarly, the
backward scheme is given by

αb
∂u

∂x

∣∣∣∣
k−1,j

+ ∂u

∂x

∣∣∣∣
k,j

= − 1
j∆x (abuk,j + bbuk−1,j + cbuk−2,j + dbuk−3,j) .

(3.4)
In the event that insufficient points were available in the grid to use the fourth-
order scheme, the highest possible order compact scheme defined in Lele (1992)
was used for the number of points available. Judging by the manner in which the
gradients were computed, and based on the velocity uncertainty described in the
previous subsection, the uncertainties in the velocity gradients may be as high as
±10% for interior nodes and up to±20% for boundary nodes. The uncertainty in
the gradients at the boundaries of the flow domain is what particularly makes
particle image velocimetry unsuitable for the calculation of wall shear stress
(Raben et al., 2016), and therefore no such analysis was performed in this
dissertation.

3.2.4 Limitations
Two-dimensional study

Perhaps the most important limitation of this work is that it is two-dimensional.
Evidently, the intraventricular flow, whether in health or in the case of chronic
aortic regurgitation, is truly three-dimensional. The two-dimensional plane used
throughout this dissertation was specifically selected based on its clinical value
(i.e., it is the plane used to evaluate aortic regurgitation in practice) and so
the validity of the results presented within this dissertation are strictly valid
when considering this plane alone. As discussed in Sec. 1.5.4, the entire diag-
nosis and evaluation of aortic regurgitation is based on this single plane to such
an extent that even the current clinical guidelines are based on it (Nishimura
et al., 2014, 2017). With this in mind, acquiring the full three-dimensional
flow poses additional challenges, specifically because there is currently a lack of
three-dimensional in vivo flow data with which to compare in vitro or in silico
findings. Furthermore, as discussed at the beginning of this chapter, numer-
ical simulations capable of simulating left heart diseases to the physiological
detail replicated in this dissertation are only now becoming viable. This two-
dimensional work, being the first of its kind (i.e., not even in vivo works on aortic
regurgitation have achieved the same spatiotemporal resolution), will therefore
also serve to partly validate future three-dimensional numerical simulations on
chronic aortic regurgitation. Nonetheless, the effects of the three-dimensionality
of the flow on the results presented in this dissertation are made apparent and
discussed within each article in Chps. 4, 5 and 6.

Absence of left ventricular outflow tract

Due to the design of the simulator, the left ventricular outflow tract could not
be captured by the camera (i.e., it protrudes out of the hydraulic chamber).



3.2. PARTICLE IMAGE VELOCIMETRY 89

While this likely does not affect the results during diastole in general, it may
affect the results during systole specifically with regard to the energy dissipation
characteristics. This is discussed further following the first article in Chp. 4.



90 CHAPTER 3. METHODOLOGY



Chapter 4

Eulerian Flow Analysis

“Panta rhei (everything flows).”
— Heraclitus of Ephesus

Preface
The first article of this dissertation deals mainly with an Eulerian flow de-
scription in the left ventricle subject to chronic aortic regurgitation of different
grades. This work speaks directly to objectives 1 through 3 stated in Sec. 1.6,
namely, to support the current body of knowledge of flow phenomena in the
healthy left ventricle, to investigate the key flow phenomena occurring as a re-
sult of progressive chronic aortic regurgitation and to demonstrate the clinical
value of a fluid dynamics analysis of the resulting flow. This study aimed to
investigate the flow from a classical fluid dynamics perspective, namely, by first
observing the general characteristics of the velocity fields as they evolve in time
and then further analyzing and quantifying the salient phenomena.

The supplemental material associated with this work consists of the 3D
model of the left ventricle, an animation of the flow (velocity fields coloured
by magnitude) for three different grades of aortic regurgitation and a further
discussion regarding the methodology. The reader is particularly encouraged to
view the animations at the following link when referred to in the text: https://
doi.org/10.1016/j.jbiomech.2018.07.023. The supplementary information
regarding the methodology need not be referred to as it is more comprehensively
described in Chp. 3.
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Jet collisions and vortex reversal in the human
left ventricle

Unnatural dynamics of the notorious vortex in the left ventricle is often
associated with cardiac disease. Understanding how different cardiac
diseases alter the flow physics in the left ventricle may therefore provide
a powerful tool for disease detection. In this work, the fluid dynamics
in the left ventricle subject to different severities of aortic regurgitation
is experimentally investigated by performing time-resolved particle im-
age velocimetry in a left heart duplicator. Diastolic vortex reversal was
observed in the left ventricle accompanied by an increase in viscous en-
ergy dissipation. Vortex dynamics and energy dissipation may provide
useful insights on sub-optimal flow patterns in the left ventricle.

4.1 Introduction
The left ventricle (LV) is the heart’s powerhouse, responsible for supplying each
and every tissue throughout the body with oxygenated blood. During its filling
phase (diastole), a vortical structure is known to develop in the LV, which has
inspired a number of fluid dynamic studies over the past two decades owing to
its potential for early detection of disease. This vortex facilitates the ejection of
blood (systole) by redirecting the eccentric inflow toward the LV outflow tract
(Kilner et al., 2000) with some evidence that it also minimizes energy dissipa-
tion (Pedrizzetti & Domenichini, 2005) and blood residence time (Hendabadi et
al., 2013). Unnatural dynamics of this vortex may be correlated with disease
(Narula et al., 2007), thus inspiring methods to characterize the behaviour of
a “healthy” vortex such as verifying the energy dissipation characteristics of
the flow (Pedrizzetti & Domenichini, 2005; Stugaard et al., 2015; Raymondet
et al., 2016; Di Labbio & Kadem, 2016) and defining a left ventricular vortex
formation time (Gharib et al., 2006). This work focuses on the dynamics of this
notorious vortex in the presence of a particularly prevalent valvular disease,
namely, aortic regurgitation.

Aortic regurgitation (AR) is a condition where the aortic valve does not ad-
equately close. In such a case, LV filling partly occurs from leakage through
the aortic valve, leading to a disruption of the formation of the diastolic vortex
due to the interaction between the mitral inflow and the emergent aortic regur-
gitant jet (Fig. 4.1). AR itself is quite common, with mild AR or worse having
an estimated prevalence of 5.2% in the adult population over age 40 in the USA
(J. P. Singh et al., 1999). Of particular interest here is the case of chronic AR,
where the left ventricle gradually responds to the persistent regurgitation by
dilating in an attempt to accommodate the regurgitant volume and maintain a
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healthy forward stroke volume, while the peak aortic pressure may remain rela-
tively unchanged or increase (Bekeredjian & Grayburn, 2005; Stout & Verrier,
2009).

Figure 4.1: Schematic of the interaction between a regurgitant jet emanating
from the aortic valve (AV) and the diastolic vortex developing from ordinary
mitral valve (MV) inflow as the regurgitation worsens based on the results of
this study (see Sec. 4.3 for more detail).

4.2 Methods
The intraventricular flow in the context of chronic AR was studied by exper-
iment in a double-activation left heart duplicator (Fig. 4.2). The duplicator
consists of elastic silicone (SILASTIC RTV-4234-T4, Dow Chemical Company;
Midland, MI) models of the left atrium, left ventricle and aorta, each having
a refractive index of 1.41 ± 0.01. The ventricle (model made available in the
supplemental material) is encased in a hydraulic chamber with its activation
being controlled by a piston-cylinder-type assembly. The left atrium is directly
connected to an elevated reservoir, allowing atrial filling to occur passively. LV
filling occurs in two distinct phases: ventricular relaxation (E wave) and atrial
contraction (A wave). At the start of filling, the hydraulic piston pulls back,
expanding the ventricle as it fills through the mitral valve (23 mm Perimount
Magna Ease, Edwards Lifesciences; Irvine, CA). As the piston attains its max-
imal backward stroke, a servomotor compresses the atrium to provide the A
wave. This begins the piston’s forward stroke, hydraulically compressing the
ventricle to enable ejection through the aortic valve (25 mm Perimount Theon
RSR, Edwards Lifesciences; Irvine, CA) up to the reservoir, completing the
cardiac cycle. The reader is referred to the supplemental material for further
technical information regarding the system. The working fluid was a mixture
of 60% water and 40% glycerol by volume, having a refractive index of 1.39
and giving a measured dynamic viscosity (4.2 cP) and density (1 100 kg/m3)
relatively similar to those of blood.

https://www.sciencedirect.com/science/article/pii/S0021929018305335#m0005
https://www.sciencedirect.com/science/article/pii/S0021929018305335#m0010
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Figure 4.2: Schematic of the left heart duplicator in the plane of the laser sheet
(i.e., the view of the camera). The piston acting on the hydraulic chamber
controls ventricular systole (ejection) and diastole (filling). Atrial diastole occurs
passively from the reservoir, while atrial systole is controlled by direct atrial
compression. This independent activation of the left ventricle and left atrium
during diastole (double-activation) is critical in simulating aortic regurgitation.

The term “double-activation” refers to independent activation of the LV and
left atrium to respectively produce the E and A waves of filling. This is critical
in experimentally simulating AR, as most left heart duplicators produce the
A wave by providing an additional ventricular expansion using the hydraulic
piston, which would induce prolonged, non-realistic, regurgitation.

Aortic regurgitation was introduced by pulling apart graduated rods hooked
under each aortic valve leaflet to restrict valve closure to a centralized orifice
while allowing the leaflets to open freely (refer to Fig. 4.3 for a schematic and
to the supplemental material for more detail). Five different severities and one
“healthy” scenario were investigated by changing the regurgitant orifice area
(ROA) to be 0 (normal), 0.10 (mild), 0.18 (moderate-1), 0.25 (moderate-2),
0.52 (severe-1) and 0.78 cm2 (severe-2), in accordance with clinical guidelines
(Nishimura et al., 2014). These orifices respectively represent 0, 3.3, 5.9, 8.5,
17.2 and 26.1% of the fully open geometric aortic valve area (3.00 cm2). The
physical requirement of maintaining a constant forward stroke is equivalent to
increasing the total stroke such that the volume contributed from mitral inflow
remains constant. As such, the mitral inflow volume was held constant at 64±
4 mL, with the A wave corresponding to 21± 4 mL, at a heart rate of 70 bpm
(T = 0.857 s), while the peak aortic pressure was maintained at 121± 5 mmHg.
A normalized time, t∗ = t/T , is here defined with t∗ = 0 marking the start of
the ejection phase, t∗ = 0.44 the beginning of the filling phase (end of ejection),
and t∗ = 1 the end of the cycle.

https://www.sciencedirect.com/science/article/pii/S0021929018305335#m0010
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Figure 4.3: Schematic of the mechanism used to impose aortic regurgitation in
the cardiac duplicator. Graduated rods hooked under each aortic valve leaflet
were pulled apart to maintain a centralized regurgitant orifice area (ROA) for
five cases. The rods were removed to simulate the healthy flow scenario.

The flow circuit was seeded with polyamide particles (mean diameter: 50 µm,
density: 1 030 kg/m3), to capture the velocity field by 2D time-resolved parti-
cle image velocimetry. The particles were illuminated using a double-pulsed
Nd:YLF laser (LDY301, Litron Lasers; Rugby, England) forming a 1-mm-thick
laser sheet at the test section. The LV flow domain was captured at a record-
ing rate of 400 Hz (double-frame images 700 µs apart) at the full resolution
of 1 632 × 1 200 pixels using a CMOS camera (Phantom v9.1, Vision Research
Inc.; Wayne, NJ). The flow was recorded over one cycle in the plane crossing
both the mitral and aortic valves and the ventricle apex, a view often used in
clinical practice to evaluate AR (Lancellotti et al., 2013). The velocity fields
were computed in DaVis 8.2 (LaVision GmbH; Göttingen, Germany) using a
multi-pass cross-correlation algorithm with decreasing window size (64×64 pix-
els down to 16× 16 pixels, using 50% overlap). The final spatial resolution was
0.52 × 0.52 mm. The total uncertainty in the velocity field was estimated to
be below 5% with respect to the maximum pointwise velocities observed in the
healthy (1.70 m/s) and severe (1.66 m/s) cases, based on the major uncertainties
described in Raffel et al. (2007) and Adrian and Westerweel (2011).

4.3 Results & Discussion

4.3.1 Replication of healthy left ventricular flow
The experiment replicates the healthy intraventricular flow rather well. A vortex
ring rolls up from the shear layer of the mitral inflow, one side of which dissipates
against the ventricular wall as the other side imparts a swirling motion to the
entire ventricular volume (Pedrizzetti & Domenichini, 2005); see Fig. 4.4 and the
corresponding video in the supplemental material. Virtual particles released at
the start of diastole exhibit a clockwise swirl and are readily aligned for ejection
by the start of systole (Fig. 4.4, right panel). The dimensionless vortex formation

https://www.sciencedirect.com/science/article/pii/S0021929018305335#m0025


4.3. RESULTS & DISCUSSION 97

time (Gharib et al., 2006) is calculated to be 4.1, falling in the “healthy” range.

Figure 4.4: Healthy intraventricular flow. Left: Shear layer roll-up during E
wave filling (relaxation of the left ventricle). Isolines of vorticity are shown for
selected values between −350 and 350 s−1 with negative (clockwise) vorticity
in black and positive (counter-clockwise) vorticity in grey. Right: Complete
clockwise swirling motion is attained at the end of diastole. Six particle pathlines
released at the start of diastole (t∗ = 0.44) exhibit a single swirling motion and
are readily oriented for ejection. AV: aortic valve; MV: mitral valve.

4.3.2 Vortex reversal and flow behaviour
As the AR severity worsens, the regurgitant jet readily interacts with the mitral
inflow. The two jets remain rather confined to the ventricle walls and each
generate their respective vortices as their shear layers roll up. The two vortices
effectively compete for space in the LV, with the regurgitant vortex gradually
gaining the upper hand and occupying more of the ventricular volume as the
severity worsens. Initially, in the mild and moderate-1 cases (ROA = 3.3 and
5.9%), the regurgitant jet emanates after the mitral inflow. In the former, the
healthy vortical flow does not seem to be significantly disturbed as the small
regurgitant volume is simply entrained by the mitral vortex generated during
the E wave, limiting its progression into the ventricle. However, filling from the
mitral valve is noticeably less forceful, having diminished velocity magnitudes,
and the vortex core is ultimately unable to set up in the ventricle’s centre. In
the latter, when the regurgitant jet emanates, it pushes the mitral vortex toward
the wall, allowing the regurgitant jet to penetrate deeper into the ventricle and
establish a counter-rotating vortex resembling the middle schematic of Fig. 4.1.
In the moderate-2 case (ROA = 8.5%), the regurgitant jet and the mitral jet
begin nearly at the same time; see the corresponding video in the supplemental
material. With the mitral inflow volume exceeding the regurgitant volume,
the mitral jet sets up the more dominant vortex. The subsequent flow in this

https://www.sciencedirect.com/science/article/pii/S0021929018305335#m0020
https://www.sciencedirect.com/science/article/pii/S0021929018305335#m0020
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scenario is rather interesting as it represents a critical condition dependent on
the timing of the two emerging jets, resembling either the moderate-1 case
(Fig. 4.1, middle schematic) or the severe cases (Fig. 4.1, rightmost schematic).
In the severe cases (ROA = 17.2 and 26.1%), the regurgitant jet precedes the
mitral inflow and establishes a counter-rotating vortex occupying the base of
the ventricle; see the corresponding video in the supplemental material. This
is demonstrated in Fig. 4.5 (left panel), where the regurgitant vortex imparts
a completely reversed swirling motion to the flow at the base of the ventricle
by mid-diastole and restricts further progression of the mitral inflow. In this
case, particles released at the start of diastole (t∗ = 0.44) are not favourably
oriented for ejection, some of which follow a reversed swirling path compared
to the healthy scenario (Fig. 4.5, right panel). To illustrate this vortex reversal
further, in Fig. 4.6, the temporal evolution of the circulation in the ventricle
per unit area is plotted, showing a general progression toward positive values
(counter-clockwise rotation) with regurgitation severity.

Figure 4.5: Intraventricular flow following severe regurgitation (26.1% ROA).
Left: Demonstration of reversed vortical flow appearing in severe aortic regur-
gitation at mid-diastole. Right: The clockwise swirling motion of particles is
lost at the end of diastole. Six particle pathlines released at the start of diastole
(t∗ = 0.44), from the same positions as in Fig. 4.4, do not align favourably for
ejection. AV: aortic valve; MV: mitral valve.

4.3.3 Energy loss characteristics
Following recent interest (Pedrizzetti & Domenichini, 2005; Stugaard et al.,
2015), the rate at which energy is dissipated by viscous stresses in the flow is
illustrated in Fig. 4.7. This quantity could be seen as a measure of the efficiency
of the intraventricular flow to conserve inflowing kinetic energy, suggesting a
greater work input requirement from the heart to compensate for greater losses
in the flow. In 2D, the total viscous energy dissipation rate (VED) is given by

https://www.sciencedirect.com/science/article/pii/S0021929018305335#m0015
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Figure 4.6: The circulation per unit area (or spatial mean vorticity) progres-
sively tends toward positive values with regurgitation severity, associated with
a general counter-clockwise sense of rotation.

Eq. (4.1) (units of power per unit depth) with µ being the dynamic viscosity.
Characteristically, this quantity is zero in the case of a vortex described by solid
body rotation and becomes appreciable in regions of elevated longitudinal or
transverse strain rate (as in jets and shear layers).

VED = µ

2

∫
A

∑
∀i,j

(
∂ui
∂xj

+ ∂uj
∂xi

)2
 dA (4.1)

A clear overall increase is observed with regurgitation severity. This is con-
sistent with the in vivo results reported by Stugaard et al. (2015), despite the
limitations associated with their use of vector flow mapping to acquire veloc-
ity fields (Pedrizzetti & Sengupta, 2015). The initial climb of the dissipation
rate is associated with the high strain rates accompanying the mitral and re-
gurgitant jets, as well as with mild turbulent fluctuations accompanying the
regurgitant jet. The peak corresponds more or less to the end of the E wave.
The following decay is associated with the establishment of a vortical motion
in the ventricle, whose core somewhat approximates rigid body rotation. Re-
peating the experiment 10 times for each case and comparing successive curves
by p-value calculations using two-way ANOVA, distinction between the values
of total VED is confirmed at a 95% confidence level (pmax = 2.4 · 10−7 between
the healthy and mild cases). Integrating under these curves for one cycle, the
energy loss per unit depth can be seen to almost linearly increase with ROA
(Fig. 4.8). It should be noted that although the peak VED in the healthy sce-
nario is higher than that of the mild case, the energy loss is smaller owing to the
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Figure 4.7: Evolution of viscous energy dissipation rate (W/m) over one cardiac
cycle in the left ventricle for the regurgitant orifice areas (ROAs) used in this
study.

prolonged effect of the perturbation imparted by the regurgitation. It appears
that yet again the vortical motion in the healthy LV represents an optimal flow
condition in the sense of energy conservation.

4.4 Conclusion
These results suggest primarily that progressive vortex reversal in the LV may
naturally arise with chronic AR. The potential of the total viscous energy loss
per cycle to evaluate AR severity is also highlighted, remarkably showing an
almost linear relationship between energy loss and ROA (Fig. 4.8), despite the
overall non-linear nature of the flow. This further suggests the energy loss to
be an excellent indicator in the case of AR, being directly related to the ROA
itself which is difficult to evaluate in practice.

Evidently, there are many factors that may alter the intraventricular flow
that have not been investigated here. These include ventricular geometry for
instance, as well as the nature of the regurgitant orifice and jet, with angle and
eccentricity being perhaps the most influential. The fluid dynamic phenomena
demonstrated in this work are based on an idealized model left ventricle and it is
not yet clear whether they may be generalized to all left ventricular geometries.
Furthermore, while the two-dimensional plane selected for study is the plane
most commonly used in clinical practice to assess AR via colour Doppler, it may
not be the case that the viscous energy loss exhibits such a linear monotonic
increase when considering both geometrical differences and three-dimensionality,
which this group is actively working to achieve. Additionally, we would like to
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Figure 4.8: The total viscous energy loss per cardiac cycle (mJ/m) is seen to
increase rather linearly with regurgitant orifice area.

stress that in the case of AR, in vivo velocity field data for a comprehensive set
of severities, for which there is a considerable need, will allow for better scrutiny
of the aptitude of vortex and energy characteristics to assess AR severity against
the current metrics.
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Further Discussion1

In view of the results of this and previous works, some insight could be gained
with regards to the effect of the aortomitral angle on the intraventricular flow
in the presence of aortic regurgitation. In particular, from the healthy scenario
through to the most severe regurgitation, the general flow features observed
in this work are summarized by the schematic in Fig. 4.9. As discussed in

1Please note that this section is unique to this dissertation and does not appear in the
original article.
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Figure 4.9: Schematic of the general flow features observed in diastole with
progressive chronic aortic regurgitation in this work from the healthy scenario
through to the most severe case. AV: aortic valve; MV: mitral valve.

the article, there is a distinct difference in dynamics between the moderate-1
and moderate-2 cases, where in the moderate-1 case the regurgitant vortex is
weak but the jet penetrates the depth of the ventricle while in the moderate-
2 case, the regurgitant vortex has higher vorticity, but cannot penetrate as
deep. This feature is in fact demonstrated more clearly in the two subsequent
chapters (articles). Nonetheless, characteristically, comparing the in vivo results
of Stugaard et al. (2015) and the in vitro results of Okafor et al. (2017) in the
case of acute aortic regurgitation with those from this work in the case of chronic
aortic regurgitation, there appears to be a hidden relation that may be drawn
with regard to the aortomitral angle; see Fig. 4.10. While the three works
are not directly comparable (i.e., acute versus chronic aortic regurgitation), it
appears that with larger aortomitral angles, as in this work, the regurgitant jet
and mitral inflow do not directly collide and create competing vortices within
the left ventricle. The limiting case would be when the regurgitant jet is parallel
to the mitral inflow, or even directed toward the anterior ventricular wall. The
interaction would resemble what has been observed in the case of the interaction
between parallel in-plane jets; cf. Bisoi et al. (2017) and the references therein,
as well as Soong et al. (1998). For smaller aortomitral angles, as in Stugaard
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et al. (2015), the regurgitant jet collides with the mitral inflow highly obliquely,
causing the two to combine to form a common vortex. The limiting case would
be when the regurgitant jet is perpendicular to the mitral inflow, or collides
with it at even greater angles. At intermediate aortomitral angles, as in Okafor
et al. (2017), the regurgitant jet may destroy the diastolic vortex or create a
barrier to the mitral inflow. The results may resemble the interaction between
intersecting jets; cf. Houser et al. (2018). This discussion appeared in part in
a subsequent letter to the editor between the authors of this work and that
of Okafor et al. (2017); cf. Okafor and Yoganathan (2019) and Di Labbio and
Kadem (2019).

Figure 4.10: Schematic of the differences observed in the regurgitant flows be-
tween the present work, Okafor et al. (2017) and Stugaard et al. (2015). The
observed difference in the dynamics is indicative of the effect of the aortomitral
angle, or more generally, the effect of the relative angles between the regurgitant
jet and mitral inflow. AV: aortic valve; MV: mitral valve.

Another interesting point could be made with regard to the viscous dissipa-
tion. In the in vivo work of Stugaard et al. (2015), the peak viscous dissipation
was observed to occur in systole, particularly in the isovolumetric contraction
phase, while in the in vivo work of Itatani (2014) as well as the in vitro works of
Okafor et al. (2017) and the present study, the peak viscous dissipation occurred
during E wave filling. It seems likely that such a systolic peak should not occur
in light of the latter three studies. Additionally, the isovolumetric contraction
phase cannot really exist in the case of aortic regurgitation or must be consid-
erably reduced as in the case of the isovolumetric relaxation phase (Goldbarg &
Halperin, 2008; Wittlinger et al., 2008). There is however an important differ-
ence between the study of Stugaard et al. (2015) and the latter three works that
must be taken into consideration. In the work of Stugaard et al. (2015), the
left ventricular outflow tract seems to have been captured in their field of view
while this was not the case in the latter three studies (which again includes the
present work). Elevated velocities within the left ventricular outflow tract may
truly result in higher viscous dissipation in systole (i.e., as a result of both high
longitudinal strain rate as well as higher strain rates within the shear layer of
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the exiting flow), and since the left ventricular outflow tract was not captured
in the latter three studies, no definitive conclusion can yet be drawn on this
matter without further examination. In the present work, it was the design of
the simulator itself that did not permit the left ventricular outflow tract to be
visible in the field of view of the camera (i.e., the left ventricular outflow tract
was protruding out of the hydraulic chamber), posing an additional limitation
for this dissertation. Furthermore, the effect of the diastolic A wave on the vis-
cous dissipation also warrants further study. In this work, which represents the
highest spatiotemporal resolution now available in the literature with regard to
the effect of aortic regurgitation on left ventricular flow, the A wave was not
observed to significantly contribute to the viscous dissipation. In the in vitro
work of Okafor et al. (2017), an additional peak was sometimes present in the
A wave and was observed to even be as large as that in the E wave, although
this may have been a result of the lack of independent activation system for the
E and A waves which was included in this dissertation. In the in vivo work of
Stugaard et al. (2015), the results are mixed. In the dogs, the A wave peak is
not always present while in the humans the A wave peak was observed to be
significantly larger than that in the E wave. Similarly, in the in vivo work of
Itatani (2014), the A wave peak is not always apparent (comparing severe aortic
regurgitation to moderate aortic regurgitation following mechanical mitral valve
replacement). There is contradiction in all these works with regard to the effect
of the A wave on the viscous dissipation characteristics, therefore, further work
is needed to examine this effect.



Chapter 5

Lagrangian Flow Analysis

“Il faut que j’y songe encore (I must think about it again).”
— Joseph-Louis Lagrange

Preface
The second article of this dissertation deals mainly with a Lagrangian flow
description in the left ventricle subject to chronic aortic regurgitation of different
grades. Again, this work speaks directly to objectives 1 through 3 stated in
Sec. 1.6, namely, to support the current body of knowledge of flow phenomena
in the healthy left ventricle, to investigate the key flow phenomena occurring
as a result of progressive chronic aortic regurgitation and to demonstrate the
clinical value of a fluid dynamics analysis of the resulting flow.

The supplemental material associated with this work consists of animations
of particle advection and finite-time Lyapunov exponent fields (integrated in
backward time) within the left ventricle for all grades of aortic regurgitation.
The reader is encouraged to view the animations at the following link when
referred to in the text: https://doi.org/10.1103/PhysRevFluids.3.113101.
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Material transport in the left ventricle with
aortic valve regurgitation

This experimental in vitro work investigates material transport proper-
ties in a model left ventricle in the case of aortic regurgitation, a valvular
disease characterized by a leaking aortic valve and consequently double-
jet filling within the elastic left ventricular geometry. This study sug-
gests that material transport phenomena are strongly determined by
the motion of the counter-rotating vortices driven by the regurgitant
aortic and mitral jets. The overall particle residence time appears to
be significantly longer with moderate aortic regurgitation, attributed
to the dynamics resulting from the timing between the onset of the two
jets. Increasing regurgitation severity is shown to be associated with
higher frequencies in the time-frequency spectra of the velocity signals
at various points in the flow, suggesting non-laminar mixing past mod-
erate regurgitation. Additionally, a large part of the regurgitant inflow
is retained for at least one cardiac cycle. Such an increase in particle res-
idence time accompanied by the occurrence and persistence of a number
of attracting Lagrangian coherent structures presents favourable con-
ditions and locations for activated platelets to agglomerate within the
left ventricle, potentially posing an additional risk factor for patients
with aortic regurgitation.

5.1 Introduction
Cardiovascular diseases are still comprehensively the leading cause of death in
the world, killing as many as 17.7 million people in 2015, equivalent to 31%
of all global deaths that year (World Health Organization, 2017).1 Evidently,
there is a vast amount of research aiming to understand the etiology and subse-
quent pathophysiology of cardiovascular diseases in the hopes of offering more
effective means of detection, ultimately promoting early treatment measures
and preventive medicine. With the heart being such an intricate periodic fluid
pump, it comes as no surprise that the fluid dynamics community have found
a niche in studying disease etiology and pathophysiology in terms of blood flow
dynamics with the same ambitions over the past two decades. The kernel for
many of these studies was the beautiful magnetic resonance flow visualizations
of Kilner et al. (2000) and their insightful hypothesis that the natural swirling
flows in the healthy heart chambers minimize energy dissipation. Subsequent

1The reader should note that the link associated with this reference reflects updated in-
formation. For proper referencing purposes, the same information has also been reported in
Mishra and Monica (2019).
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studies have focused mainly on an Eulerian flow description in the left ventricle,
the largest and most laborious chamber, as its diseases are comparatively more
debilitating than those of other heart chambers. The reader is referred to the
work of Pedrizzetti and Domenichini (2015) for a thorough review of modern
developments in left ventricular fluid mechanics. Although there is certainly
much to gain from an Eulerian analysis of the flow in the left ventricle, blood
is ultimately a suspension of particles comprised of platelets and both red and
white blood cells, giving a rather powerful purpose to analyzing the flow from
a Lagrangian perspective.

In view of the limited information available on actual material transport in
the left ventricle, by tracking virtual material elements, Bolger et al. (2007)
sought to compartmentalize the left ventricular blood volume into four distinct
components, namely, that which (1) has entered and ejected the ventricle in the
same beat (direct flow), (2) has entered and remained in the ventricle in the
current beat (retained inflow), (3) was already present in the ventricle and was
ejected in the current beat (delayed ejection flow), and (4) was already present
in the ventricle and not ejected in the current beat (residual volume). In this
manner, the overall pumping efficiency of the left ventricle, in a Lagrangian
sense, is effectively described on a per-cycle basis. Their interest in material
volumes revealed that particles following the direct flow path conserve more
of their kinetic energy. In the case of a dilated and weakened left ventricle, a
disease known as dilated cardiomyopathy, they observed a reduction in the vol-
ume fraction of direct flow in a single patient, which was further supported in
a small cohort of patients in Eriksson et al. (2013), suggesting an overall lower
kinetic-energy-conserving efficiency and longer residence time of blood cells in
the left ventricle. Other than direct particle advection, Lagrangian coherent
structures (LCSs) have also found use in cardiovascular flows through the works
of Shadden and Taylor (2008), Shadden (2008), Vétel et al. (2009) and Xu et al.
(2009). Lagrangian coherent structures are material surfaces (or curves in two
dimensions) that act as organizing centres for particle advection patterns, the
full variational theory and computation of which could be found in Haller (2011)
and Farazmand and Haller (2012a, 2012b) (the reader is referred to the work of
Haller (2015) and the references therein for a comprehensive review). Although
both false positives and negatives may arise in using ridges of the finite-time
Lyapunov exponent (FTLE) field to characterize LCSs (Haller, 2011), the FTLE
field remains a rather simple heuristic diagnostic for observing LCSs and has
been the method of choice in the cardiovascular flow community. Ridges of the
FTLE field still nearly maintain the property of being material transport barri-
ers, having negligible flux across them (Shadden et al., 2005) (under the revised
assumptions of Haller (2011)), and are therefore useful in delineating blood vol-
umes separated by their dynamics. With regard to flow in the left ventricle,
Töger et al. (2011) first showed the potential of LCSs to distinguish blood en-
tering the ventricle from blood already present in the ventricle. They then used
LCSs to quantify the volume of the vortex ring developing during left ventricular
filling in Töger et al. (2012a, 2012b) from in vivo magnetic resonance velocity
data, showing little difference in the vortex volume between healthy subjects
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and patients with dilated cardiomyopathy; although the authors stress that the
vortex volume fraction is considerably lower in the patients, this is simply a con-
sequence of the larger ventricle volume characteristic of dilated cardiomyopathy.
Charonko et al. (2013) demonstrated the importance of the mitral valve leaflets
in left ventricular filling, where LCSs extend downstream from the leaflets to
form a channel, guiding the mitral inflow jet toward the ventricle apex and
delaying its expansion. From in vivo Doppler echocardiography velocity data,
benefiting from the higher temporal resolution over that of magnetic resonance
imaging, Hendabadi, del Álamo, and Shadden (2012), Hendabadi, del Álamo,
Benito, et al. (2012) and Hendabadi et al. (2013) used LCSs to reveal blood
transport and residence time behaviour throughout the left ventricle with ele-
gant illustrations in a small cohort of both healthy subjects and patients with
dilated cardiomyopathy. Their use of attracting and repelling LCSs computed
over two cardiac cycles to respectively delineate injected and ejected blood vol-
umes enabled them to redefine the aforementioned compartmentalized volumes
of Bolger et al. (2007) in terms of intersections of these LCS-delineated regions.
The authors additionally partitioned the left ventricular volume further based
on residence time in a Lagrangian sense. Rather importantly, they also showed
that Eulerian measures of particle residence time, although computationally
inexpensive, underestimate what is suggested by a Lagrangian analysis.

In general, the inherent lack of control and repeatability in performing in
vivo studies makes it rather difficult to investigate the incremental effects of
some conditions or pathologies in isolation, often requiring tedious data col-
lection from a considerably large number of patients and the use of statistical
inferences to judge the significance of the reported correlations. It is more ef-
fective to investigate pathophysiology with in vitro or in silico models and then
validate the findings against in vivo data. In keeping with a Lagrangian anal-
ysis of left ventricular flow, from an in vitro perspective, Espa et al. (2012)
computed LCSs in a simulated healthy left ventricle, where they described the
evolution of the diastolic vortex in effectively two orthogonal planes and later
in three dimensions in Badas et al. (2013, 2015), showing qualitative agreement
with the discussed in vivo results. Highly resolved surfaces of attracting and
repelling LCSs have recently been extracted in the three-dimensional numerical
simulations of Badas et al. (2017), showing quite remarkably the evolution of the
diastolic vortex ring for a healthy left ventricle and one with part of the ventricu-
lar wall being dyskinetic (known as myocardial infarction). The attracting LCS
representing the vortex ring in the case of the infarcted left ventricle remained
rather localized near the mitral valve, suggesting a large quiescent zone within
the ventricle characterized by long particle residence time and offering some
degree of explanation for the development of mural thrombi in such patients.
Lagrangian coherent structures in in vitro experiments have also been used to
investigate the effects of a left ventricular assist device in a model left ventricle
with dilated cardiomyopathy (Herold, 2016; May-Newman et al., 2016) and to
study the intraventricular flow and performance of prosthetic valves (Herold,
2016; Wang et al., 2017).

As may have been inferred by the present discussion, significant research
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effort has been allocated to studying the intraventricular fluid dynamics par-
ticularly associated with dilated cardiomyopathy. Very few studies have inves-
tigated intraventricular flow in the case of other prevalent pathologies of the
left ventricle. In particular, valvular diseases present themselves as quite the
common pathology, increasing exponentially in prevalence with age (Nkomo et
al., 2006; Iung & Vahanian, 2011; Coffey et al., 2016). With the average life
expectancy consistently on the rise, valvular heart diseases are believed to be
the next cardiac epidemic of this century (d’Arcy et al., 2011). As such, this
work focuses on a specific valvular disease with intriguing yet elusive under-
lying fluid dynamics, namely, aortic regurgitation. Aortic regurgitation, also
known as aortic insufficiency, is a condition where left ventricular filling partly
occurs from leakage through the aortic valve and is rather common, having a
reported prevalence of 5.2% in the adult population of 40 years or greater in
the USA (J. P. Singh et al., 1999). This leakage prompts an interaction be-
tween two pulsatile jets, namely, that from regurgitation and that from natural
mitral inflow, in a confined elastic geometry (see Fig. 5.1 for a schematic). In
the case of chronic (gradually occurring) aortic regurgitation, the left ventricle
is known to dilate in an attempt to accommodate the regurgitant volume while
maintaining a healthy forward stroke volume to meet the body’s oxygen and
nutrient demands (Bekeredjian & Grayburn, 2005; Stout & Verrier, 2009). The
continual volume overload imposed on the left ventricle by the regurgitation
and its consequent dilation can impair proper functioning of the left ventricle,
causing dilated-cardiomyopathy-like features with the added fluid dynamic com-
plication of the regurgitant aortic jet. In a previous study, we have shown that
the corresponding intraventricular flow results in increased viscous energy loss
and gradual vortex reversal with regurgitation severity from in vitro simulations
(Raymondet et al., 2016; Di Labbio & Kadem, 2016; Ben-Assa et al., 2017; Di
Labbio & Kadem, 2018). The increased energy loss has also been previously
observed in vivo by Stugaard et al. (2015) in a small cohort of patients with

Figure 5.1: Schematic of the filling flow in a healthy left ventricle and one with
aortic valve regurgitation. Here and in the following figures AV denotes aortic
valve, MV mitral valve and ROA regurgitant orifice area.
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chronic aortic regurgitation, however the methodology used to capture their
velocity fields is known to have significant limitations (Pedrizzetti & Sengupta,
2015) and thus there remains a need for a comprehensive in vivo investigation of
the resulting intraventricular flow. The in vitro work of Okafor et al. (2017) also
demonstrated this increased viscous energy loss, however they did not reproduce
the physiological adaptations seen in chronic aortic regurgitation, limiting their
study to acute (suddenly occurring) cases at best. Additionally, by nature, it is
the relaxation of the heart muscle that induces filling from both the aortic and
mitral valves and so, contrary to their work, little to no regurgitation should
be expected in the late filling period during which ejection of the left atrium is
responsible for left ventricular filling. This lack of independent ventricular and
atrial activation in their system is a critical feature in experimentally investi-
gating a disease like aortic regurgitation. Nevertheless, their results do suggest
that a kinematic barrier to mitral inflow may develop as a consequence of aortic
regurgitation, in their case due to the regurgitant jet, although prolonged, im-
pacting the opposite ventricular wall and in the case of Di Labbio and Kadem
(2018) (and the present study) due to the development of a counter-rotating
vortex driven by the regurgitant jet. How the resulting intraventricular flows
organize material for ejection and the corresponding blood stasis tendencies re-
main to be investigated. Here the material transport characteristics of the flow
in the left ventricle subject to aortic regurgitation will be investigated in vitro,
taking into account the physiological adaptations occurring when the regurgita-
tion is chronic as well as the independence of atrial and ventricular activation.

5.2 Methodology
Regurgitant flow in the left ventricle was here studied using an in-house double-
activation left heart duplicator. The duplicator contains clear elastic silicone
models of the left atrium (complete with its appendage and four pulmonary
veins), left ventricle and aorta (complete with sinuses of Valsalva). The choice
of silicone (SILASTICTM RTV-4234-T4, The Dow Chemical Company; Mid-
land, MI) is ideal for such an application, having low hardness (40 Shore A),
easy mouldability, forgiving elastic properties (400% elongation at break, 27-
N/mm tear strength), and particle image velocimetry (PIV)-compatible optical
properties when cured (optically transparent, refractive index of 1.41 ± 0.01).
Although the simulator can accommodate a range of left ventricular geometries,
the left ventricle used in this study was simplified and made symmetric while
maintaining characteristic geometrical features in the middle to upper end of the
size spectrum (Lang et al., 2006; Maceira et al., 2006; Gibson et al., 2014; Kou et
al., 2014): end-diastolic volume of 155 mL, base-to-apex length of 90 mm, max-
imum width of 70 mm, maximum depth of 50 mm, and inflow-to-outflow tract
angle of 14◦ (see Fig. 5.2). In this way, the present study can focus on general
qualitative flow features developing in the left ventricle without the introduc-
tion of patient-specific geometrical effects. The mitral valve (23 mm Perimount
Magna Ease, Edwards Lifesciences; Irvine, CA) is placed with its axis vertically
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Figure 5.2: Symmetric left ventricular model used in this study.

at the base of the inflow tract and extends 15 mm into the ventricle while the
aortic valve (25 mm Perimount Theon RSR, Edwards Lifesciences; Irvine, CA)
is placed at the end of the left ventricular outflow tract. A mixture of 60% water
and 40% glycerol by volume (refractive index of 1.39) is used as the blood ana-
logue having a measured density (1 100 kg/m3) and dynamic viscosity (4.2 cP)
comparable to those of blood at the working temperature of 23.1± 0.2 ◦C.

The functioning of the left heart duplicator works for the most part as many
others do (Mouret et al., 2000; Kheradvar et al., 2006; Okafor, Santhanakrish-
nan, et al., 2015), with the added functionality of independent atrial and ventric-
ular activation (see Fig. 5.3 for a schematic). The silicone left ventricle is encased
in an acrylic hydraulic chamber, filled with the same working fluid to minimize
optical distortion and fitted to a piston-cylinder assembly and a small column of
air whose purpose is twofold, namely, to allow for some adjustment of the ven-
tricular compliance and to accommodate the volume contributed from A wave
filling (atrial activation). The piston is controlled using an electromagnetically
driven precision linear motor (LinMot, NTI AG; Spreitenbach, Switzerland) and
a multifunction input-output device (PCI-6281, National Instruments; Austin,
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Figure 5.3: Schematic of the left heart duplicator. As the piston pulls back,
the left ventricle fills through the mitral valve directly from the left atrium
(and reservoir). Once the piston attains its maximal backward position, the
left atrium is compressed to inject additional fluid into the ventricle (A wave
filling). This begins the piston’s forward stroke, compressing the ventricle in
the hydraulic chamber and ejecting fluid through the aortic valve up to the
reservoir.

TX) through a custom graphical user interface built in LabVIEW (National
Instruments; Austin, TX). Forward motion of the piston compresses the ventri-
cle for ejection (systole) and backward motion expands the ventricle for filling
(diastole). Atrial filling occurs passively from a reservoir. Notably, ventricular
filling occurs in two distinct energetic phases, the E wave, corresponding to re-
laxation of the ventricle through the action of the heart muscle, and the A wave,
corresponding to ejection of the atrium, providing an additional volumetric load
to the ventricle prior to its ejection. In the present system, the piston produces
only the E wave of filling while the A wave is achieved by physically compress-
ing the atrium through a cam-follower mechanism controlled using a servomotor
(Dynamixel RX-24F, Robotis; Lake Forest, CA) and timed with the LabVIEW
interface. This independent actuation of the E and A waves (referred to as
double-activation) is critical in simulating a disease like aortic regurgitation. In
this disease, expansion of the ventricle due to relaxation of the heart muscle
(the E wave) results in the ventricle filling from both the mitral valve and the
leaking aortic valve. This is then followed by ejection of an additional blood
volume from the atrium into the ventricle (the A wave) during which very little
blood volume is contributed from regurgitation. Many existing heart duplica-
tors produce both phases of ventricular filling hydraulically (using the piston),
which would incorrectly result in both excessive and prolonged regurgitation;
this effect is avoided entirely in our double-activation system. The combination
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of the silicone aorta mould and the soft silicone tubing used throughout the sys-
tem (35 Shore A hardness) provide enough compliance to the system to achieve
healthy conditions while a peripheral resistance returning the aortic outflow to
the reservoir allows for some additional tuning.
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Figure 5.4: (a) Mitral inflow waveform recorded just ahead of the reservoir gen-
erating a total cardiac output of 4.5 L/min with distinct E and A waves of
filling observed in the velocity field just below the mitral valve (inset). (b) Sam-
ple ventricular and aortic pressure waveforms falling in the expected healthy
range. Note that the quantity t∗ = t/T is defined in Sec. 5.3.1 and used there-
after, with T = 0.857 s being the cycle period, therefore t = 0.857 s in the above
figures corresponds to t∗ = 1.

The duplicator reproduces healthy conditions rather well. At a heart rate
of 70 bpm and a stroke volume of 64 mL, a cardiac output of 4.5 L/min is
recorded (the corresponding flow rate waveform is shown in Fig. 5.4a), the aor-
tic and ventricular pressures fall in the healthy range (Fig. 5.4b), and the mitral
inflow shows distinct E and A waves (Fig. 5.4a, inset). It is to be noted that the
flow rate was recorded just ahead of the reservoir, which is rather far upstream
from the mitral valve, and so the A wave of filling is not directly captured in
Fig. 5.4a, while it can be seen by plotting the velocity just below the mitral valve
in the inset of the figure. The corresponding intraventricular flow is also well
reproduced, exhibiting the formation of the notorious vortex rolling up from the
shear layer of the mitral jet during the E wave (cf. Sec. 5.3.1). Regurgitation
is introduced in the system by pulling apart 18-gauge graduated rods (∼ 1 mm
in diameter) hooked under each aortic valve leaflet to create a central regurgi-
tant orifice of known area; additional information regarding the simulator and
regurgitation mechanism is available in the supplemental material of Di Labbio
and Kadem (2018). In such a manner, we have simulated five cases of aor-
tic regurgitation including one healthy scenario having regurgitant orifice areas
(ROAs) of 0 cm2 (healthy), 0.10 cm2 (mild), 0.18 cm2 (moderate-1), 0.25 cm2

(moderate-2), 0.52 cm2 (severe-1) and 0.78 cm2 (severe-2); the severities were

https://www.sciencedirect.com/science/article/pii/S0021929018305335#m0010
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classified based on the AHA/ACC clinical guidelines in Nishimura et al. (2014).
These orifice areas represent 0, 3.3, 5.9, 8.5, 17.2 and 26.1% of the fully open
geometric aortic valve area (3.00 cm2). As mentioned previously, in chronic
aortic regurgitation, the left ventricle dilates to accommodate the regurgitant
volume in an attempt to maintain a constant forward stroke volume. As such,
the forward stroke volume was held constant at 64± 4 mL at a constant heart
rate of 70 bpm (cycle period T = 0.857 s). The mean mitral inflow Reynolds
number among all cases is 1 075± 60 and is computed as Re = 4ρV̇– /πµd, with
V̇– being the average flow rate. The associated Womersley number of the mitral
inflow, defined as Wo = (d/2)

√
2πρf/µ with f being the cardiac frequency, is

15.9. The peak aortic pressure was also held constant at 121±5 mmHg, which in
cases of chronic regurgitation is known to either increase (Bekeredjian & Gray-
burn, 2005; Stout & Verrier, 2009) or remain relatively unchanged alongside

Table 5.1: Summary of experimental conditions. For the regurgitant inflow, the
orifice diameter was taken as d =

√
4A/π for the calculation of the Reynolds

(Re) and Womersley (Wo) numbers with A being the regurgitant orifice area.
The regurgitant fraction is the regurgitant volume divided by the stroke volume.

Working fluid
Water-glycerol ratio 60:40 (by volume)
Density ρ 1 100 kg/m3

Dynamic viscosity µ 0.0042 Pa·s (4.2 cP)
Refractive index 1.39
Temperature 23.1± 0.2 ◦C

Simulator
Cardiac output 4.5± 0.3 L/min
Cycle period T 0.857 s (70 bpm)
Forward stroke volume 64± 4 mL
Mitral inflow mean Re 1 075± 60
Mitral inflow Wo 15.9
Nominal mitral valve diameter 23 mm
Nominal aortic valve diameter 25 mm
Peak aortic pressure 121± 5 mmHg

Regurgitation parameters
Regurgitant orifice areas 0, 3.3, 5.9, 8.5, 17.2, 26.1% (of 3.00 cm2)
Diastolic aortic pressures 64, 53, 50, 18, 22, 6 mmHg
Regurgitant fractions 0, 0.11, 0.34, 0.40, 0.47, 0.52
Regurgitant inflow peak Re 0, 9 970, 14 400, 11 300, 12 100, 9 460
Regurgitant inflow Wo 0, 2.1, 2.8, 3.4, 4.8, 5.9
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compensatory mechanisms such as the sympathetic nervous system (Galbraith
et al., 2015). The parameters of the experiment are summarized in Tab. 5.1.

The time-resolved velocity fields over one cycle for all cases were acquired
using two-dimensional PIV in the plane bisecting the valve centres and ventricle
apex (i.e., the view shown on the left in Fig. 5.2 and in the schematics of Figs. 5.1
and 5.3). This plane is similar to the parasternal long axis and apical three-
chamber views commonly used in clinical practice to assess aortic regurgitation
via ultrasound (Lancellotti et al., 2013). Additionally, while the flow is cer-
tainly inherently three-dimensional, this plane represents a plane of symmetry
for the ventricular geometry used here and as such ought to represent an ap-
proximately two-dimensional flow. The flow was seeded with 50 µm polyamide
particles (PSP-50, Dantec Dynamics; Skovlunde, Denmark) with a density of
1 030 kg/m3. The particles were illuminated using a double-pulsed Nd:YLF
laser (LDY301, Litron Lasers; Rugby, England) emitting 100-ns pulses of coher-
ent light of wavelength 527 nm at a repetition rate of 0.2-20 kHz. The beam was
guided from the source to the hydraulic chamber via an articulated guiding arm
(LaVision GmbH; Göttingen, Germany) where it was passed through a cylindri-

Moderate-1
5.9% ROA

Severe-2
26.1% ROA

Severe-1
17.2% ROA

Moderate-2
8.5% ROA

Healthy
0.0% ROA

1 m/s

t* = 0.537
Mild

3.3% ROAt* = 0.537 t* = 0.580

t* = 0.624 t* = 0.668 t* = 0.668

AV MV

Figure 5.5: Intraventricular flow patterns at selected instants during the left
ventricle’s filling phase for all simulated cases of aortic regurgitation. Note the
progression from a dominant mitral jet-driven vortex, imparting a clockwise
swirl to the ventricular volume, to a dominant regurgitant jet-driven vortex,
imparting a counter-clockwise swirl.
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cal lens to form a 1-mm-thick light sheet. The left ventricular flow domain was
captured using a complementary metal-oxide semiconductor (CMOS) camera
(Phantom v9.1, Vision Research Inc.; Wayne, NJ), recording double-frame im-
ages 700 µs apart at 400 Hz at the full camera resolution of 1 632× 1 200 pixels.
In the acquired images, the ventricle measured 76 mm in height and 65 mm
at maximum width (the ventricle base width just below the mitral valve leaflet
tips). The velocity fields were computed using DaVis 8.2 (LaVision GmbH;
Göttingen, Germany) by processing the double-frame images using the multi-
pass cross-correlation algorithm with decreasing interrogation window size and
a standard fast Fourier transform for the correlation function. The interroga-
tion window size for the initial passes was 64× 64 pixels with 50% overlap and
uniform weighting, which was reduced to 16 × 16 with 50% overlap for the fi-
nal passes with a round Gaussian weighting function, corresponding to a final
spatial resolution of 0.52 × 0.52 mm2. The simulator was left to operate for
50 cardiac cycles prior to any acquisition to ensure minimal cycle-to-cycle vari-
ation. Additionally, the time-resolved acquisitions were performed ten times
for each case and, given the repeatability of the experiment, ensemble-averaged
to filter out the remaining minor velocity fluctuations. The total uncertainty
in the velocity fields resulting from the PIV system setup and the subsequent
measurements were estimated to be below 5% with respect to the maximum
pointwise velocities in the healthy (1.70 m/s) and most severe (1.66 m/s) cases
based on the major sources of uncertainty described in Raffel et al. (2007) and
Adrian and Westerweel (2011).

5.3 Results & Discussion

5.3.1 Eulerian flow patterns arising from aortic regurgita-
tion

With aortic regurgitation, the emergence and interaction of two pulsatile in-
flowing jets prompts rather interesting dynamics. In this scenario, the mitral
jet contributes a constant volume to filling while the volume contributed by
the regurgitant jet increases with severity. In our previous work (Raymondet
et al., 2016; Di Labbio & Kadem, 2016; Ben-Assa et al., 2017; Di Labbio &
Kadem, 2018), we have demonstrated that the left ventricular filling vortex
may gradually reverse direction as a result of increasing regurgitation severity,
which was captured by both the velocity field and a gradual change in sign of
the circulation, and that the dissipation of energy in the left ventricle due to
viscosity consequently increases monotonically. While in this work we strictly
aim to understand the material transport behaviour in the left ventricle under
the conditions of aortic regurgitation, the physics of which remain to be inves-
tigated, in this section we offer a brief overview of the general Eulerian flow
patterns observed in our previous work (Di Labbio & Kadem, 2018). In order
to distinguish the phases of the cardiac cycle in a simple manner, we define a
non-dimensional time t∗ = t/T such that t∗ = 0 marks the beginning of the
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ejection phase (end of the filling phase for the previous cycle), t∗ = 0.438 marks
the end of the ejection phase (beginning of the filling phase), and t∗ = 1 marks
the end of the cycle (end of the filling phase, beginning of the ejection phase
for the next cycle). For later use, we will additionally define two constants,
namely, α = 0.562, representing the fraction of the cardiac cycle corresponding
to the filling phase, and β = 0.438, representing the fraction corresponding to
the ejection phase.

Healthy left ventricular filling during the E wave is characterized by a jet
emanating from the mitral valve, generating a vortex ring with one end quickly
dissipating against the ventricular wall and the other end persisting as a clock-
wise vortical structure throughout the duration of the cardiac cycle, imparting a
clockwise swirl to the entire ventricular blood volume. The vortex is marked by
the skewed velocity profile typical of vortex rings, with near solid-body rotation
in the core and the jet end of the vortex having higher peak velocity than the
opposite end. This vortex sets up in the ventricle’s centre and persists until
ejection, providing an optimal kinetic-energy-conserving flow path from inflow
to outflow. The early progression of this vortex can be seen in Fig. 5.5 (top
left), along with the intraventricular flow for all regurgitant cases at selected
instants during the filling phase. In the case of mild aortic regurgitation (ROA
equal to 3.3%), both the regurgitant orifice area and regurgitant volume are
rather small. As a result, the regurgitant volume is simply entrained by the
mitral inflow and the flow somewhat resembles that of a healthy ventricle with
less forceful filling, as shown by the slower downstream progression of the filling
vortex in Fig. 5.5 (top centre), plotted at the same instant as in the healthy
scenario for comparison. As chronic aortic regurgitation enters the moderate
stages, a significant difference can be observed in the flow field. The regurgitant
jet transports enough volume to generate its own vortex rotating counter to
that driven by the mitral inflow. The two vortices effectively compete for space
within the ventricular volume, with the regurgitant jet-driven vortex gradually
dominating as the severity worsens (see the remaining four panels of Fig. 5.5).
It can be observed that the resulting dynamics is strongly dependent not only
on the regurgitant volume and orifice area, but also on the timing of the onset
of filling from each jet. This was evidenced between the moderate-1 (ROA equal
to 5.9%) and moderate-2 (ROA equal to 8.5%) cases, where in the moderate-1
case the regurgitant jet emanates after the mitral inflow, visibly nudging the
mitral jet-driven vortex towards the ventricular wall on the mitral side, which
can be seen to some extent in Fig. 5.5 (top right). The timing and speed of the
regurgitant jet permitted the regurgitant volume to penetrate deeper into the
ventricle, while remaining confined to the wall on the aortic side (this feature
will be evidenced in Secs. 5.3.2 and 5.3.3). The difference in timing between the
two jets in the moderate-2 case however, where the regurgitant and mitral jets
emanate almost at the same time instant, does not permit the same penetration
depth of the regurgitant volume. This behaviour suggests the existence of a
critical condition, dependent upon jet timing and strength, separating distinct
intraventricular dynamics. With severe aortic regurgitation, the regurgitant
jet clearly emanates before the mitral jet and consequently sets up the more
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dominant counter-rotating vortex, imparting a completely reversed swirl to the
majority of the ventricular volume during the early filling phase. In all cases,
with the majority of the regurgitation occurring during the E wave of filling,
the mitral jet continues to oppose the effects of the regurgitation throughout
the remainder of the filling phase, though never enough to establish the pattern
observed in the healthy ventricle, namely, to impart a clockwise swirl to the
entire ventricular fluid volume.

Moderate-1
5.9% ROAt* = 1.000

Healthy
0.0% ROA

AV MV

Mild
3.3% ROA

Severe-2
26.1% ROA

Severe-1
17.2% ROA

Moderate-2
8.5% ROA

t* = 1.438 t* = 0.887

t* = 1.000 t* = 1.000 t* = 1.000

t* = 0.438 t* = 0.481 t* = 0.510 t* = 0.540 t* = 0.598 t* = 0.744 t* = 0.887

Figure 5.6: Path followed by the vortex cores generated during the E wave of
filling, from the start to the end of the filling phase (i.e., from t∗ = 0.438 to
t∗ = 1), for all cases simulated in this study. The mitral vortex core path is
traced in black, while that of the regurgitant vortex core is traced in red. The
advection of two circular blobs, one in the ventricle centre and one in the apical
region, is also illustrated, colour-coded according to the vortex core positions
at specific time instants. The dashed lines show approximately the motion of
the blob centroids as a visual aid. Note that the mitral vortex in the healthy
ventricle is tracked for one complete cycle (i.e., from t∗ = 0.438 to t∗ = 1.438),
while that in the case of mild regurgitation is tracked until t∗ = 0.887, where
the vortex is sheared out.

As has been suggested in several previous works (cf. Pedrizzetti and Domeni-
chini (2015)), the healthy swirling flow in the left ventricle is believed to opti-
mally align material for ejection. With two jet-driven counter-rotating vortices
interacting in a confined geometry, their resulting impact on material transport
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and organization poses a rather intriguing fluid dynamics problem. It would
therefore be of use to observe and track the relative motion between the two
vortex cores during the filling phase in order to gain some idea as to how these
organizing centres dictate transport. The vortex core positions were identified
using peaks of the Γ2 function described in Michard et al. (1997) and Graftieaux
et al. (2001) and then followed from the moment the cores were identifiable af-
ter the start of filling (t∗ = 0.438) until the end of the filling phase (t∗ = 1)
or until the cores were no longer traceable due to excessive shearing or vortex
breakdown. This function effectively provides a Galilean invariant measure of
the presence of a local centre of fluid rotation in a series of interrogation re-
gions, admitting values in the range [−1, 1] with negative values signifying a
centre for clockwise rotation and positive values for counter-clockwise rotation
(alternatively, it is also common to use the Γ2 function in absolute value). The
corresponding vortex core paths are shown in Fig. 5.6 along with the advection
of two circular blobs, one in the centre of the ventricular geometry and one in
the apical region, coloured according to the vortex core positions at specific time
instants. The reader is implored to use the colour order to navigate themselves
along the vortex path in time, particularly due to their convoluted nature with
the presence of aortic regurgitation. For the healthy ventricle (Fig. 5.6, top left),
the E wave vortex core is tracked for one complete cycle (i.e., from t∗ = 0.438
to t∗ = 1.438). The core is first seen to propagate almost directly downward,
attaining a peak velocity of 0.58 m/s and forming a channel with the wall to
guide the incoming mitral flow down to the ventricle apex.2 With the downward
motion of the core, the circular blob in the apical region is swept and stretched
toward the ventricle wall on the aortic side. The core then changes course to-
ward the ventricle centre, arriving at approximately t∗ = 0.796 and hovering in
position at more or less the same height for the remainder of the cycle until it
is ultimately forced to merge with the next E wave vortex. The overall motion
of the core from the start to the end of the filling phase coordinates an elegant
swirl of the circular blob in the ventricle centre, ultimately aligning the material
with the inflow by t∗ = 0.887 and allowing the centrally located vortex to guide
this material toward the left ventricle outflow tract. With mild regurgitation
(Fig. 5.6, top centre), a concentrated vortex is still seen to form at the start
of filling, however propagating downstream more slowly (evidenced by the pro-
gression of the colour markers when comparing the healthy and mild cases in
Fig. 5.6) and attaining an overall shorter penetration depth. The vortex core
follows the same vertical path as in a healthy ventricle at first (until t∗ = 0.540),
attaining a peak velocity of 0.44 m/s prior to being deflected toward the ventri-
cle wall on the mitral side, but is ultimately unable to set up in the ventricle’s
centre, effectively being destroyed around t∗ = 0.887. The deflection of the
vortex core path around t∗ = 0.540 coincides with the onset of the regurgitant
jet, although the jet itself cannot be seen in the PIV measurements due to its
path taken in the 14-mm region above the measurement domain arising from the

2Note that this agrees rather well with the results of Steen and Steen (1994), who showed
that an axisymmetric vortex ring in an elastic ellipsoidal geometry propagates with approxi-
mately half the velocity of its corresponding jet. See Sec. 2.1.
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rightward velocity imparted to it by the clockwise mitral vortex; the regurgitant
volume is subsequently entrained by the mitral inflow. Although the vortex core
is effectively sheared out before the end of the filling phase, the course taken
by the vortex core still permits the apical blob to be organized for ejection.
The movement of the central blob, however, does not follow the smooth swirl
observed in the healthy left ventricle; rather it is deflected far upstream, toward
the inlet of the mitral valve where it will be considerably sheared by the mitral
jet for the remaining duration of the filling phase. The remaining four panels of
Fig. 5.6 show the vortex core paths for the moderate and severe cases, with both
the regurgitant and mitral jet-driven vortices being tracked. For the moderate-
1 case (ROA equal to 5.9%), the onset of the regurgitant jet is clearly seen to
coincide with the deflection of the mitral vortex core toward the ventricle wall
at t∗ ≈ 0.540. The ability of the regurgitant vortex core to penetrate deeper
into the ventricle is also observable in the figure when compared to the other
regurgitant cases. While the central material blob exhibits behaviour similar to
that in the mild case (note the aforementioned shearing occurring due to the
mitral jet for t∗ = 0.744 and t∗ = 0.887), the apical blob is driven away from
the ventricle outflow tract due to the regurgitant jet and the weak counter-
clockwise vortex setting up in the apex. In the bottom row of Fig. 5.6, the
mitral jet-driven vortex core is seen to propagate less downstream during the E
wave (approximately from t∗ = 0.438 to t∗ = 0.510) with regurgitation severity,
a feature which appears to be generally related to impeded ventricular filling,
observed both in vivo in the case of diastolic dysfunction (Charonko et al., 2013)
and in silico in the case of an infarcted ventricle (Badas et al., 2017). On the
contrary, the regurgitant jet-driven vortex core propagates further downstream,
ultimately setting up above the ventricle apex for severe regurgitation (also seen
in the bottom row of Fig. 5.5). With the regurgitant jet in the moderate-2 case
(ROA equal to 8.5%) emanating earlier than in the moderate-1 case, although
still nudging the mitral vortex toward the ventricle wall, it is unable to benefit
from the same effect and penetrates less deep into the ventricle, setting up a
counter-clockwise vortex residing in the vicinity of the aortic valve and impeding
the upward motion of the mitral vortex. As a consequence, the circular blob in
the apical region is directed by the clockwise swirl of the mitral vortex toward
the outflow tract as in the healthy and mild cases. With severe regurgitation
(ROA equal to 17.2% and 26.1%), it is the onset of the mitral jet which nudges
the regurgitant vortex toward the ventricle wall on the aortic side (t∗ ≈ 0.510 in
both cases). With the regurgitant vortex establishing itself above the apex, the
circular blob in the apical region is again directed away from the outflow tract
as in the moderate-1 case, with a slight difference in dynamics associated with
the strength and timing of the regurgitant jet. The central circular blobs in the
severe cases are subject to a strong upward and leftward motion from combined
rotation of the mitral and regurgitant vortices and therefore are interestingly
directed toward the outflow tract.
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5.3.2 Blood transport characteristics associated with aor-
tic regurgitation

The tendency of the mitral vortex to set up in the ventricle’s centre appears
to have a significant influence on proper material alignment of blood already
present in the ventricle for ejection. To illustrate this influence, the flows in the
healthy and mild (ROA equal to 3.3%) cases were seeded with ∼ 2 000 virtual
particles at the start of the filling phase (t∗ = 0.438) and advected over two
cycles. For all results reported in this section, the fourth-order Runge-Kutta
scheme was used to advect virtual particles in time. The virtual particles were
treated as material elements of the fluid itself, therefore any inertial effects
associated with true blood particles were not considered in the calculations.
When multiple cycles are involved, the dataset for a single cycle was simply
appended to itself as many times as needed. As an additional word of caution,
it should be noted that no distinction is made during advection between particles
fleeing the flow domain and particles truly being ejected. Figure 5.7 shows the
resulting particle advection patterns associated with the healthy (top row) and
mild (bottom row) cases. The first column of Fig. 5.7 marks all the particle
positions at the start of advection, coloured black if they are ejected in the
first beat, green if ejected in the second beat and red if ejected after two beats.
By the end of the filling phase for the first cycle (Fig. 5.7, second column), it
is clear that the healthy left ventricle performs very well at aligning material
for ejection, organizing the majority of the initial virtual particles (the black
particles) into a columnar region under the outflow tract, which are then easily
ejected. Additionally, a portion of material that will only be ejected in the
subsequent beat (the green particles) has also been well aligned for ejection,
trailing just behind the black particles, however the aortic valve closes just ahead
of them and they are therefore not ejected. By the end of the ejection phase
for the first cycle (Fig. 5.7, third column), 15.8% of the initial particles remain,
most of which are already aligned for ejection and are left to be either pushed
toward the outflow tract or swirl around the vortex core. This pattern then
repeats in the subsequent beat, where now green particles are organized into
a column for ejection by the end of the filling phase (Fig. 5.7, fourth column),
and very few of the initial particles remain (2.0%) at the end of the subsequent
ejection phase (Fig. 5.7, fifth column). With slight regurgitation, more particles
reside in the ventricle over longer periods marked by more green and red regions
in Fig. 5.7 (first column). The absence of a vortex core in the ventricle centre
causes an overall inefficiency in organizing particles for ejection. For instance,
at the end of the filling phase for the first cycle (Fig. 5.7, second column), very
few particles are organized into a column under the outflow tract, and 37.8% of
the initial particles remain after ejection (Fig. 5.7, third column). This feature
repeats in the subsequent cycle with 9.9% of the initial particles remaining
at the end of ejection (Fig. 5.7, fifth column). The reader is referred to the
supplemental material for a dynamic view of particle advection behaviour for
all cases over two cardiac cycles. This elementary demonstration advocates the
discussion of blood stasis in the left ventricle in the case of aortic regurgitation.

https://doi.org/10.1103/PhysRevFluids.3.113101
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In general, with blood consistently regurgitating back into the ventricle, it is
natural to suspect that blood particles ought to reside in the ventricle for longer
periods. Furthermore, the flow patterns observed for aortic regurgitation are
considerably complex, lacking the simple coherent pattern offered by the mitral
vortex in the healthy flow scenario, and therefore will characteristically delay
blood from being ejected overall. This same question of the importance of the
healthy left ventricular flow pattern on particle residence time may also have
significant implications in the design of left ventricular assist devices, the flow
patterns of which considerably deviate from those of a natural heart (Long et
al., 2014).

t*=0.438
AV MV

t*=1.000 t*=1.438 t*=2.000 t*=2.435

3.3% ROA
(Mild)

Healthy

Figure 5.7: Advection of virtual particles from the beginning of the filling phase
(t∗ = 0.438) over two cycles for a healthy left ventricle (top row) and for one
with mild aortic regurgitation having a regurgitant orifice area 3.3% of the fully
open geometric aortic valve area (bottom row). Particles are coloured black if
they are ejected in the first beat, green if ejected in the second beat, and red if
the particles remain after two beats. The first, third and fifth columns represent
the beginning of the filling phase (end of ejection) for consecutive cycles, while
the second and fourth columns represent the beginning of the ejection phase
(end of filling) for the respective cycles.

Blood stasis in the left ventricle could promote rather serious adverse ef-
fects. The longer blood particles reside in the ventricle, the more prone acti-
vated platelets are to agglomerate. While the left ventricle itself is well known to
avert the formation of mural thrombi, likely due to the highly dynamic nature of
the intraventricular flow, platelets that have agglomerated in stagnant regions
of the left ventricle may still be ejected and ultimately clot arteries, which in
the worst case may result in ischemic stroke. With one-third of all ischemic
strokes occurring in the USA being cryptogenic (of unknown cause) (Yaghi &
Elkind, 2014), it is of paramount importance to identify possible causes and
conditions. The possibility of platelet agglomeration (thrombus formation) in
aortic regurgitation must be entertained, with the study of Petty et al. (2000),
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for example, estimating a 7.5% incidence in cerebrovascular events in patients
with aortic regurgitation after five years, the incidence of which increases in the
presence of comorbidities (such as aortic stenosis). By observing the residence
time of particles in the left ventricle, stasis of blood could be better understood
in the case of aortic regurgitation. A map of Lagrangian particle residence time
in the left ventricle, here denoted by τ , can be computed by densely seeding
the left ventricle with virtual particles (∼ 200 000) at a selected time instant
and advecting these particles until they flee the flow domain. As some parti-
cles may only be ejected after a large number of subsequent beats, advection of
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Figure 5.8: (a) Normalized particle residence time (τ∗) in the left ventricle at
the start of the ejection phase (t∗ = 0) coloured by time until ejection in beats;
β = 0.438 is the duration of the ejection phase normalized by the cycle period
(T = 0.857 s). (b) Percentage of ventricle area corresponding to the coloured
regions in (a).



5.3. RESULTS & DISCUSSION 125

any given particle was terminated when its residence time surpassed four heart
beats. Figure 5.8a displays the particle residence time at the start of the ejec-
tion phase (t∗ = 0) with areas being coloured by time until ejection in beats.
The corresponding percentage of each coloured region with respect to the total
ventricle area is given in Fig. 5.8b. The aforementioned ability of the healthy
ventricle to organize particles for ejection is accentuated, with 49.2% of the
ventricular area being clearly organized and ejected in the first beat and 46.6%
being ejected in the second beat, consistent with the findings of previous in vivo
studies (Bolger et al., 2007; Eriksson et al., 2013). There is a very small degree
of blood stasis in a healthy left ventricle, a feature that is very well captured by
the present in vitro model, with only 4.2% of the ventricular area being ejected
in subsequent beats. With mild regurgitation (ROA equal to 3.3%), as discussed
previously, the mitral vortex persists almost until the end of the filling period
and while it is unable to set up in the ventricle’s centre, some organization is
still achieved with 35.7% of the ventricular area being ejected in the first beat
and 58.4% being ejected in the second beat, leaving 5.9% to be ejected in sub-
sequent beats. Notably, while the healthy left ventricle possessed virtually no
regions that were ejected in more than three beats (less than 0.03%), even mild
regurgitation is enough to increase stasis duration of some fluid elements by two
or more additional beats (2.3% ejected in over three beats). The moderate-1
case (ROA equal to 5.9%) presents the most striking and most interesting case.
As the regurgitant jet managed to penetrate deeper into the ventricle while be-
ing confined to the wall on the aortic side, the weak regurgitant vortex sets up
just above the ventricle apex and is further strengthened by the rotation of the
mitral vortex. Although we have previously shown that the total energy dissi-
pated per cycle increases almost linearly with regurgitation severity in this in
vitro model (Di Labbio & Kadem, 2018), the developing flow patterns resulted
in blood stasis being considerably worse in the moderate-1 case compared to all
other cases, having 37.3% of the ventricular area being ejected in more than two
beats. These fractions are in fact insensitive to the number of virtual particles
advected, provided they are uniformly distributed within the left ventricle, with
an observed percent difference of less than 5% between advecting 3 000 particles
and 850 000 particles and even less when rounding to two significant digits. The
choice to advect a larger number of virtual particles (200 000) is however not
arbitrary as enough must be advected to resolve the detail in the particle res-
idence time map in Fig. 5.8a and nonetheless the fractions are more accurate,
differing by less than 2% compared to advecting 850 000 particles. The same is
true of the results reported in the remainder of this section. It is to be noted
that although the forward stroke volume was held constant for all simulated
cases, the ejected areas of the ventricle may be expected to increase overall due
to dilation of the ventricle to maintain the constant volume contributed from
the mitral inflow and to accommodate the additional volume contributed from
the regurgitant inflow. Expansion of the ventricle occurred largely in the out-
of-plane direction however, and given that this is a two-dimensional slice of an
inherently three-dimensional flow, this mismatch further stresses the importance
of investigating the intraventricular flow in three dimensions. Nonetheless, with



126 CHAPTER 5. LAGRANGIAN FLOW ANALYSIS

this in mind, it may be of interest to obtain the mean value of the particle
residence time in beats, calculated at the start of ejection and limited to four
beats, to obtain a single parameter expressing a tendency toward blood stasis,
here denoted by PRT4

2 and defined by Eq. (5.1) below. The variable β again
denotes the fraction of the cardiac cycle corresponding to the ejection phase
and τ∗ = τ/T . The value of PRT4

2 is reduced by setting the particle residence
time to zero for particles ejected within two beats. This is done to take into
account the large fraction of material volume ejected in the first two cycles for
a healthy left ventricle; in this way values of PRT4

2 will be especially low for
healthy patients. The values of PRT4

2 are 0.04, 0.06, 0.37, 0.11, 0.23, and 0.28,
corresponding, respectively, to the cases with a ROA equal to 0, 3.3, 5.9, 8.5,
17.2 and 26.1%, showing a monotonic increase with the exception of the elevated
value reported for the moderate-1 case. It should be noted that while it may
be suspected that elevated values of particle residence time ought to appear in
the near-wall regions in Fig. 5.8a due to the slower velocities occurring in the
boundary layer, the inaptitude of the experimental PIV setup in resolving the
flow immediately adjacent to the wall will likely cause the particle residence
time to be underestimated in these regions and hence the reported values of
PRT4

2 will also be slightly underestimated in the plane of interest:

PRT4
2 = 1

A

∫∫
A

τ4∗
2 (x, y)dA, (5.1)

where

τ4∗
2 (x, y) =

 0 τ∗(x, y) < β + 1
τ∗(x, y) β + 1 ≤ τ∗(x, y) < β + 3.
β + 3 τ∗(x, y) ≥ β + 3

(5.2)

In a similar manner to which regions can be delineated by cycle in terms of
ejection, if the particles are advected in backward time, the particle residence
time could be used to delineate regions of the ventricle by the heart beat during
which they have been injected. The results are displayed in Fig. 5.9, computed
again at the start of the ejection phase (t∗ = 0) as for Fig. 5.8. The correspond-
ing percentage of each coloured region with respect to the total ventricle area is
given in Fig. 5.9b. In the healthy ventricle, a good portion of particles from the
previous beat in red are organized for ejection (this region comprises 31.6% of
the ventricular area). Fluid injected within one beat, indicated by the lightest
colour in Fig. 5.9, occupies a channel adjacent to the ventricle wall, surrounding
fluid injected from the previous beat. Notably, the amount of fluid injected
into the left ventricle within one beat is larger in the regurgitant cases than
in the healthy case, which is effectively due to the increased inflowing volume
characteristic of aortic regurgitation, although the increase is not monotonic
here due to three-dimensional effects. A feature that is particularly intriguing
in all cases of Fig. 5.9a is the tendency of regions to form thin lamellae, much
more so than in the ejection flow map of Fig. 5.8a. Since the left ventricle
expands mostly in the out-of-plane direction, the additional inflow from the re-
gurgitation appears as a compressibility in the two-dimensional plane of interest
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in this study, restricting the remaining fluid area into the observed structures.
These lamellae effectively coincide with attracting Lagrangian coherent struc-
tures, and provided they persist long enough in the flow, they may manifest as
sites at which activated platelets can agglomerate. Furthermore, by referring to
both Figs. 5.8a and 5.9a, a picture of blood stasis can be formed spanning seven
cardiac cycles. In this way, it can again be seen that virtually no particles in the
healthy scenario reside in the ventricle for four beats (in fact, the largest resi-
dence time considering the seven cardiac cycles is only 3.7 beats). However, by
comparing the mild (ROA equal to 3.3%) and moderate-1 (ROA equal to 5.9%)
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Figure 5.9: (a) Normalized particle residence time (τ∗) in the left ventricle at
the start of the ejection phase (t∗ = 0) coloured by time since injection in beats;
α = 0.562 is the duration of the filling phase normalized by the cycle period
(T = 0.857 s). (b) Percentage of ventricle area corresponding to the coloured
regions in (a).
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cases, there are distinct black regions that clearly overlap, indicating stasis for
a total of over seven cardiac cycles. Although it is not clear from comparing
Figs. 5.8a and 5.9a, the moderate-2 (ROA equal to 8.5%), severe-1 (ROA equal
to 17.2%) and severe-2 (ROA equal to 26.1%) cases also contain particles resid-
ing in the ventricle for over seven cardiac cycles, though considerably less than
in the moderate-1 case.

From yet another perspective, the idea of compartmentalizing blood volume
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Figure 5.10: (a) Left ventricular area at the start of the ejection phase (t∗ = 0)
partitioned by blood that (1) has entered and ejected the ventricle in the same
beat (direct flow), (2) was already present in the ventricle and was ejected in the
current beat (delayed outflow), (3) has entered and remained in the ventricle in
the current beat (retained inflow) and (4) was already present in the ventricle
and not ejected in the current beat (residual volume). (b) Percentage of left
ventricular area corresponding to the regions displayed in (a).
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into direct flow, delayed ejection flow, retained inflow, and residual volume as
in the work of Bolger et al. (2007) is an effective way of describing the pumping
efficiency of the left ventricle within a single cycle. This requires Fig. 5.8 to
be condensed into two simple regions, namely, what will be ejected in the cur-
rent cycle (beginning from t∗ = 0) and what will not, and likewise for Fig. 5.9,
namely, what has just been injected in the previous cycle (ending at t∗ = 0)
and what has not. Overlapping regions of these plots then partition the ventric-
ular area into the aforementioned compartments. Figure 5.10a displays these
partitioned regions for all simulated cases with Fig. 5.10b showing the percent-
age of ventricular area corresponding to each partition. While previous in vivo
works demonstrated a significant decrease in direct flow in patients with di-
lated cardiomyopathy (Bolger et al., 2007; Eriksson et al., 2013; Hendabadi et
al., 2013), it appears that the direct flow remains relatively unchanged with
aortic regurgitation. This is likely due to any regurgitant inflow remaining in
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Figure 5.11: Left ventricular area at the start of the ejection phase (t∗ = 0)
partitioned between aortic (blue) and mitral (red) inflows according to blood
that (1) has entered and ejected the ventricle in the same beat (direct flow),
(2) was already present in the ventricle and was ejected in the current beat
(delayed outflow), (3) has entered and remained in the ventricle in the current
beat (retained inflow) and (4) was already present in the ventricle and not
ejected in the current beat (residual volume).
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the vicinity of the aortic valve being readily expelled in the following ejection,
although, as will be discussed shortly, much of the regurgitant inflow is in fact
retained. Characteristically, it seems aortic regurgitation is marked by a signif-
icant decrease in delayed ejection flow accompanied by an increase in residual
volume. The reduced delayed ejection flow appears to be attributed most to
the contraction of material previously present in the ventricle to lamellae-like
structures prior to ejection in the plane of interest, dropping from 26% in the
healthy scenario down to 5%-12% for the regurgitant cases. While the results
of this flow partitioning show some distinct features, it is clear that for aortic
regurgitation it must be reformulated in order to consider two inflows. In this
way, there will be a direct flow, delayed ejection flow, and retained inflow for
both the regurgitant and mitral jets as well as the residual volume, constituting
a total of seven regions. This can be achieved by tracking where the particles
flee the top of the flow domain in backward time to determine from which valve
they were injected. Here particles were considered to be part of the regurgitant
volume if they were ejected (in backward time) through a horizontal segment
half the width of the base of the ventricle extending from the wall on the aor-

1 2

3

4

Healthy
0.0% ROA

AV

t* = 0.566

300

200

100

0

-100

-200

-300 Mild
3.3% ROA

MV

0.020

0.025

0.015

0.010

0.005

0

V
or

ti
ci

ty
(1

/s
)

P
ow

er1 2

3

4

0.50

2,TR 4,TR1,TR

2,TR 4,TR1,TR

Fr
eq

ue
nc

y 
(H

z)

t*

2,Mean 4,Mean1,Mean

2,Mean 4,Mean1,Mean

100

t* = 0.566

Figure 5.12: Time-frequency spectra of the u component of velocity (right) at
three points for the healthy and mild cases of aortic regurgitation. Here and in
the following figures spectra marked with TR denote sample spectra for a single
time-resolved velocity signal, while those marked with Mean denote the mean
of ten spectra computed from the velocity signal of distinct acquisitions. The
top two rows of spectra correspond to the healthy scenario, while the bottom
two rows correspond to the mild scenario. The vorticity field (left) is also
shown at t∗ = 0.566, the time at which the highest frequencies are present just
downstream of the mitral inflow (point 2).
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tic side at the top of the flow domain. This updated flow map is shown in
Fig. 5.11. The most pronounced feature when comparing Figs. 5.10a and 5.11
is that much of the regurgitant inflow is retained (indicated by the dark blue
regions). Of the 47.0%, 46.8%, 46.7%, and 44.9% of the retained inflow for the
moderate-1, moderate-2, severe-1 and severe-2 cases displayed in Fig. 5.10a, re-
spectively 26.6%, 10.9%, 50.1% and 28.4% are composed of regurgitant inflow.
Severe aortic regurgitation (significantly at least in the severe-1 case) may be
marked by more retained regurgitant inflow. As the regurgitant jet in the case
of mild regurgitation could not be seen within the measurement domain, further
division of the ventricular area was not possible.
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Figure 5.13: Time-frequency spectra of the u component of velocity (right) at
three points for the moderate cases of aortic regurgitation. The top two rows
of spectra correspond to the moderate-1 scenario, while the bottom two rows
correspond to the moderate-2 scenario. The vorticity field (left) is also shown
at t∗ = 0.566.

The occurrence of increased stasis in the moderate-1 case seen in Figs. 5.8-
5.11 as compared to the three more severe cases may be a direct result of laminar
versus intermittently turbulent activity within the left ventricle. In order to in-
vestigate this idea further, the velocity signals at four points within the left
ventricle were analyzed using their time-frequency spectra computed with the
continuous wavelet transform (using the complex Morlet wavelet) for all cases.
One point was placed just downstream of each jet (mitral and regurgitant) to
observe their degree of intermittency. Additionally, judging by the particle res-
idence time mapped in Figs. 5.8 and 5.9, one point was placed in the ventricle
centre and another in the apex. It should be noted that the spectra were com-
puted for both the u and v components of the velocity signals at each of the
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four points of interest for all cases, however the resulting time-frequency spectra
effectively provide very similar qualitative and quantitative insight, therefore we
only discuss the u component of velocity here. The spectra were computed for all
ten recorded time-resolved signals at each point. In Figs. 5.12-5.14, those spec-
tra marked with TR denote sample spectra for a single time-resolved velocity
signal, while those marked with Mean denote the mean of the ten corresponding
spectra, giving some indication of the repeatability of the observed frequencies
in the experiments. Additionally, the three figures were all constructed using
the same scales for the sake of ease of comparison. The respective vorticity fields
at t∗ = 0.566, the time at which the highest frequencies are present just down-
stream of the mitral inflow (point 2), are also shown. The velocity gradients used
to obtain the vorticity were computed using the fourth-order, noise-optimized
hybrid compact-Richardson scheme presented in Etebari and Vlachos (2005),
which was shown to have lower noise amplification than the second-order ex-
plicit finite-difference scheme while also reducing bias error in the calculation of
vorticity from PIV data. Figure 5.12 shows the time-frequency spectra for the
velocity signals at three of the four points for both the healthy and mild (ROA
equal to 3.3%) cases. It is clear that in the vicinity of the aortic valve (point 1),
there is little to no high frequency present in the velocity signals, mainly because
it is not significantly disturbed by regurgitation in both cases. The same is true
in the ventricle centre which, although not shown here, resembles the spectra of
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Figure 5.14: Time-frequency spectra of the u component of velocity (right) at
three points for the severe cases of aortic regurgitation. The top two rows of
spectra correspond to the severe-1 scenario, while the bottom two rows cor-
respond to the severe-2 scenario. The vorticity field (left) is also shown at
t∗ = 0.566.
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point 1. Downstream of the mitral valve (point 2), high frequencies are observed
for a very brief period during the E wave of filling for the healthy case, while
this effect seems to be largely suppressed with mild aortic regurgitation. This
brief intermittency in the healthy case can be seen rather clearly in its respec-
tive vorticity field in Fig. 5.12, whereas it is very faint in the vorticity field for
mild regurgitation. The same high frequencies are seen in the ventricle apex
(point 4) at a slightly later time, namely, once the mitral inflow penetrates deep
enough downstream. It appears that the entrainment of the regurgitant volume
by the mitral vortex with mild regurgitation diminishes the inflow jet velocity
just enough in early filling to virtually eliminate the intermittency; however, as
previously discussed, the increased stasis is largely due to the resulting dynamics
of the mitral vortex rather than intermittent activity. The two moderate cases
of regurgitation (ROA equal to 5.9% and 8.5%) are compared in Fig. 5.13, this
time the focus being on the point in the vicinity of the aortic valve (point 1)
and the two points within the ventricle (points 3 and 4). The regurgitant jet in
all cases more severe than mild regurgitation has associated with it prolonged
intermittency during left ventricular filling, evidenced by the vivid occurrence
of high frequencies in the time-resolved and mean spectra for point 1 and the
corresponding vorticity fields in Figs. 5.13 and 5.14. On the contrary, the mi-
tral inflow appears to remain distinctly laminar with regurgitation, showing
very weak high-frequency contributions in the spectra. Although not shown in
Fig. 5.13, the spectra at the point just downstream of the mitral valve (point
2) for both moderate cases exhibit behaviour similar to that of the mild case
in Fig. 5.12. Most interesting between the two moderate cases of regurgitation
is the behaviour at points 3 and 4. While a similar degree of intermittency
can be observed in the ventricle centre (point 3), fluid motion in the ventricle
apex (point 4) is significantly more intermittent in the moderate-2 case than
for the moderate-1 case, evidenced by both the magnitude of the observed high
frequencies and the duration over which they exist. The mean of the spectra in
the apex in the moderate-2 case demonstrates the persistent occurrence of these
high frequencies over multiple cycles. Mixing in the apex is therefore further
deterred in the moderate-1 case in part from a lack of intermittency, giving rise
to locally increased stasis. In the two severe cases (ROA equal to 17.2% and
26.1%), the flow is largely intermittent within the entire ventricular volume, a
feature qualitatively clear from the vorticity fields in Fig. 5.14. The regurgi-
tant jet is clearly turbulent throughout its propagation and exhibits significant
high-frequency contributions in the spectra at point 1 just downstream of the
aortic valve. The turbulent propagation of the jet is also seen in the ventricle
centre (point 3) and apex (point 4), where the spectra in the apex, although not
shown, are similar to those in the centre with lesser magnitude. Additionally,
the brief intermittency observed in the spectra just downstream of the mitral
valve (point 2) returns in the severe cases, although in this case the turbulent
regurgitant jet likely influences these high frequencies as well.
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5.3.3 Lagrangian coherent structures and aortic regurgi-
tation

The finite-time Lyapunov exponent is a measure of the maximum exponential
rate of separation of initially very close particles over a finite time interval.
Briefly, given some particle initially located at position x0 at time t0, after
some time T it will be advected to a new location x defined by some flow map,
say, Ft0+T

t0 , i.e.,
x0 7→ Ft0+T

t0 (x0) = x (t0 + T ; t0,x0) . (5.3)
Now, as described in Shadden et al. (2005), for two initially infinitesimally close
particles separated by a distance δx (t0), maximal stretching between the two
particles after advection from the same flow map Ft0+T

t0 will occur when the
initial particle separation is aligned with the eigenvector associated with the
maximum eigenvalue of the right Cauchy-Green deformation tensor, i.e.,

max
δx(t0)

||δx (t0 + T ) || =
√
λmax

(
Ct0+T
t0 (x)

)
||δx (t0)|| = eσ

|T |
t0

(x)|T |||δx (t0)||,

(5.4)
with δx (t0) denoting the eigenvector and where the right Cauchy-Green defor-
mation tensor is given by

Ct0+T
t0 (x) =

[
∇Ft0+T

t0 (x)
]∗
∇Ft0+T

t0 (x) (5.5)

and
σ
|T |
t0 (x) = 1

2|T | ln
(
λmax

(
Ct0+T
t0 (x)

))
(5.6)

is defined as the finite-time Lyapunov exponent. Finite-time Lyapunov expo-
nents can be computed in forward or backward time, where measuring particle
separation in backward time is equivalent to particle convergence in forward
time. Forward and backward FTLE fields are here employed for their superior
flow visualization properties and to heuristically locate, track and analyze the
respective repelling and attracting LCSs from the FTLE ridges arising under
the studied experimental flow conditions.

The FTLE fields were computed in both forward and backward time us-
ing the classical fourth-order Runge-Kutta scheme for particle advection (using
bicubic interpolation to acquire velocities at the advected particle positions)
and an explicit second-order centred finite-difference scheme to compute the
derivatives required to construct the right Cauchy-Green deformation tensor.
The integration was carried out over two cardiac cycles forward and backward,
similar to Hendabadi et al. (2013). Evidently, the longer the selected period
of advection, the more virtual particles ought to exit the flow domain. Here
the FTLEs at the initial positions of particles that have fled the flow domain
were held as their final values before fleeing. Notably, there are other ways
such a problem can be treated; for instance, Hendabadi et al. (2013) continued
to advect the fleeing particles at a constant velocity equal to their respective
exiting velocities, although without knowledge of the velocity field outside the
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flow domain, there is no consensus on how to treat this condition. In order to
obtain sharper LCSs in the FTLE fields, the virtual particles were seeded in an
eightfold refined Cartesian grid. As illustrated in Vétel et al. (2009), refining
the grid has the effect of sharpening the detail in the FTLE field, particularly
its ridges, and permits a longer integration time as more particles ought to re-
main in the flow domain for longer periods. There was little difference in the
detail revealed by 16-fold and eightfold refined grids for the selected two-cycle
integration time, therefore the latter refinement was chosen.
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Figure 5.15: Backward FTLE fields for six severities of aortic regurgitation
(including the healthy scenario) at the same six time instants throughout the
filling phase of the left ventricle. The backward FTLE fields were computed
over an integration time of two cycles.

Figure 5.15 shows the evolution of the backward FTLE field for all simu-
lated cases (the corresponding videos over a complete cycle are available in the
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supplemental material). In the case of the healthy left ventricle (Fig. 5.15, first
row), the backward FTLE field shows a concentrated vortex forming at the start
of filling as an attracting material structure, entraining mostly inflowing fluid.
The generated vortex forms a channel with the ventricle wall on the mitral side,
directing inflowing blood from the mitral valve down to the ventricle apex. The
channel front is itself a ridge of the FTLE field as it displaces fluid to make
way for the inflow, effectively forming a transport barrier between the two fluid
volumes. Hence, as discussed in Hendabadi et al. (2013), there is an attracting
LCS bounding the volume of the mitral inflow. In the same manner, there is a
repelling LCS bounding the volume of fluid that will be ejected in the forward
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Figure 5.16: Forward FTLE fields for six severities of aortic regurgitation (in-
cluding the healthy scenario) at the same six time instants throughout the filling
phase of the left ventricle. The forward FTLE fields were computed over an in-
tegration time of two cycles.
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FTLE fields. This vortex core propagates further downstream into the left ven-
tricle, extending the channel until the vortex core approaches close enough to
the ventricle wall, where it is forced to follow a curved trajectory away from the
wall, finally allowing the mitral inflow jet to expand. This delayed expansion of
the mitral inflow has also been observed and described in vivo in Charonko et
al. (2013). From the backward FTLE field, it becomes evident that transport
of inflowing blood largely occurs adjacent to the contour of the ventricle wall
for a healthy left ventricle, having a washing effect for blood in the vicinity of
the ventricle apex; this can also be seen in Fig. 5.9a. By the end of the filling
phase (t∗ = 1), the clockwise vortex has set up in the ventricle’s centre and
much of the injected blood occupies a thick margin alongside the ventricle wall.
Together this vortex and inflow organize and bound blood previously present
in the left ventricle for ejection. With regard to aortic regurgitation, we start
by noting some key features described previously that are immediately evident
from the backward FTLE field. For instance, in the first column of Fig. 5.15
(t∗ = 0.493), representing just a few moments after the start of filling, there is
some indication about the timing between the onsets of the mitral and regurgi-
tant jets. The regurgitant jet has not yet emerged in the moderate-1 case (ROA
equal to 5.9%) while it has just begun to emerge in the moderate-2 case (ROA
equal to 8.5%) and has clearly emerged prior to the mitral jet in the two severe
cases (ROA equal to 17.2% and 26.1%). It appears that the timing between the
onset of the mitral and regurgitant jets may lead to significant differences in
overall particle residence times while still resulting in the monotonic increase in
the total energy being dissipated by viscous forces per cycle with regurgitation
severity, as shown in our previous work (Di Labbio & Kadem, 2018). While the
regurgitant jets in all cases appear to drive the mitral vortex toward the ventri-
cle wall (seen in the second column of Fig. 5.15), the timing at which it occurs in
the moderate-1 case (ROA equal to 5.9%) appears to be most detrimental in the
sense of blood stasis. The difference between the moderate-1 and moderate-2
cases is made clear in the fifth column of Fig. 5.15 (t∗ = 0.770), where in the
moderate-1 case the regurgitant jet managed to match the penetration depth of
the mitral jet whereas in the moderate-2 case the regurgitant jet has not pene-
trated as deep and opposes the ascent of the mitral vortex. The difference at the
end of the filling phase between the two is that in the moderate-1 case a weak
counter-clockwise vortex sets up in ventricle apex and in the moderate-2 case a
weak counter-clockwise vortex sets up just below the aortic valve. With severe
regurgitation, the regurgitant jet begins early and quickly overtakes the mitral
jet, restricting downward progression of the mitral vortex and thus forcing it to
remain in close proximity to the mitral valve. The final penetration depth of
the mitral inflow can be seen by a bounding ridge in the last two columns of
Fig. 5.15, an attractive barrier where the regurgitant and mitral inflow volumes
clash. In addition to timing, this in vitro model suggests that the regurgitant jet
is marked by distinct dynamics associated with the severity of the regurgitation.
For instance, with moderate regurgitation, the jet begins slowly and gradually
propagates to some extent downstream into the ventricle. In contrast, with se-
vere regurgitation, the jet very rapidly propagates into the ventricle during the
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E wave of filling and then quickly becomes less forceful as the pressure gradient
across the aortic valve equilibrates.

Rather interestingly, from the second column of Fig. 5.15 (t∗ = 0.566), it can
be seen that the regurgitant jet is not accompanied by a clear vortical structure
in this Lagrangian picture whereas the mitral inflow consistently reproduces
a clear and well-behaved vortex during early filling, prior to expansion or in-
teraction with the regurgitant inflow. The absence of a visible vortex pattern
accompanying the regurgitant jet suggests that the corresponding vortex ob-
served in the Eulerian picture is a poorly attracting structure (as previously
evidenced by its intermittency), an indication of its inability to entrain and
transport surrounding material. Such a property may in fact be rather benefi-
cial, having a washing effect for blood in the vicinity of the ventricle apex (as
is observed in the moderate-2 and severe cases) rather than trapping blood in
a coherent counter-clockwise laminar spiral (as occurs in the moderate-1 case).
Additionally, the mitral inflow seems to be consistently marked by smooth spi-
raling ridges, while the regurgitant inflow possesses a somewhat chaotic and
broken group of attracting material lines. Nonetheless, in the last column of
Fig. 5.15, marking the end of the filling phase, the presence of a large number
of convoluted attracting structures is clear for all cases when compared to the
healthy left ventricle. These structures persist throughout the next cycle and
can be faintly observed in columns 1-5, effectively presenting sustained loca-
tions in the left ventricle with favourable conditions for activated platelets to
agglomerate.

The finite-time Lyapunov exponent computed in forward time, displayed in
Fig. 5.16, reveals the repelling material structures in the flow. Unlike attracting
material structures from the backward FTLE fields, which manifest as directly
tangible structures in the flow, the repelling structures represent hidden orga-
nizing features. Additionally, repelling material structures have been suggested
as activation sites for platelets in Shadden and Hendabadi (2013), where the au-
thors defined a platelet activation potential and demonstrated their coincidence
with repelling material ridges of the FTLE field. In general, one may suspect
therefore that platelets are activated in the vicinity of repelling material lines
and coalesce along attracting material lines, however no inference is made here
regarding activation of the platelets themselves in the case of aortic regurgita-
tion. Perhaps the most notable feature in the forward FTLE fields presented in
Fig. 5.16 is the appearance of a near-horizontal repelling ridge in the ventricle
in the moderate-1, moderate-2 and severe-1 cases, separating the apical region
from the base of the ventricle. While this horizontal barrier is weak in magni-
tude, it suggests some quiescence of blood in the apical region during the early
filling phase. Interestingly, in the severe-2 case, at t∗ = 0.493, it can be seen that
a repelling ridge engulfs the mitral region, limiting its propagation downstream
early on. This repelling structure shrinks, further restricting the mitral inflow
until ultimately releasing a pathway adjacent to the ventricle wall on the mitral
side (as seen at t∗ = 0.683), allowing the mitral inflow to propagate further
downstream.
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5.4 Conclusion
With valvular heart diseases posing an escalating burden on the world’s aging
population, there is a need to study these diseases further in the hopes of de-
tecting and treating them early on. In particular, aortic regurgitation presents
an interesting fluid dynamics problem, akin to a confined elastic vessel filling
from two impulsive jets. In the present study, aortic regurgitation was simu-
lated in vitro on a double-activation left heart duplicator, taking into account
the physiological adaptations observed in vivo in chronic (or gradually occur-
ring) regurgitation. While our previous work focused on a fundamental Eulerian
flow description as well as viscous energy loss characteristics, the present work
investigated the material transport characteristics from a purely Lagrangian
perspective.

The in vitro model used in this work further supports the body of literature
regarding the optimal nature of a healthy left ventricular flow. The tendency of
the mitral vortex to set up in the ventricle’s centre to impart a single coherent
clockwise motion to the entire ventricular fluid volume organizes material for
ejection in a near-optimal manner. In a healthy left ventricle, material at the
beginning of the filling phase was shown to organize into a columnar region
under the left ventricle outflow tract just prior to ejection, permitting a healthy
ventricle to be capable of ejecting half its fluid volume in a single beat with
minimal viscous energy loss. Within two beats, nearly all material in the left
ventricle is cleared (96% in this study), highlighting its performance in main-
taining a low overall particle residence time. Inflowing blood was found to be
transported mainly along a channel adjacent to the ventricle wall, surrounding
blood previously present in the left ventricle and having an important washing
effect for particles in the apical region. The backward finite-time Lyapunov field
reveals how the vortex generated from the mitral inflow represents an attracting
material structure, entraining and transporting fluid downstream into the left
ventricle, forming a channel with the ventricle wall, and delaying the expansion
of the mitral jet.

With aortic regurgitation, the double-jet filling pattern significantly alters
material transport behaviour within the left ventricle. It was shown that even
mild regurgitation is enough to perturb material transport dramatically, inad-
equately organizing material into a columnar region under the left ventricle
outflow tract. Through an investigation of the particle residence time, it was
observed that moderate regurgitation permits the largest degree of blood sta-
sis. This result was largely influenced by the timing between the onset of the
regurgitant and mitral jets and decreased intermittently turbulent activity in
the apical region. While it may seem that an additional washing effect in the
ventricle apex arises with higher regurgitation severities, the viscous energy loss
still does increase, as shown in our previous work, implying a larger work input
requirement on the part of the heart muscle to eject blood. Interestingly, how-
ever, all simulated cases of aortic regurgitation contained particles residing in
the left ventricle for over seven cardiac cycles, while no particles remain for over
four cycles in the healthy left ventricle. By partitioning the left ventricular vol-
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ume into direct flow, delayed ejection flow, retained inflow, and residual volume,
it was observed that aortic regurgitation could be characterized by a significant
drop in delayed ejection flow accompanied by an increase in residual volume.
While this provides a rather interesting Lagrangian picture of the flow, it does
not distinguish regions of particles by whether they have been injected from the
aortic or mitral valve. Such a map was also provided in this work, demonstrat-
ing that while any regurgitant volume remaining in the vicinity of the aortic
valve is readily ejected, much of the regurgitant volume is in fact retained. The
subsequent interaction and clashing of the regurgitant and mitral volumes was
more clearly depicted in the backward finite-time Lyapunov exponent fields.
Where the two volumes meet, particularly in the severe cases, a sharp trans-
port barrier exists, limiting the progression of the mitral inflow volume in the
plane. By the end of the filling phase, the cases exhibiting aortic regurgitation
are marked by many remnant attracting ridges of the backward FTLE field.
This result outlines a particularly important outcome of this study, namely,
that there is a clear increase in blood stasis in the left ventricle associated with
aortic regurgitation in addition to sustained locations where activated platelets
can coalesce. In other words, aortic regurgitation presents ideal conditions in
the left ventricle for the formation of mobile platelet aggregates, however small,
which can form clots elsewhere in the body when ejected from the ventricle.
In combination with comorbidities that are known to activate platelets, chronic
aortic regurgitation poses an additional risk factor, particularly in its moderate
stage.

It is to be noted that, without a doubt, this study comes with some im-
portant limitations, the most prominent of which is the description of an in-
herently three-dimensional flow using a single two-dimensional plane. The two-
dimensional plane used in this study was specifically selected based on the plane
typically used in clinical practice to assess aortic regurgitation via ultrasound.
Throughout this work, it was made clear that a three-dimensional description is
necessary in view of several results, particularly due to the contraction of areas
seen in the particle residence time maps (specifically the map distinguishing ar-
eas by the cycle in which they were injected). In fact, proper particle advection
in general requires the full three-dimensional flow since it is highly unlikely that
particles will remain in the measurement plane for the entire advection period.
Additionally, while we have used a trileaflet valve in the mitral position for this
work, a bileaflet valve better represents left ventricular physiology. Another
limitation, as we have alluded to in Sec. 5.3.2, is that the lack of resolution in
the near-wall region of the left ventricle likely underestimates particle residence
times. This lack of resolution is intrinsic to the methodology used and is better
acquired using direct numerical simulation, for which the results of this work
may serve as validation away from the wall. The reported values of PRT4

2 may
therefore be considered as a lower bound in the plane of interest, though they
are not suspected to change significantly as the area in the near-wall region
is small compared to the rest of the ventricular area. The particle residence
time maps shown in Figs. 5.8a and 5.9a can consequently display longer sta-
sis in the vicinity of the wall and this only further highlights the possibility of
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thrombus formation in the case of aortic regurgitation. Yet another important
limitation which we have only briefly alluded to in Sec. 5.3.2 is the contractile
dynamics of the experimental model left ventricle with reference to the physi-
ological contraction of the heart muscle. It is well known that the orientation
of the muscle fibers surrounding the left ventricle result in a twisting action of
its walls during its ejection phase followed by a rapid untwisting action as the
heart muscle relaxes for the filling phase. In the heart simulator used through-
out this work, as is currently the case for all such PIV-compatible simulators,
this twisting action is entirely neglected and the left ventricle consequently con-
tracts primarily in the radial direction. Evidently, the swirling motion of the
flow in the left ventricle is three-dimensional and this twist likely promotes this
behaviour. Inclusion of such structural dynamics is therefore critical in studying
the three-dimensional flow and is especially important in resolving the near-wall
behaviour of the flow. As this work deals with a single two-dimensional plane,
we first aimed to show that the results in the case of a healthy left ventricle
agree well enough with those reported in the literature, which includes in vivo
data. However, the effects of this twist in the case of aortic regurgitation may
induce a spiraling component to the regurgitant and mitral jets, the resulting
interaction of which remains to be explored.
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Further Discussion3

An additional limitation regarding the residence time was not discussed in the
article but clearly deserves to be mentioned. This is the fact that some particles
being ejected through the aortic valve will flow back into the left ventricle. While

3Please note that this section is unique to this dissertation and does not appear in the
original article.
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the flow map of Fig. 5.11 takes this into consideration, correcting the particle
residence time maps in Figs. 5.8 and 5.9 and the flow map of Fig. 5.10 to a
modest extent, the PRT4

2 parameter cannot quite take this into consideration
for this dissertation since the left ventricular outflow tract and aortic root were
not captured in the field of view of the camera. The formulation itself for PRT4

2
in Eq. (5.1), however, is general enough to consider this effect if the full domain
were captured, as in the work of Bolger et al. (2007) for instance. Since the left
ventricular outflow tract and aortic root were not captured in this work, the
reported values of PRT4

2 are further underestimated. However, the fact that
the reported values of PRT4

2 can be considered as a lower-bound to its true
value still holds (within the plane of measurement) since particles flowing back
into the left ventricle from regurgitation can only increase the particle residence
time. This could still somewhat be taken into consideration in this work using a
method similar to how Fig. 5.11 was computed, namely, by tracking particles in
backward time to see where they have flowed in from to get some indication on
how much of the fluid corresponds to regurgitation and how long it has resided
in the left ventricle. However, this is likely to be a crude estimation at best
since it is not necessarily true that all the fluid comes from the regurgitation
(i.e., some of it could have simply been within the left ventricular outflow tract
and therefore not necessarily completely ejected). Furthermore, as stated in
the conclusion, considering the full three-dimensional flow will certainly have
an effect on the reported values of PRT4

2, however the values reported within
the plane of measurement are expected to be representative since it represents a
plane of symmetry with a weak out-of-plane component as discussed in Chp. 3.

One of the reviewers of this article brought up an interesting point which was
only quickly addressed in the article, namely, how the spatiotemporal refinement
affects the residence time maps and the finite-time Lyapunov exponent fields.
Essentially, particles are positioned in a rectangular grid within the left ventricle
and advected, similar to Fig. 5.7 in the text but with the addition of particles
closer to the wall. The fractions of the particles corresponding to any specific
coloured region in Figs. 5.7 through 5.11 have been specified to at most three
significant figures in the article. To demonstrate the lack of sensitivity, take for
instance the particle residence time map for the healthy left ventricle as shown
in Fig. 5.8. If ∼ 3 000 particles are advected by the flow, 48.8% of particles are
found to be ejected in the first beat, 46.9% in the second and 4.3% in the third.
If now ∼ 850 000 particles are advected and the flow is refined in time eightfold
using cubic interpolation, 49.3% of particles are found to be ejected in the first
beat, 46.5% in the second and 4.2% in the third. In the article, ∼ 200 000 par-
ticles were chosen to be advected by the flow with a fourfold refinement in time
and the same values were obtained to three significant figures. Rounded to the
nearest integer, the most refined calculations (both spatially and temporally)
are no different than the coarsest ones. Since the most complex case was the
moderate-1 case, performing the same exercise, advecting ∼ 3 000 particles in
the flow gives 27.2% ejected in the first beat, 35.0% in the second, 16.1% in
the third, 6.8% in the fourth and 14.9% in more than four beats. Advecting
∼ 850 000 particles with an eightfold temporal refinement gives 27.8% of par-
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ticles ejected in the first beat, 35.0% in the second, 16.1% in the third, 6.6%
in the fourth and 14.4% in more than four beats. Again, very little difference
is observed with the coarsest calculation and the results reported in the article
(∼ 200 000 particles, fourfold refinement in time) are the same as the refined
calculation to three significant digits. The same behaviour is true for the results
reported in Figs. 5.7 through 5.11. In terms of the ejection flow map itself, in-
creasing the number of particles has the effect of increasing the image resolution
of the map, see Fig. 5.17 for instance for the moderate-1 case.

Figure 5.17: Effect of spatiotemporal refinement on the ejection map of the
moderate-1 case from Fig. 5.8.
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Chapter 6

Reduced-Order Modelling

Preface
“Science is a self-correcting process. To be accepted, new ideas must
survive the most rigorous standards of evidence and scrutiny.”

— Carl E. Sagan

The third article constituting this dissertation deals mainly with the con-
struction of reduced-order models of the left ventricular flows described in the
previous two articles. This work therefore speaks directly to objective 4 stated
in Sec. 1.6, namely, to construct and make available data-driven reduced-order
models of healthy and regurgitant intraventricular flows. In view of the lack
of available data for both healthy and regurgitant intraventricular flows, this
study aimed to make these models available to the research community in order
to further promote the advancement of knowledge in the field and to offer a
means of comparison for future studies. Specifically, with in silico models read-
ily capturing the full three-dimensional flow and becoming increasingly capable
of managing the many physiological complexities associated with the left ven-
tricle and its diseases, this work may serve as future validation for such studies
within the plane of measurement. In constructing the models, some physical
insight is also gained of the intraventricular flows and the clinical value of a fluid
dynamics analysis is therefore further demonstrated (objective 3 in Sec. 1.6).

The supplemental material associated with this work consists of a descrip-
tion of how to reconstruct the flows from the reduced-order models. The sup-
plemental material has been added to this dissertation in App. 6.D, however
the reader may also refer to it directly at the following link: https://doi.org/
10.1063/1.5083054. The reduced-order models themselves along with the in-
structions for reconstruction have been made available on GitHub at: https://
github.com/dilabbiog/ROMs--LV_flow_with_AR.
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Reduced-order modelling of left ventricular flow
subject to aortic valve regurgitation

The present focus of heart flow studies is largely based on flow within the
left ventricle and how this flow changes when subject to disease. How-
ever, despite recent advancements, a simple tractable model of even
healthy left ventricular flow has not been produced and made avail-
able. Reduced-order modelling techniques, such as proper orthogonal
decomposition (POD) and dynamic mode decomposition (DMD), offer
an effective means of expressing the large datasets obtained from exper-
iments or numerical simulations using low-dimensional models. While
POD and DMD are often used to identify coherent structures in fluid
dynamics, their use as a modelling tool has not found much merit in the
cardiovascular flow community. In this work, we use POD and DMD to
construct reduced-order models for a healthy left ventricular flow as well
as for that under the influence of a particular disease shown to exhibit
rich and unique intraventricular fluid dynamics, namely, aortic regur-
gitation (a leaking aortic valve). The performance of the two methods
in reconstructing the intraventricular flows and derived quantities is
evaluated, and the selected reduced-order models are made available.

6.1 Introduction
The human heart is a rather fascinating and surprisingly efficient four-chamber
pump operating in marvelous synchrony. Nature has fashioned a pump that
appears to be optimal in many respects and, to some extent, even adaptable to
its own diseases. For a fluid dynamicist, the general perspective is that the flow
in each chamber must be favourable for natural heart function and, therefore,
functional changes brought on by a disease ought to be readily observed in the
flow. The most instinctive notion by far is that the flows in healthy heart cham-
bers minimize energy dissipation when compared to their diseased counterparts,
requiring minimal work input on the part of the heart muscle to pump blood.
Such was the hypothesis of Kilner et al. (2000), for example, who discussed
the natural swirling flows occurring in all healthy heart chambers with elegant
magnetic resonance flow visualizations. Some evidence for this presumption has
been provided over the past twenty years or so mainly in the context of the left
ventricle, the heart’s most laborious chamber; see the work of Pedrizzetti and
Domenichini (2005), for instance. Indeed, the focus of heart flow studies has
been largely on the left ventricle and how the corresponding intraventricular
flow changes under various conditions such as with prosthetic valves or patholo-
gies; the reader is referred to the work of Pedrizzetti and Domenichini (2015)
for a thorough review. Following this recent interest, this work focuses on flow
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in the left ventricle subject to a particular disease exhibiting rich and unique
intraventricular fluid dynamics, namely, aortic valve regurgitation.

Healthy left ventricular filling occurs strictly from the mitral valve, the eccen-
tricity of which imparts a coherent swirl to the entire ventricular blood volume
(see Fig. 6.1 for a schematic). By contrast, aortic regurgitation is characterized
by a leaking aortic valve and so left ventricular filling occurs from two orifices,
resulting in an interaction between two pulsatile jets in a confined, elastic ge-
ometry (see Fig. 6.1). The interaction between two fluid jets has only been
previously explored in the context of free or wall-bounded jets, mostly in the
case of two parallel in-plane jets (cf. the work of Bisoi et al. (2017) and the
references therein) and rather recently in the case of intersecting and somewhat
free jets (Houser et al., 2018). Aortic regurgitation in the left ventricle therefore
poses a new and rather unique fluid mechanics problem. The flow has been
previously investigated in vivo by Stugaard et al. (2015), who showed an in-
crease in energy loss associated with increasing regurgitation severity. This has
also been shown to occur in vitro by Okafor et al. (2017) and Di Labbio and
Kadem (2018) including in earlier preliminary demonstrations by our group
(Raymondet et al., 2016; Di Labbio & Kadem, 2016; Ben-Assa et al., 2017).
Most recently, Di Labbio et al. (2017, 2018) investigated the flow from an en-
riching Lagrangian perspective, demonstrating various unique blood transport
characteristics within the left ventricle using the finite-time Lyapunov exponent
and maps of Lagrangian particle residence time. Nevertheless, whether the re-
sults of these studies can be observed in vivo remains to be seen as there is
currently no such database or literature with which to compare full left ven-
tricular flow field data for aortic regurgitation of various grades. With this in
mind, we believe it to be of utmost importance for researchers to have flow
models available with which to compare future findings, whether arising from
in silico, in vitro, in vivo or ex vivo data. Furthermore, to date, no model intra-
ventricular flow has been made available for even a healthy left ventricle. Here,
we therefore look to construct and provide data-driven reduced-order models
of the healthy and regurgitant intraventricular flows analyzed in our previous
studies (Di Labbio & Kadem, 2018; Di Labbio et al., 2018). With this, both the
fluid dynamics and clinical communities will have access to in vitro data-driven
flow models that capture the underlying physical phenomena and can be used
for the purposes of comparison, reproduction, or further deduction.

There are several data-driven reduced-order modelling techniques used in
the fluid dynamics literature, the most popular being proper orthogonal decom-
position (POD), which was first introduced by Lumley (1967) and is now well-
founded. Additionally, since its introduction by Schmid and Sesterhenn (2008),
dynamic mode decomposition (DMD) has also had widespread use and suc-
cess. Both techniques provide an effective means of reducing the large datasets
acquired from experiments or numerical simulations to low-dimensional descrip-
tions. Particularly, these two methods are promising for the reduced-order mod-
elling of left ventricular flow fields. On the one hand, with these flows presumed
to be well-described by their energetics in the literature, POD may be expected
to produce optimal low-dimensional models. On the other hand, due to the peri-
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Figure 6.1: Schematic of the heart (left), with the left ventricle identified, show-
ing the oxygenated (red) and deoxygenated (blue) blood flow paths. The filling
flow in a healthy left ventricle compared to one with aortic valve regurgitation is
also shown schematically. The image on the left was adapted from a Wikimedia
Commons illustration by P. J. Lynch and C. C. Jaffe under the CC BY 2.5
licence (2006). Here and in the following figures, AV denotes aortic valve and
MV mitral valve.

odic presence and propagation of distinct coherent structures in these flows (such
as the diastolic vortex or regurgitant jet in Fig. 6.1), DMD may be expected to
describe these features with fewer modes given that the temporal dynamics of
each mode comprises a single frequency of the governing flow. For a compre-
hensive review of DMD and other model reduction techniques (including POD),
the reader is referred to the work of Kutz et al. (2016), Rowley and Dawson
(2017) and Taira et al. (2017). With regard to cardiovascular flows, the use of
POD is limited to only a few studies and yet encompasses a range of purposes
including the denoising of experimental data (Cenedese et al., 2005; Charonko
et al., 2010, 2013), flow state estimation (McGregor et al., 2008, 2009; McLeod
et al., 2010; Guibert et al., 2014; Manzoni et al., 2012; Ballarin et al., 2016) and
a general characterization of flow complexity (Grinberg et al., 2009; Kefayati &
Poepping, 2013). The application of DMD to such flows appears in far fewer
studies but nonetheless has found use in the identification of coherent structures
(Delorme et al., 2014), in revealing bio-markers to characterize disease (Borja et
al., 2016; Mikhail et al., 2017) as well as in constructing reduced-order models
(Lozowy, 2017).

With the focus of this study being to construct reduced-order models of

https://commons.wikipedia.org/wiki/File:Heart_circulation_diagram.svg
https://commons.wikipedia.org/wiki/File:Heart_circulation_diagram.svg
https://creativecommons.org/licenses/by/2.5/
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the healthy and regurgitant intraventricular flows described in the work of Di
Labbio and Kadem (2018) and Di Labbio et al. (2018), we begin by describing
the experimental model from which the data were acquired in Sec. 6.2. For the
unfamiliar reader, we define the snapshot POD (Sirovich, 1987) and exact DMD
(Tu et al., 2014) methods in Appendices 6.A and 6.B, respectively. In Sec. 6.3,
we apply POD to the datasets (Sec. 6.3.1) and evaluate the performance of the
resulting reduced-order models to reconstruct them (Sec. 6.3.2). We continue in
the same fashion for DMD throughout Sec. 6.4. We then offer some concluding
remarks and recommendations in Sec. 6.5.

6.2 Experimental Model
The methodology used to acquire the datasets being modelled in this work is
largely described in the work of Di Labbio and Kadem (2018) and Di Labbio et
al. (2018). Here, we provide an overview to place the applicability and limita-
tions of the data into context and refer the reader to the aforementioned papers
for further details. Aortic valve regurgitation was simulated on an in-house left
heart simulator. We have previously shown the ability of this simulator to re-
produce many healthy left heart flow phenomena in the work of Di Labbio and
Kadem (2018) and Di Labbio et al. (2018), including aortic and left ventricu-
lar pressure waveforms as well as intraventricular flow behaviour such as mitral
vortex formation and propagation. The duplicator possesses a symmetric and
optically clear silicone left ventricle, having a refractive index of 1.41 ± 0.01,
which is held within an acrylic hydraulic chamber; the three-dimensional model
of the ventricle has been made available as part of the supplemental material of
Di Labbio and Kadem (2018). An anatomical model of the left atrium and a
model aorta (complete with the sinuses of Valsalva) are also included in the flow
circuit and made of the same silicone (SILASTICTM RTV-4234-T4, The Dow
Chemical Company; Midland, MI), providing some compliance to the system.
Compliant silicone rubber tubing, having 35 Shore A hardness, is used for the
remaining connections, namely, to join the left atrium and aorta to the reservoir
(see Fig. 6.2). Trileaflet bioprosthetic valves were used both in the aortic and
mitral positions, having nominal diameters of 25 and 23 mm, respectively. The
working fluid was a mixture of 60% water and 40% glycerol by volume at an
operating temperature of 23.1 ± 0.2 ◦C, having a refractive index of 1.39 and
a measured density (1 100 kg/m3) and dynamic viscosity (4.2 cP) not far from
those of blood. The ventricle is activated hydraulically using a piston-cylinder
arrangement, with the forward motion of the piston compressing the ventricle
for ejection and rearward motion expanding the ventricle for the E wave of the
filling phase (the E wave corresponds to filling due to the relaxation of the heart
muscle). The piston is driven by an electromagnetic linear motor (LinMot, NTI
AG; Switzerland) using a drive offering 32-bit positional resolution (Servo Drive
E1100-RS, NTI AG; Switzerland), which translates to a volumetric resolution of
0.2 µL for the system. The A wave of filling, corresponding to ejection of blood
from the left atrium into the left ventricle by atrial contraction, is decoupled

https://www.sciencedirect.com/science/article/pii/S0021929018305335#m0005
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Figure 6.2: Operation of the double-activation left heart simulator over one com-
plete cycle for the healthy scenario. (a)→(b) The piston completes its forward
stroke, compressing the left ventricle hydraulically for ejection of fluid up to the
reservoir through the aortic valve. (c)→(d) The piston completes its rearward
stroke, expanding the left ventricle hydraulically to fill from the mitral valve for
the E wave and diastasis portions of the filling phase. Note that in the case of
aortic regurgitation, filling would here also partly occur from the regurgitating
aortic valve. (e)→(f) The left atrium is compressed to provide the A wave of
filling, supplying an additional volume of fluid to the left ventricle while the
piston remains still. The cycle then repeats.

from the E wave by physically compressing the left atrium using a servomotor
(Dynamixel RX-24F, Robotis; Lake Forest, CA) acting on a simple cam-follower
mechanism, having a maximum speed of 126 rpm under no load and a positional
resolution of 0.29◦. The operation of the system over one complete cycle is de-
tailed in Fig. 6.2 and its corresponding caption. This decoupling of the E and A
waves of filling, known as double-activation, is rather important for the simula-
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tion of regurgitation from the aortic valve since it should occur forcefully during
the E wave while only passively during the A wave. By comparison, having the
piston-cylinder arrangement control both the E and A waves of filling, as is
often the case in left heart simulators, would result in excess and unrealistic
regurgitation during the A wave.

Aortic regurgitation was produced in the system by pulling apart the three
leaflets of the bioprosthetic aortic valve to produce a central regurgitant orifice
of known area; the reader is referred to the work of Di Labbio and Kadem (2018)
and the corresponding supplemental material for further details regarding the
mechanism. Based on the clinical guidelines in the work of Nishimura et al.
(2014), five severities of aortic regurgitation, as well as one healthy scenario,
were investigated. Normalized by the fully open geometric aortic valve area
(3.00 cm2), the simulated regurgitant orifice areas correspond to 0, 3.3, 5.9, 8.5,
17.2 and 26.1%. As it is observed in patients with chronic aortic regurgitation
(Bekeredjian & Grayburn, 2005), the forward stroke volume was held constant
at 64±4 mL, corresponding to a cardiac output of ∼ 4.5 L/min. The peak aortic
pressure was also held constant at 121± 5 mmHg along with the heart rate at
70 beats per minute (1.17 Hz), corresponding to a cycle period of T = 0.857 s.
Using the nominal mitral/aortic valve diameter d as a length scale and incorpo-
rating the average flow rate V̇– across the mitral/aortic valve into the velocity
scale U = V̇– /A = 4V̇– /πd2, we define the Reynolds and Womersley numbers as
Re = 4ρV̇– /(πµd) and Wo = (d/2)

√
2πρf/µ, respectively, where f denotes the

frequency. The mean mitral inflow Reynolds number among all cases is there-
fore 1 075±60, and the associated Womersley number is 15.9. Note that, for the
given scales, we may also define a Strouhal number St = 2Wo2/πRe; however,
given that the flows under study are pulsatile, we simply use the Reynolds and
Womersley numbers to characterize them. A summary of the experimental flow
conditions is provided in Tab. 6.1. The listed Reynolds and Womersley num-
bers may find use in relating the results of the studied intraventricular flows to
pulsatile or synthetic jets. The intraventricular flow fields were obtained using
two-dimensional time-resolved particle image velocimetry (PIV) in the plane
bisecting the mitral and aortic valve centres and the ventricle apex, namely, the
plane shown in Fig. 6.2. The flows were captured over one complete cardiac
cycle. The simulator was left to run for 50 cardiac cycles prior to each record-
ing to ensure that any transient phenomena associated with system start-up
were no longer present. The double-frame images were acquired 700 µs apart at
an acquisition rate of 400 Hz, the processing of which resulted in 343 velocity
field snapshots each having a final spatial resolution of 0.52 mm × 0.52 mm.
Ten such time-resolved acquisitions were performed for each simulated case as a
marker of the repeatability of the experiments. The uncertainty in the velocity
fields captured by PIV was estimated to be around 5% of the maximum point-
wise velocities for all simulated cases, ranging from 0.058 to 0.086 m/s. More
information regarding the PIV acquisition and interrogation for this experiment
can be found in the work of Di Labbio et al. (2018). Throughout this and our
previous studies, we make use of a non-dimensionalized time t∗ = t/T defined
such that t∗ = 0 corresponds to the beginning of the ejection phase, t∗ = 0.438

https://www.sciencedirect.com/science/article/pii/S0021929018305335#m0010
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to the beginning of the filling phase and t∗ = 1 to the end of the filling phase
(beginning of the ejection phase for the next cardiac cycle).

Table 6.1: Summary of experimental conditions. For the regurgitant inflow, the
orifice diameter was taken as d =

√
4A/π for the calculation of the Reynolds

(Re) and Womersley (Wo) numbers with A being the regurgitant orifice area.
The regurgitant fraction is the regurgitant volume divided by the stroke volume.
Reprinted with permission from G. Di Labbio, J. Vétel, and L. Kadem, Phys.
Rev. Fluids 3, 113101 (2018). Copyright 2018 American Physical Society.

Working fluid
Water-glycerol ratio 60:40 (by volume)
Density ρ 1 100 kg/m3

Dynamic viscosity µ 0.0042 Pa·s (4.2 cP)
Refractive index 1.39
Temperature 23.1± 0.2 ◦C

Simulator
Cardiac output 4.5± 0.3 L/min
Cycle period T 0.857 s (70 bpm)
Forward stroke volume 64± 4 mL
Mitral inflow mean Re 1 075± 60
Mitral inflow Wo 15.9
Nominal mitral valve diameter 23 mm
Nominal aortic valve diameter 25 mm
Peak aortic pressure 121± 5 mmHg

Regurgitation parameters
Regurgitant orifice areas 0, 3.3, 5.9, 8.5, 17.2, 26.1% (of 3.00 cm2)
Diastolic aortic pressures 64, 53, 50, 18, 22, 6 mmHg
Regurgitant fractions 0, 0.11, 0.34, 0.40, 0.47, 0.52
Regurgitant inflow peak Re 0, 9 970, 14 400, 11 300, 12 100, 9 460
Regurgitant inflow Wo 0, 2.1, 2.8, 3.4, 4.8, 5.9

In what follows, we apply POD and DMD to the velocity field data of each
simulated case of aortic regurgitation. The goal is to offer a set of individual-
ized reduced-order models tailored to the reconstruction of each specific case.
Furthermore, in order to construct the models, we use the ensemble-averaged
velocity fields of the ten time-resolved acquisitions made for each case; addi-
tional information regarding this decision is provided in App. 6.C. The models
for each case make use of 343 snapshots acquired at 400 Hz, which we found to
produce converged modes and temporal dynamics for both POD and DMD with
the exception of the lowest energy modes in the case of POD and the highest

https://doi.org/10.1103/PhysRevFluids.3.113101
https://doi.org/10.1103/PhysRevFluids.3.113101
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frequency modes in the case of DMD. Similar numbers of snapshots and sample
frequencies have also been found to give satisfactory results in other flows hav-
ing similar velocity scales (Kefayati & Poepping, 2013; Delorme et al., 2014).
The MATLAB codes implementing the methods as well as the reconstruction
algorithms are provided in the supplemental material. Prior to proceeding with
the data-driven modelling of the healthy and regurgitant intraventricular flows,
it should be noted that the use of data reduction techniques for reconstructing
intraventricular flows in general raises the rather interesting question of how
to deal with moving or flexible boundaries. Here, we have simply used a con-
stant rectangular flow domain among all snapshots of sufficient extent to contain
the geometry throughout the entire cardiac cycle. For any given snapshot, the
velocity of points falling outside the instantaneous ventricle boundary is identi-
cally zero. Evidently, using such an approach will result in modes that contain
velocity vectors at points within the union of the left ventricular flow domains
from all snapshots. Consequently, the reconstructed flow fields will contain false
velocity vectors in all snapshots at points which lie outside their respective in-
stantaneous ventricle boundary. Although we have found these false velocity
vectors to be rather small in magnitude, we have nonetheless removed them
in the flow reconstructions, by applying an instantaneous mask, to respect the
motion of the ventricle walls; the reader is referred to the supplemental material
for a demonstration of how this is performed with the provided data.

6.3 Modelling with Proper Orthogonal Decom-
position

Here, we construct four POD models for each simulated intraventricular flow; we
again refer the unfamiliar reader to App. 6.A for the mathematical description
of the method. The models are constructed according to the leading number
of modes required to capture 98.0%, 99.0%, 99.5% and 99.9% of the ensemble
flow kinetic energy, the modes of course being ranked according to their kinetic
energy content. For the purposes of flow reconstruction, we simply consider the
projection of the modes onto the snapshot basis to evaluate the contribution
of each mode at any given time as in Eq. (6.10), with the flow then being
reconstructed from Eq. (6.9).

6.3.1 Characteristics of POD applied to the intraventric-
ular flows

In this study, for regurgitant orifice areas of 0%, 3.3%, 5.9%, 8.5%, 17.2% and
26.1% of the fully open geometric aortic valve area, the first proper orthogonal
modes capture 77.7%, 72.3%, 67.8%, 67.3%, 46.4% and 62.2% of their respective
ensemble flow kinetic energy. In terms of energy content (i.e., the POD eigen-
values), the remaining dominant modes in all cases are often found to appear
in pairs of relatively similar magnitude, which is often observed in the case of

ftp://ftp.aip.org/epaps/phys_fluids/E-PHFLE6-31-006903
ftp://ftp.aip.org/epaps/phys_fluids/E-PHFLE6-31-006903
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periodic flows due to the presence of travelling structures (Kefayati & Poepping,
2013; Telib, 2004; Santa Cruz et al., 2005; Bourguet et al., 2009; Schlatter et
al., 2011). For instance, for the healthy intraventricular flow, the second and
third modes, respectively, make up 6.3% and 5.8% of the ensemble flow kinetic
energy, while the fifth and sixth, respectively, make up 1.8% and 1.5%. The
corresponding spatial modes do bare some resemblance to each other, although
this becomes less apparent with increasing mode number. In terms of energy
distribution, POD generally does give some crude indication of flow complexity
in a global sense, suggesting that complex flows inherently require more modes
to be adequately modelled up to a desired energy level. For instance, in order
to capture 99.9% of the ensemble flow kinetic energy, the numbers of modes
required in the reconstruction in order of increasing regurgitation severity are,
respectively, 84, 77, 124, 109, 138 and 125; refer to Tab. 6.2 in Sec. 6.3.2 for
the number of modes required to capture 98.0%, 99.0% and 99.5%. The cor-
responding accumulation of kinetic energy with the mode number is plotted in
Fig. 6.3a for all cases, showing a rapid convergence to 98.0% kinetic energy for
all but the severe cases of aortic regurgitation (ROA = 17.2 and 26.1%). Simi-
lar information is well-contained and condensed in the Shannon entropy of each
decomposition in Fig. 6.3b, defined as

H = − 1
ln(n)

n∑
j=1

λj
tr(Λ) ln

(
λj

tr(Λ)

)
, (6.1)

with values closer to unity indicating a more disperse energy spectrum among
the modes (Aubry, 1991). There is a distinct increase in entropy between the
healthy (0.177), mild (0.208), moderate (0.230, 0.228) and severe (0.318, 0.261)
scenarios, suggesting more modes are generally required to reconstruct a given
flow to within some pre-defined error with regurgitation severity category (i.e.,
the flows become increasingly complex with severity).

Evidently, the decomposition places considerable emphasis on the filling
phase in all cases, given that it is fluid dynamically the most energetically rele-
vant part of the cycle. A significant portion of the modes can therefore be visu-
ally associated with filling dynamics. The time-averaged velocity fields, which
are representative of the first proper orthogonal modes, are shown in Fig. 6.4 for
all cases. These time-averages alone provide rather excellent descriptive pictures
of the underlying filling flows discussed in the work of Di Labbio and Kadem
(2018) and Di Labbio et al. (2018). For instance, the persistent clockwise swirl
characteristic of a healthy left ventricle is clearly visible and occupies the en-
tire ventricular domain (Fig. 6.4, top left). With mild regurgitation (Fig. 6.4,
top centre), this clockwise vortex was incapable of setting up in the ventricle’s
centre, and so the time-average shows no distinct vortical pattern, capturing
mainly the mitral inflow which is simply the most relevant dynamical feature
in this particular case. The time-average also captures the distinct dynamics
observed in the two moderate cases of aortic regurgitation. Namely, in the
moderate-1 case (Fig. 6.4, top right), the regurgitant jet manages to penetrate
deeper into the ventricle while remaining close to the wall on the aortic side. By
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Figure 6.3: (a) The fraction of accumulated kinetic energy against the mode
number and (b) the Shannon entropy are shown for the proper orthogonal de-
compositions of each case.

Figure 6.4: Time-averaged velocity field for all simulated cases of aortic regur-
gitation. The first proper orthogonal and dynamic modes effectively resemble
the time-average for all cases.

contrast, in the moderate-2 case (Fig. 6.4, bottom left), the regurgitant jet sets
up a counter-clockwise vortex opposing the upward ascent of the mitral inflow.
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Figure 6.5: Second proper orthogonal modes for all simulated cases. These and
several subsequent modes can be associated with the progression of the mitral
vortex and regurgitant jet downstream.

Additionally, the time-average in the moderate-1 case reveals the small counter-
clockwise vortex in the ventricle apex which has been shown to induce a laminar
mixing region in the work of Di Labbio et al. (2018), promoting an exceptionally
high degree of blood stasis. For the two severe cases of regurgitation (Fig. 6.4,
bottom centre and right), the dominant counter-clockwise vortex generated by
the regurgitant jet is evident in both time-averages, and the clockwise mitral
vortex is seen to be confined close to the mitral valve. Given the overall flow
description available in Fig. 6.4, the time-averaged flows over one complete cycle
may be sufficient to judge the underlying filling dynamics in practice and there-
fore provides a useful bio-marker in the case of aortic regurgitation. The second
modes, shown in Fig. 6.5, display features associated with the progression of the
mitral vortex and regurgitant jet downstream. The same could be said for the
third and fourth modes, although not displayed here. The corresponding vari-
ation of the first and second mode amplitudes with time is shown in Figs. 6.6a
and 6.6b, respectively. The influence of the first modes with time varies in a
manner rather similar to the flow rate across the mitral valve, exhibiting little
activity during ejection and larger amplitudes during filling. The amplitudes
of the second modes, and the majority of the subsequent modes in fact, also
exhibit little variation during the ejection phase and more activity during the
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filling phase.
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Figure 6.6: Temporal dynamics of (a) the first modes and (b) the second modes
from the proper orthogonal decompositions of each case. The vertical green line
at t∗ = 0.438 marks the beginning of the filling phase.

While it is often simply assumed that flow reconstruction using a POD cap-
turing 98.0% or more of the ensemble flow kinetic energy provides a sufficient
description of the flow, very few studies report the performance of the resulting
reduced-order model in capturing secondary or derived flow phenomena, which
is certainly of primary importance in modern fluid dynamics research. In gen-
eral, constructing a data-driven reduced-order model of a flow has as an inherent
consequence the effect of smoothing out the reconstructed flow field. While this
effect is precisely what is desired in filtering applications, it may result in a loss
of secondary information pertinent to the underlying dynamics if an insufficient
number of modes are used in the reconstruction. As such, in what follows,
we demonstrate the performance of the reduced-order models to reproduce the
phenomena we have reported in the work of Di Labbio and Kadem (2018) and
Di Labbio et al. (2018), such as the vorticity, energy and material transport
characteristics.

6.3.2 Performance of the POD models
In the work of Di Labbio and Kadem (2018), it was shown that the intraventric-
ular flow exhibits gradual vortex reversal during the filling phase with regurgi-
tation severity and that the total energy loss per cycle due to viscous dissipation
appears to increase linearly with regurgitant orifice area. As a measure of the
total error for the former, Tab. 6.2 shows the integral of the circulation per unit
area with respect to time during the filling phase (Tf ), as defined by

Γ∗ =
∫
Tf

Γ(t)
A(t)dt =

∫
Tf

(
1

A(t)

∫∫
A

(
∂v

∂x
− ∂u

∂y

)
dA
)

dt; (6.2)
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note that this quantity is dimensionless. This circulation integral exhibits an
overall increase from negative values (indicating clockwise rotation) to positive
values (indicating counter-clockwise rotation) and therefore portrays the ob-
served vortex reversal rather well. From Tab. 6.2, it is clear that the overall
vortical behaviour of the flow is well-preserved by all four POD models. For the
healthy intraventricular flow, the error decreases from 2.86% to 0.35% as more
flow kinetic energy is preserved in the reconstruction. The largest errors are
seen for the moderate-1 (ROA = 5.9%) and severe-1 (ROA = 17.2%) cases, de-
creasing from 15.6% to 1.34% for the former and 12.5% to 0.74% for the latter.
While the viscous energy loss, defined by

ε∗ =
∫
T

∫∫
A

ε(x, y, t)dAdt =
∫
T

µ
2

∫∫
A

∑
∀i,j

(
∂ui
∂xj

+ ∂uj
∂xi

)2
dA

 dt, (6.3)

where i, j ∈ {1, 2}, is not well-captured in magnitude by the ensemble-averaged
flows (see App. 6.C), we show its corresponding reconstructed values in Tab. 6.2
nonetheless. The use of POD results in an underestimation, as expected, and
it appears that the reconstruction to 99.9% kinetic energy is the only model
that provides a satisfactory error, falling below 5% for all cases. However, the
monotonically increasing trend in energy loss is preserved for the diseased cases
for all attempted reconstructions, with the linearity being better represented
starting with the POD model capturing 99.0% of the ensemble flow kinetic
energy.

In the work of Di Labbio et al. (2018), aortic regurgitation was investigated
from a Lagrangian perspective and hence much of the results are dependent
upon particle advection patterns. To evaluate the error involved, the flow was
filled with ∼ 800 000 virtual particles at the start of the ejection phase and
advected for four cycles. The advection was performed using the fourth-order
Runge-Kutta scheme for time-stepping and bicubic interpolation to determine
the velocities at the advected particle positions. As in the work of Di Labbio et
al. (2018), the same cycle was simply appended to itself as many times as needed
for the advection. In order to evaluate error, the fraction of particles remaining
in the ventricle with time is used. This provides some indication on blood stasis
within the left ventricle, the behaviour of which is shown in Fig. 6.7 for the
ensemble-averaged flows. By the end of the first ejection phase (at t∗ = 0.438),
the healthy left ventricle has ejected 45% of the initial particles, while only
27.5%, 21.5%, 31.6%, 33.0% and 28.6% were ejected with aortic regurgitation in
order of increasing severity. At an energy level of 98.0%, the POD models show
an error in the fraction of remaining particles of 3.4% for the healthy scenario
and of less than 1% for the regurgitant cases. At an energy level of 99.0%,
the error reduces to 0.2% for the healthy scenario, and at 99.9%, the errors
fall below 0.14% for all cases. Over two cardiac cycles, the errors propagate
forward in time and increase considerably, surpassing 10% error for the healthy
left ventricular flow reconstructed using 98.0% and 99.5% of its ensemble flow
kinetic energy. Rather interestingly, the healthy left ventricular flow exhibits
the most difficult global particle advection behaviour to reconstruct. This is not
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due to the particle positions being in greater error than those of the regurgitant
cases but rather to the very low degree of stasis exhibited by the healthy left
ventricle, as shown in the work of Di Labbio et al. (2018). Therefore, the
small fraction of remaining particles promotes larger error values compared to
the large fraction of particles remaining in the diseased cases, as elucidated in
Fig. 6.7. Nonetheless, at an energy level of 99.9%, the POD models show errors
falling below 2% for all cases over two cardiac cycles and below 4% over four
cardiac cycles.

With regard to the healthy intraventricular flow, the POD model capturing
99.0% of its ensemble flow kinetic energy performs rather well with the excep-
tion of underestimating the computed viscous energy loss and capturing global
particle advection behaviour for over one cardiac cycle. If advection behaviour

Table 6.2: POD reconstruction characteristics and errors. Here and in Tab. 6.3,
KE denotes kinetic energy.

Number of modes
Captured KE (%) → 98.0 99.0 99.5 99.9
Healthy ( 0 % ROA) 10 17 29 84

Mild ( 3.3% ROA) 11 17 26 77
Moderate-1 ( 5.9% ROA) 14 24 44 124
Moderate-2 ( 8.5% ROA) 12 20 36 109

Severe-1 (17.2% ROA) 27 54 84 138
Severe-2 (26.1% ROA) 23 46 71 125

Circulation error (%)
Captured KE (%) → 98.0 99.0 99.5 99.9
Healthy ( 0 % ROA) 2.86 2.49 1.12 0.35

Mild ( 3.3% ROA) 1.81 1.52 0.73 0.32
Moderate-1 ( 5.9% ROA) 15.6 10.2 5.07 1.34
Moderate-2 ( 8.5% ROA) 0.17 1.78 1.04 0.24

Severe-1 (17.2% ROA) 12.5 6.20 0.04 0.74
Severe-2 (26.1% ROA) 4.91 2.44 1.51 0.26

Energy loss error (%)
Captured KE (%) → 98.0 99.0 99.5 99.9
Healthy ( 0 % ROA) 20.7 16.6 13.7 4.63

Mild ( 3.3% ROA) 20.7 15.8 11.4 4.02
Moderate-1 ( 5.9% ROA) 23.4 17.8 12.2 2.97
Moderate-2 ( 8.5% ROA) 23.7 18.7 14.0 3.78

Severe-1 (17.2% ROA) 33.8 21.5 11.0 2.24
Severe-2 (26.1% ROA) 36.1 22.7 11.5 2.54
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Figure 6.7: Approximately 800 000 particles were released at the start of the
ejection phase (t∗ = 0) in the left ventricle and advected for four cardiac cycles.
The plot shows the fraction of initial particles remaining with time. The regions
shaded in green correspond to the ejection phases.

for over one cardiac cycle is of interest, we are inclined to suggest that only
the POD model capturing 99.9% of the energy is sufficient. With regard to the
regurgitant cases, the POD models capturing 98.0% of the energy appear to
be sufficient in terms of advection behaviour within one cardiac cycle whereas
those capturing at least 99.5% of the energy would be suggested if additional
cycles are of interest. We now move to constructing reduced-order models using
DMD and compare their performance against those constructed using POD.

6.4 Modelling with Dynamic Mode Decomposi-
tion

The application of POD to velocity field data ranks modes based on their kinetic
energy content, the underlying assumption being that the flow can be well-
described by its energetics alone. By contrast, DMD places emphasis on the
actual temporal dynamics, namely, how the flow field at one time instant is
mapped directly from the flow history. Its modes represent single-frequency
contributions to the original flow field, which may additionally grow or decay
with time and have an associated phase. It will be interesting to see whether
the intraventricular flows are better described in this context than in terms of
kinetic energy.

In order to have some means of comparison with the performance of the
DMD models relative to those of POD, we again base the models on capturing
98.0%, 99.0%, 99.5% and 99.9% of the ensemble flow kinetic energy. Recall that
for DMD, the temporal dynamics gj(t) of mode j is given by the jth row of the
product BT in Eq. (6.19) and therefore the energy of each mode is given by the
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integral of gj(t) over the cardiac cycle, namely,

Ej =
∫
T

|gj(t)|2dt. (6.4)

The ensemble flow kinetic energy is then given by the sum of all Ej . Here,
we apply the exact DMD method of Tu et al. (2014) to the datasets; we again
refer the unfamiliar reader to App. 6.B for the mathematical description of the
method. The models are constructed according to the leading number of modes
required to capture the desired energy level, with the modes first being sorted
in terms of their amplitude and the flows being reconstructed from Eq. (6.16).
Furthermore, strictly for the purposes of mode sorting, we found it necessary to
premultiply the amplitudes by their respective Ritz values raised to the power of
n (the number of snapshots); i.e., the quantity |λnkbk| was used for sorting, where
λk is given by Eq. (6.13) and bk by Eq. (6.17). This served to penalize modes
having large amplitudes but weak contributions to the dynamics, as discussed
in the work of Tu et al. (2014).

6.4.1 Characteristics of DMD applied to the intraventric-
ular flows

In our first attempt to apply DMD to the datasets, we have noted the presence
of dominant unstable modes appearing in the eigenvalue spectra for all cases.
Such unstable modes are particularly undesirable for the purposes of modelling
periodic flows as they will continue to grow without bound, causing the result-
ing models to fail for long times (i.e., in later cycles). We have also noted that
while a significant number of modes were in fact stable, they decayed rather
strongly in time. These strongly decaying modes are also unfavourable when
modelling periodic flows as they will no longer influence the dynamics for suffi-
ciently long times. Indeed, as discussed in the work of Rowley et al. (2009), in
the case of perfect periodicity, the Ritz values (discrete-time eigenvalues) ought
to correspond to roots of unity and therefore the temporal dynamics ought to
appear as pure sinusoids which neither grow nor decay in time; this is equivalent
to saying that the Vandermonde matrix given by Eq. (6.18) would be identical
to the discrete Fourier transform matrix. Alas, the discordance between what
was observed in the eigenvalue spectra and what is expected for periodic flows
is in fact due to the experimental nature of the data. More precisely, it is due
to the slight dissimilarity between the first and last snapshots of the datasets,
which of course should represent a full cycle to within 0.3% error (2-3 ms) given
the experimental conditions (cf. Sec. 6.2). However, by applying a shift to the
ordering of the snapshot matrix, the first and last snapshots will be in better
correspondence and therefore the periodicity of the data for the purposes of
DMD will be improved. We have therefore shifted the datasets such that the
first snapshot now corresponds to the start of the filling phase; i.e., we have
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Figure 6.8: Discrete-time eigenvalues corresponding to the DMD of the unshifted
datasets for (a) the healthy and (c) most severe scenarios. The respective eigen-
values for the datasets shifted according to Eq. (6.5) are shown in (b) and (d).
The colour and size of the points vary according to the penalized amplitudes
(|λnkbk|) of the modes except for the first modes, which are shown in red and
have amplitudes of 13.29 in (a), 12.62 in (b), 8.53 in (c) and 7.36 in (d).

performed the shift

Xn
1 =

 | | | |
x1 · · · xj−1 xj · · · xn
| | | |

→
 | | | |

xj · · · xn x1 · · · xj−1
| | | |

 ,
(6.5)

where snapshot j corresponds to the start of the filling phase. There is a subtle
point of note here, namely, that the temporal spacing between all snapshots is
2.5 ms, whereas that between snapshot n and 1 is only 2.1 ms, which introduces
some error in the DMD. Nonetheless, with this shift, the Ritz values move more
closely toward the unit circle, which we show for the healthy and most severe
cases in Fig. 6.8.

With this shift, the logarithmic mappings of the Ritz values (continuous-time



164 CHAPTER 6. REDUCED-ORDER MODELLING

Figure 6.9: Continuous-time eigenvalues (γk = ln (λk) /∆t; see App. 6.B) for
(a) healthy left ventricular flow as well as five severities of aortic regurgitation
including (b) mild (ROA = 3.3%), (c,d) moderate (ROA = 5.9 and 8.5%)
and (e,f) severe (ROA = 17.2 and 26.1%). The first modes, shown in red,
have amplitudes of 12.62, 7.17, 6.92, 9.12, 6.08 and 7.36 in order of increasing
regurgitation severity.

eigenvalues) are now shown in Fig. 6.9 for all cases in terms of the Womersley
numbers of the modes; i.e., Wok = sign(ωk)(d/2)

√
ρ|ωk|/µ with d selected as

the nominal mitral valve diameter. The colour and size of the continuous-time
eigenvalues are scaled according to their penalized amplitudes. The points cor-
responding to the first modes are marked in red and are purposefully made not
to follow the scale due to them generally having significantly larger amplitudes
in comparison with the other modes. The penalized amplitudes of the first
modes are given by 12.62, 7.17, 6.92, 9.12, 6.08 and 7.36 in order of increasing
regurgitation severity. Note that in all cases, the most dominant modes have
nearly zero real part, suggesting purely sinusoidal temporal dynamics without
growth or decay. Only at higher frequencies, do we observe modes with growing
or decaying temporal dynamics; however, many of these modes will nonethe-
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less be ignored in the reconstructions due to their small penalized amplitude,
improving the long-time behaviour of the DMD models. Furthermore, given
that the sampling rate of the datasets was 400 Hz, frequencies above 200 Hz
(|Wok| > 208), the Nyquist frequency, are not captured by the DMD but are
nonetheless likely irrelevant to the dynamics in terms of penalized amplitude.
In fact, the largest amplitudes are concentrated in the low frequency regime up
to Wok ≈ 66 (20 Hz), about 4 times the Womersley number of the mitral inflow,
where they reduce to 2% to 5% of their maximum values. The magnitudes also
fall off rather rapidly from the first mode, decreasing to between 1/3 and 1/2
of its value for the first mode pair for all but the severe cases (ROA = 17.2 and
26.1%).

Figure 6.10: Real part of the first pair of dynamic modes (i.e., modes 2 and 3) for
all simulated cases. The real part of the modes appears to be a direct progres-
sion of the mitral and regurgitant jets downstream along with their generated
vortices.

As with the proper orthogonal modes, many of the dynamic modes can be
associated with filling dynamics. While the dynamic modes generally come
in complex conjugate pairs, the first dynamic modes are all purely real and
again are visually indistinguishable from the time-averaged velocity fields in
Fig. 6.4. The first pair of dynamic modes (i.e., modes 2 and 3) captures the
downstream progression of the mitral and regurgitant jets quite clearly in the
real part (see Fig. 6.10), while the imaginary part bares some resemblance to the
second POD mode (compare Figs. 6.5 and 6.11). Additionally, we observe some
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Figure 6.11: Imaginary part of the first pair of dynamic modes (i.e., modes 2
and 3) for all simulated cases.

resemblance between several other proper orthogonal modes and the imaginary
parts of the remaining dominant dynamic modes. The two decompositions for
these flows therefore contain much of the same information in their respective
most dominant modal structures, namely, in terms of energy for POD and in
terms of penalized amplitude for DMD.

The real part of the temporal dynamics for the first mode pair is shown in
Fig. 6.12 for all cases; the imaginary part is of course a simple 90◦ rightward
phase shift of the real part. The first mode pair oscillates distinctly close to the
heart rate of the simulations (1.17 Hz) for all cases, differing by less than 0.3%.
The remaining mode pairs oscillate close to the harmonics of the heart rate,
differing by less than 0.4% for all harmonics. In the case of DMD, the temporal
dynamics in Fig. 6.12 capture phase information that was not available when
using POD in Fig. 6.6. Particularly, in the work of Di Labbio and Kadem (2018)
and Di Labbio et al. (2018), it was shown that the regurgitant inflow appeared
to arrive in the field of view later than the mitral inflow for the mild (ROA =
3.3%) and moderate-1 (ROA = 5.9%) cases. By contrast, the regurgitant inflow
arrived distinctly earlier for the severe cases (ROA = 17.2 and 26.1%). This
behaviour is captured by the temporal dynamics of the first mode pair, where
a rightward shift (delay) can be seen for the mild and moderate-1 cases and a
leftward shift can be seen for the severe cases. This is to be contrasted with
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Figure 6.12: Real part of the temporal dynamics associated with the first pair
of dynamic modes (i.e., modes 2 and 3). The frequency of the oscillations differs
from the heart rate (1.17 Hz) by less than 0.3%. Note the phase shift of each
case relative to the healthy scenario. The vertical green line at t∗ = 1 marks
the beginning of the ejection phase.

what was observed for POD, where the temporal dynamics of the first mode
in Fig. 6.6a show no distinct shift, while those of the second mode in Fig. 6.6b
seemingly show the opposite tendency if anything.

With regard to accumulation of energy, the DMD requires 129, 115, 225,
163, 293 and 286 modes, in order of increasing regurgitation severity, to recon-
struct the flow fields and capture 99.9% of their ensemble kinetic energy; refer to
Tab. 6.3 in Sec. 6.4.2 for the number of modes required to capture 98.0%, 99.0%
and 99.5%. Additionally, the first dynamic modes capture 67.4%, 58.4%, 50.1%,
53.3%, 29.6% and 27.5% of the respective ensemble flow kinetic energy, consid-
erably less than the first proper orthogonal modes for each case, despite the
modal structures being all effectively identical to the time-averaged flow fields
for both POD and DMD; the difference of course arises from their respective
temporal dynamics. This tendency is of course expected since, by construction,
POD produces modal structures each having the largest possible kinetic energy
in descending order. By contrast, DMD produces modal structures that can
only contribute to the energy at fixed frequencies. Therefore, this highlights
the temporal complexity of the kinetic energy in the intraventricular flows, sug-
gesting that many frequencies are involved. The corresponding accumulation
of energy with mode number and the associated Shannon entropy are shown
in Figs. 6.13a and 6.13b, respectively. Note the much slower accumulation of
kinetic energy for DMD as opposed to what was seen for POD in Fig. 6.3a as
well as the wider spread of energy among the modes suggested by the larger
entropy values.
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6.4.2 Performance of the DMD models

The effectiveness of the DMD models in reproducing the integral of the circula-
tion per unit area and the viscous energy loss, as given by Eqs. (6.2) and (6.3),
respectively, was computed and is shown in Tab. 6.3. Again, the general be-
haviour of vorticity seems to be rather well-preserved by all the DMD models.
The errors are rather acceptable for most cases when reconstructed to 98.0% of
their respective ensemble flow kinetic energy, as was also observed for the POD
models, except for the moderate-1 (ROA = 5.9%) and severe-1 (ROA = 17.2%)
cases. Overall, the POD and DMD models produce similar errors for the cir-
culation integral at any given energy level, although the POD models perform
considerably better for the moderate-1 and severe-1 cases. With regard to the
total energy dissipated by viscous stresses over one cardiac cycle, the monotonic
increase in the reconstructed flow fields is again preserved for the DMD models
with diminished magnitudes, with the linearity being better-preserved begin-
ning with the 99.5% DMD model. The reconstruction errors of the POD and
DMD models capturing 98.0% and 99.0% of the ensemble flow kinetic energy
are comparable. However, as more kinetic energy is captured by the reconstruc-
tions, the POD models outperform those of the DMD models in reproducing
the viscous energy loss, particularly for the two severe cases (ROA = 17.2 and
26.1%).

To assess the ability of the DMD models to reproduce global advection be-
haviour, we again consider the fraction of initial particles remaining in the left
ventricle after releasing ∼ 800 000 particles at the start of the ejection phase
and advecting them for four cardiac cycles. By the end of the first ejection
phase (t∗ = 0.438), the fraction of particles remaining exhibits an error of less
than 0.4% for the DMD models capturing 98.0% of the respective ensemble flow

Figure 6.13: (a) The fraction of accumulated kinetic energy against the mode
number and (b) the corresponding Shannon entropy are shown for the dynamic
mode decompositions of each case.
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kinetic energy for all cases. At an energy level of 99.0%, the errors fall below
0.22% for all cases, and at 99.9%, the errors fall below 0.02%. When considering
two cardiac cycles, at an energy level of 99.5%, the models produce errors of
less than 4%, whereas at an energy level of 99.9%, the errors fall to less than
0.6%. Up to four cardiac cycles, at an energy level of 99.9%, the models pro-
duce errors of less than 4%. At any given energy level, reconstruction from the
DMD models reproduces the global particle advection patterns more accurately
than do the POD models. While this may be a direct consequence of the DMD
making use of more modes, it does not explain why the errors for the viscous
energy loss are generally on par or poorer for DMD than for POD. Rather,
the flow is dependent on many frequencies to dissipate energy (the small-scale
flow), while the advection of particles is mostly governed by lower frequency dy-
namics (the large-scale flow). Consequently, with the dominant dynamic modes
concentrated in the low frequency regime, characteristics such as the viscous
dissipation are more difficult to capture, while global particle advection pat-
terns are easily reconstructed. By contrast, the dominant proper orthogonal
modes are composed of many frequencies, and so while they perform better at
capturing viscous dissipation, these high frequencies may pollute the large-scale
flow that governs particle advection.

Comprehensively, DMD produces reduced-order models of comparable accu-
racy to those obtained using POD. The ability of the DMD models to capture
blood stasis behaviour over that of the POD models is however considerably
improved, although at the expense of requiring more modes for a given energy
level. With the 99.5% DMD model outperforming that for POD for the healthy
intraventricular flow using only 20 additional modes, it is this reduced-order
model that is made available on GitHub and discussed in the supplementary
material. The same decision was made for the mild (ROA = 3.3%) and mod-
erate (ROA = 5.9 and 8.5%) cases of aortic regurgitation. The 99.5% DMD
models for the severe cases (ROA = 17.2 and 26.1%) however require far too
many more modes without any significant improvement over what was obtained
for the 99.5% POD models. Therefore, the 99.5% POD models for the severe
cases of regurgitation are made available on GitHub and discussed in the sup-
plemental material rather than those for DMD.

6.5 Conclusion
Reduced-order models for in vitro datasets of the intraventricular flow for a
healthy left ventricle as well as for five severities of aortic regurgitation were
constructed using POD and DMD. The models were based on the number of
modes required to reconstruct the datasets and capture 98.0%, 99.0%, 99.5%
and 99.9% of their ensemble flow kinetic energy. The performance of the models
in reconstructing the acquired flow fields was investigated by evaluating their
ability to reproduce circulation, viscous energy dissipation and global parti-
cle advection behaviour. The selected models are made available on GitHub
with additional details begin provided in the supplemental material. The re-

https://github.com/dilabbiog/ROMs--LV_flow_with_AR
ftp://ftp.aip.org/epaps/phys_fluids/E-PHFLE6-31-006903
ftp://ftp.aip.org/epaps/phys_fluids/E-PHFLE6-31-006903
https://github.com/dilabbiog/ROMs--LV_flow_with_AR
ftp://ftp.aip.org/epaps/phys_fluids/E-PHFLE6-31-006903
ftp://ftp.aip.org/epaps/phys_fluids/E-PHFLE6-31-006903
https://github.com/dilabbiog/ROMs--LV_flow_with_AR
ftp://ftp.aip.org/epaps/phys_fluids/E-PHFLE6-31-006903
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sults of this work additionally emphasize several important conclusions. (1) At
any given energy level, it appears that both POD and DMD preserve velocity
gradients to similar accuracy based on the reconstruction errors obtained for
total flow circulation and viscous energy loss. (2) Dynamic mode decompo-
sition however requires more modes to achieve each energy level, highlighting
the temporal complexity of the intraventricular flows (i.e., the viscous dissipa-
tion, and therefore the kinetic energy, relies on small-scale dynamics and so
requires many frequencies to be modelled). (3) In all cases, DMD was observed
to perform better at preserving global particle advection behaviour using fewer
modes, suggesting that the observed behaviour tends to be less complex in time
and hence is better-reconstructed using DMD (i.e., the advection is governed
by large-scale dynamics and so requires fewer frequencies to be modelled). (4)
This study additionally highlights a key point associated with the application

Table 6.3: DMD reconstruction characteristics and errors.

Number of modes
Captured KE (%) → 98.0 99.0 99.5 99.9
Healthy ( 0 % ROA) 23 35 49 129

Mild ( 3.3% ROA) 23 31 41 115
Moderate-1 ( 5.9% ROA) 27 41 61 225
Moderate-2 ( 8.5% ROA) 23 33 47 163

Severe-1 (17.2% ROA) 39 67 133 293
Severe-2 (26.1% ROA) 33 61 119 286

Circulation error (%)
Captured KE (%) → 98.0 99.0 99.5 99.9
Healthy ( 0 % ROA) 2.15 1.85 1.23 0.44

Mild ( 3.3% ROA) 1.43 1.10 0.86 0.31
Moderate-1 ( 5.9% ROA) 22.9 17.6 10.6 1.90
Moderate-2 ( 8.5% ROA) 2.29 1.92 1.36 0.37

Severe-1 (17.2% ROA) 19.7 9.77 3.44 0.37
Severe-2 (26.1% ROA) 3.19 1.83 0.89 0.12

Energy loss error (%)
Captured KE (%) → 98.0 99.0 99.5 99.9
Healthy ( 0 % ROA) 21.7 16.8 13.6 6.71

Mild ( 3.3% ROA) 17.2 13.0 9.73 3.55
Moderate-1 ( 5.9% ROA) 20.1 15.2 11.8 3.15
Moderate-2 ( 8.5% ROA) 22.7 18.0 14.1 5.11

Severe-1 (17.2% ROA) 34.6 27.9 18.6 4.14
Severe-2 (26.1% ROA) 38.6 31.1 22.4 6.69
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of DMD to periodic velocity data acquired from PIV. The sensitivity of DMD
to periodic experimental data, namely, to the correspondence between the first
and final state vectors used in the decomposition, is an important factor to con-
sider when generating reduced-order models or when using DMD for smooth-
ing/filtering of the acquired velocity fields. Periodic flows should be governed
by temporal dynamics that vary as pure sinusoids with little growth/decay,
suggesting that the discrete-time eigenvalues correspond to roots of unity or,
equivalently, that the continuous-time eigenvalues have a negligible real part.
Given a complete period, by shifting the order of the snapshots as in Eq. (6.5),
the resulting temporal dynamics may better-represent the flow in question (as
was the case in this study). (5) This study represents a first step in constructing
a database of regurgitant intraventricular flows that may ultimately be used to
predict the flows associated with any given regurgitant orifice area, similar to
the methodology used in McGregor et al. (2008, 2009), McLeod et al. (2010)
and Guibert et al. (2014). Currently, the number of cases included in this study
is not sufficient to construct such a predictive model. Nonetheless, with such
a model, assessment of the regurgitant orifice area in practice could then be
associated with a complete intraventricular flow deduced without simulation,
making flow-field-oriented clinical parameters readily computable in practice.

While this study provides data-driven flow models for both healthy left ven-
tricular flow as well as those subject to varying grades of aortic regurgitation,
it must be understood that the models themselves come with several important
limitations. First and foremost, the reduced-order models are here provided for
a single two-dimensional plane of what are otherwise three-dimensional flows.
While the plane of choice has an important practical value, being widely used
by clinicians, a three-dimensional description would ultimately be required to
capture the full range of phenomena. However, in three dimensions, the in-
traventricular flows will be inherently more complex and will certainly require
additional modes to be adequately modelled. For instance, for a healthy left
ventricular flow, the mitral inflow produces a full vortex ring, which is advected
and deformed in three dimensions with time while part of it dissipates against
the ventricle wall (Pedrizzetti & Domenichini, 2015). In the plane of symme-
try considered throughout this work, this behaviour is not captured as the flow
simply retains a two-dimensional swirl with a core of varying strength and po-
sition (Di Labbio & Kadem, 2018; Di Labbio et al., 2018). Furthermore, with
increasing regurgitation severity, the regurgitant jet has been previously shown
to be accompanied by turbulence (Di Labbio et al., 2018). This of course occurs
in three dimensions, greatly increasing the complexity of the flow, particularly
surrounding the jet itself. It is therefore likely that the viscous dissipation char-
acteristics in the case of aortic regurgitation will be further underestimated by
a reduced-order model. Nonetheless, while this group is working toward such a
three-dimensional description, there is currently a lack of three-dimensional in
vivo flow data with which to validate the results in the case of aortic regurgita-
tion. Further limitations specifically regarding the experimental conditions can
be found in the work of Di Labbio and Kadem (2018) and more so in the work of
Di Labbio et al. (2018). An additional limitation, inherent to the reduced-order
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modelling techniques, is that we have here used methods effectively decompos-
ing the flow into modes based on the energy or frequency content of the velocity
field, the underlying assumption being that the flows are well-represented in
such a context. This raises the question as to whether intraventricular flows are
better described by some other framework, such as using vorticity or strain rate.
In the former, a POD would rank the modes according to an approximation of
their ensemble enstrophy and in the latter of their ensemble viscous energy
dissipation (with the exception of a multiplicative constant). More generally,
perhaps the full Cauchy-Stokes description would better-represent such flows,
or even Lagrangian descriptions such as the finite-time Lyapunov exponent. If
this should be the case, a model reduction technique ought to reproduce the
flows from an even further restricted set of modes.
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6.A Proper orthogonal decomposition
At its core, POD looks to spatially decorrelate the velocity signals at points
throughout a flow over time. The method begins by arranging the sequence
of n velocity fields, or flow snapshots, each having m grid points with velocity
components u and v, in a tall matrix, i.e.,

X =

 | |
x1 · · · xn
| |

 where xk =



u1k
...

umk
v1k
...

vmk


. (6.6)

In this work, we follow the snapshot method of Sirovich (1987) and compute
the eigenvectors qk of the temporal correlation matrix C = XTX from

CQ = QΛ. (6.7)
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After sorting the eigenvalues λk and corresponding eigenvectors qk in descending
order, the proper orthogonal modes φk are then given by the columns of the
projection

Φ = XQΛ−1/2. (6.8)
With the proper orthogonal modes representing a new basis, the flow at any
given time xk can be expressed as a linear combination of the modes, i.e.,

xk =
n∑
l=1

bklφl or X = ΦB, (6.9)

where the amplitudes for reconstruction of the flow at time k are given by the
columns of

B = ΦTX. (6.10)
Alternatively, the rows of B, commonly referred to as the temporal modes or
temporal dynamics, represent the amplitude signals of each mode over time.

6.B Exact dynamic mode decomposition
In exact DMD, the dynamic modes are defined as the exact eigenvectors of
the approximating linear operator between two sets of data X and Y (Tu et
al., 2014). Denoting this operator by A, a linear relation between the data,
Y ≈ AX, is solved for in the least squares sense, giving

A = YX+, (6.11)

where the superscript “+” denotes the Moore-Penrose pseudoinverse. In our
case, we have a sequential time series and so X and Y are defined as

X =

 | | |
x1 x2 · · · xn−1
| | |

 and Y =

 | | |
x2 x3 · · · xn
| | |

 . (6.12)

As proposed by Schmid (2010), given the reduced singular value decomposition
of X = UΣV∗ (the superscript “∗” denoting the complex conjugate transpose),
the eigenvalues of A are simply given by the eigenvalue problem of the similar
matrix Ã = U∗YVΣ−1, i.e.,

ÃW = WΛ. (6.13)

Then, as proven by Tu et al. (2014), the exact eigenvectors of A, or the dynamic
modes ψk, are given by the columns of

Ψ = YVΣ−1W. (6.14)

In this work, we follow Tu et al. (2014) and normalize the dynamic modes ψk
in Eq. (6.14) by their eigenvalues, giving

Ψ = YVΣ−1WΛ−1. (6.15)
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While this is not necessary, it does have an interesting consequence in this work
in relation to the optimal amplitudes (αdmd) derived by Jovanović et al. (2014)
for standard DMD, which we will discuss shortly. The temporal information
of the dynamic modes are effectively given by the discrete-time eigenvalues (or
Ritz values) λk, which are in general complex, having magnitude |λk| represent-
ing the growth or decay rate of the dynamic mode ψk and principal argument
Arg (λk) representing its phase. In the complex plane, an eigenvalue λk points to
the instability of mode k if it lies outside the unit circle. In order to investigate
stability in the classical sense, where a positive real part denotes unstable expo-
nential growth, the logarithmic mapping γk = ln (λk) /∆t must be performed.
In this case, the real part σk = Re (γk) represents the exponential growth or
decay rate and the imaginary part ωk = Im (γk) represents the radial frequency.
In the case of a sequential time series with uniformly spaced samples in time
(∆t), a fit to the original dataset is given by

xk+1 ≈ ΨΛkb or xk+1 ≈ Ψe(k∆t)Γb, (6.16)

where b is a set of coefficients or modal amplitudes, Γ is a diagonal matrix
containing the elements of γk, and k = 0, 1, ..., n − 1. Although b may be
obtained by solving Eq. (6.16) with k = 0, following Tu et al. (2014), we opted
to use k = 1, giving

b = Λ−1Ψ+x2. (6.17)

The choice is based on the fact that x2 ought to be in the range of A (i.e., x1
does not necessarily lie in the column space of Y), and so these approximating
coefficients should better represent the data. Using Eq. (6.15) for the modes
and Eq. (6.17) for the amplitudes, as was performed throughout Sec. 6.4, the
resulting amplitudes differ from the optimal amplitudes (αdmd) on the order of
10−12 to 10−14 for the datasets used in this work. By contrast, using Eq. (6.14)
for the modes and Eq. (6.17) for the amplitudes, or making use of the relation
b = Ψ+x1, there is a difference on the order of 10−2 to 10−4.

With the amplitudes obtained, if the Vandermonde matrix of the eigenvalues
is defined as

T =


1 λ1 λ2

1 · · · λn−2
1

1 λ2 λ2
2 · · · λn−2

2
...

...
...

. . .
...

1 λn−1 λ2
n−1 · · · λn−2

n−1

 , (6.18)

the approximation of the dataset is given compactly as

X ≈ ΨBT, (6.19)

where B is a diagonal matrix containing the elements of b. The product BT
describes the temporal dynamics of the modes.
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6.C Effect of ensemble-averaging step on vis-
cous energy dissipation

In this work, each reduced-order model is constructed from the ensemble-average
of the ten time-resolved acquisitions made for each respective case. The re-
sults presented in our previous studies are largely based on using the ensemble-
averaged flows except in cases where turbulent fluctuations become important,
such as in our investigation of the rate of energy dissipated by viscous stresses
(Di Labbio & Kadem, 2018) and of the time-frequency spectra of selected veloc-
ity signals (Di Labbio et al., 2018). This being the case, and given that many of
the underlying phenomena have been described in our previous studies, it was
decided that constructing a reduced-order model of the ensemble-averaged flows
would be more beneficial to researchers interested in using the provided data.
Additionally, it should be understood that data-driven reduced-order modelling
techniques would nonetheless smooth the data if applied to any one of the ten
time-resolved acquisitions, and so using the ensemble-averaged flows would ef-
fectively produce the same smooth results with improved convergence of the
models. However, use of the ensemble-average does come with the important
consequence that many turbulent fluctuations will be inherently filtered out.
Nonetheless, as we demonstrate in Secs. 6.3 and 6.4, many of the reported re-
sults can still be effectively reproduced, with the exception of the magnitudes of
viscous dissipation and the highest frequencies appearing in the time-frequency
spectra. We do note, however, that the monotonically increasing trend in vis-
cous energy loss is still preserved for the regurgitant cases using the ensemble-
averaged flows. Furthermore, the corresponding error in viscous energy loss
was found to be lowest for the healthy scenario. Therefore, the reduced-order
model constructed particularly for healthy left ventricular flow ought to more
accurately represent what has been observed in the literature, which is most
desirable to the general reader given its broader application.

We have previously shown that the energy dissipated by viscous stresses per
cardiac cycle appears to increase monotonically with regurgitation severity for
the acquired datasets (Di Labbio & Kadem, 2018). Much of these stresses are
however associated with the turbulent propagation of the regurgitant jet, a fea-
ture illustrated further in the work of Di Labbio et al. (2018). With these turbu-
lent velocity fluctuations contributing significantly to the dissipation of energy,
the ensemble-averaging results in an appreciably poor underestimate of the rate
of energy dissipation in all simulated cases. This has important repercussions for
acquisition techniques that inherently rely on phase-averaging such as magnetic
resonance imaging or phase-locked particle image velocimetry. For comparison,
Fig. 6.C.1a shows the total rate of viscous dissipation throughout the cardiac
cycle for all cases as reported in the work of Di Labbio and Kadem (2018) and
Fig. 6.C.1b shows the result computed on the ensemble-averaged flows. Not
only is the drop in magnitude evident, but worse, it appears that the healthy
scenario dissipates almost as much energy as the severe-1 case (ROA = 17.2%).
Although unfortunate, the resulting misrepresentation of the monotonically in-
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Figure 6.C.1: In (a), the total rate of energy dissipation by viscous stresses
was computed for each of the ten time-resolved acquisitions and then ensemble-
averaged, whereas in (b), it was computed for the ensemble-averaged flows. The
vertical green line at t∗ = 0.438 marks the beginning of the filling phase. (a)
is reprinted with permission from G. Di Labbio and L. Kadem, “Jet collisions
and vortex reversal in the human left ventricle,” J. Biomech. 78, 155-160 (2018).
Copyright 2018 Elsevier.

creasing trend of energy dissipation should be expected. The flow in the healthy
scenario is largely laminar and so naturally possesses lower magnitude velocity
fluctuations. Additionally, the energy dissipated in the healthy scenario arises

Figure 6.C.2: In (a), the total viscous energy loss per cardiac cycle (per unit
depth) was computed for each of the ten time-resolved acquisitions and then
ensemble-averaged (filled circles). Additionally, the calculation was performed
for the ensemble-averaged flows (open circles). The corresponding error in the
viscous energy loss for the ensemble-averaged flows is shown in (b).

https://doi.org/10.1016/j.jbiomech.2018.07.023
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mainly from the shear layer of the mitral inflow. This being the case, the healthy
intraventricular flow is better-represented by the ensemble-average than the re-
gurgitant cases, and so its energy dissipation profile in Fig. 6.C.1b resembles
that in Fig. 6.C.1a more closely. On the contrary, with aortic regurgitation, the
mitral inflow contributes very little to the total energy dissipation in compar-
ison with the disturbances caused by the regurgitant jet. In order to evaluate
the corresponding error, the integrals of the energy dissipation curves over one
cardiac cycle are computed and shown in Fig. 6.C.2a, while the corresponding
errors are shown in Fig. 6.C.2b. The errors increase consistently with regur-
gitation severity, ranging from 32.2% for the healthy intraventricular flow to
82.6% in the second most severe case of aortic regurgitation (ROA = 17.2%).
Nevertheless, the monotonic increase does still present itself when considering
only the diseased cases, likely due entirely to the increasing shear observed in
the shear layer of the regurgitant jet with increasing severity.

6.D Supplement: Reconstructing the flows from
their reduced-order models1

6.D.1 Overview
Here we describe some important details about the provided data, including
both how they were produced and how to reconstruct the intraventricular flows
from them. The data can be found at https://github.com/dilabbiog/ROMs
--LV_flow_with_AR. The data is defined on a Cartesian grid, where we have
adopted the convention that the lower-leftmost grid point corresponds to the
origin of the coordinate system, i.e., (x, y) = (0, 0). The grid points along the
x and y axes are provided as column vectors in the files “X.dat” and “Y.dat”
respectively. For node numbering, we take the convention of expressing the
grid as a two-dimensional array, where element (1, 1) corresponds to the upper-
leftmost grid point; refer to the schematic in Fig. 6.D.1a.

As briefly discussed in the main text, reconstruction of the flow fields will
inevitably result in velocity vectors falling outside the ventricle boundaries. We
therefore also provide the mask information for each case in the files “Case_
Mask.dat” which can be applied to the flow after reconstruction. The columns
in these files correspond to the mask at any given time for a total of n = 343 time
steps. Recall that the 343 time steps were acquired at 400 Hz (∆t = 2.5 ms) and
so the data corresponds to almost one complete cardiac cycle (T = 0.8571 s; i.e.,
70 bpm) with a 2.1 ms undershoot. The mask has a value of unity inside the
boundary of the left ventricle and is zero outside. Each column in the provided
file contains the mask values at all grid points arranged in a column-under-
column fashion as shown schematically in Fig. 6.D.1b. The grid for the provided
datasets contains 75 points along the y direction and 82 along the x direction,
corresponding to a resolution of 1.04 mm × 1.04 mm. Note that this is half the

1Please note that this section constitutes the supplemental material of the article and
therefore does not appear as an appendix in the original article.

https://github.com/dilabbiog/ROMs--LV_flow_with_AR
https://github.com/dilabbiog/ROMs--LV_flow_with_AR
https://github.com/dilabbiog/ROMs--LV_flow_with_AR
https://github.com/dilabbiog/ROMs--LV_flow_with_AR
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Figure 6.D.1: (a) Schematic of the Cartesian grid corresponding to the data,
showing the origin of the coordinate system and the numbering of the grid
points; nx denotes the number of grid points along the x direction and ny that
along the y direction. (b) Illustration of the manner in which data is reorganized
into a single column in the provided data files.

resolution used in the main text, however we found that using a simple bilinear
or bicubic interpolation on the reconstructed datasets to recover the 0.52 mm ×
0.52 mm resolution gives the same results to within 0.04% (i.e., the reconstructed
data is rather smooth). We therefore decided to provide the subsampled data
to reduce the overall file sizes at effectively no cost in accuracy. We would also
like to note that the mitral inflow is always on the right side of the left ventricle
in the datasets and the aortic outflow is therefore on the left. Code 6.D.1
shows a simple MATLAB script to read the mask and arrange the data into a
three-dimensional array, with the third dimension representing the time step.
Although provided for MATLAB, this code, as well as those provided in the
two subsequent sections, can be used as pseudocode for other programming
languages (we have added comments in the codes throughout this supplementary
document). Should the reader have any questions for reconstructing the data,
please contact the corresponding author.

The user should note that, as discussed in the text, the DMD models were
produced by applying DMD with the snapshots ordered such that the flows begin
with the filling phase. In the case of POD, although the snapshot ordering is
not important, it was applied with the snapshots ordered such that the flows
begin with the ejection phase. Nonetheless, in order to avoid confusion, for all
the provided models the resulting temporal dynamics have been shifted so that
the flows begin with the same instant of the cardiac cycle. That is to say that
after reconstruction, snapshot 1 will correspond to t∗ = −0.04375, snapshot
16 to t∗ = 0, snapshot 166 to t∗ = 0.4375 (the start of the filling phase) and
snapshot 343 to t∗ = 0.95375. The first 15 snapshots of the acquired data in
fact belong to the filling phase, hence why t∗ = 0 corresponds to snapshot 16.
In the case of the DMD models, the first 15 snapshots may simply be moved
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Code 6.D.1 – Reading the Mask File in MATLAB
» % Open the file for reading.
» fileID = fopen(‘Case_Mask.dat’, ‘rt’);
» % Set the number format in the file.
» format = repmat(‘%f’, 1, 343);
» % Read the file into a 2D array.
» mask = cell2mat(textscan(fileID, format));
» % Reshape the data into a 3D array.
» mask = reshape(mask, 75, 82, 343);
» % Close the file.
» fclose(fileID);
» % Delete unnecessary variables.
» clear fileID format;

to the end of the dataset since the temporal dynamics are well-behaved. In
the case of the POD models, while this can still be done, there will be a slight
discontinuity observed in the temporal dynamics (see Fig. 6 in the main text
for example). Therefore, for the POD models, the user may want to instead
consider extrapolating the temporal dynamics for these 15 snapshots so that
the temporal dynamics are in better correspondence between the first and last
snapshots.

6.D.2 Reconstruction from DMD data
The healthy intraventricular flow as well as those in the presence of mild and
moderate aortic valve regurgitation are described by reduced-order models con-
structed using dynamic mode decomposition. In order to generate the data, we
have used the exact DMD method of Tu et al. (2014) and have summarized the
algorithm in Code 6.D.2 below.

In order to simplify the reconstruction process, we provide data files of the
dynamic modes and their corresponding temporal dynamics. The modes and
dynamics are generally complex-valued and so separate data files were pro-
vided for their real and imaginary parts. The dynamic modes are contained
in the files “Case_Modes_Re.dat” and “Case_Modes_Im.dat,” where the real
and imaginary parts are stored respectively. The modes are represented by the
columns in the files, where each column contains the u component of velocity at
all grid points followed by the v component at all grid points as in Eq. (6.20).
The values are again arranged column-under-column as shown in Fig. 6.D.1b.

ψj =


|

ψ
(u)
j

|
ψ

(v)
j

|

 (6.20)
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Code 6.D.2 – Exact Dynamic Mode Decomposition Algorithm
» % Construct the data matrix X.
» X = [reshape(VELu,[],n); reshape(VELv,[],n)];
» % Compute the (economy-sized) singular value decomposition of
» % the matrix Xn−1

1 .
» [U,Sigma,V] = svd(X(:,1:n-1),0);
» % Compute the matrix Ã = U∗Xn

2 VΣ−1.
» Atilde = U’*X(:,2:n)*V/Sigma;
% Compute the eigenvalues λk and the corresponding eigenvectors
% wk of Ã.
» [W,Lambda] = eig(Atilde, ‘vector’);
» % Compute the dynamic modes ψk from Ψ = Xn

2 VΣ−1WΛ−1.
» Psi = X(:,2:n)*V/Sigma*W/diag(Lambda);
» % Compute the amplitudes of the modes from b = Λ−1Ψ+x2.
» b = diag(Lambda)\(Psi\X(:,2));
» % Alternatively, the above line may be written as
» % b = diag(Lambda)\pinv(Psi)*X(:,2);
» % Compute the temporal dynamics.
» Tdyn = diag(b)*fliplr(vander(Lambda));
» % Map the Ritz values using γk = ln (λk) /∆t.
» Gamma = log(Lambda)/dt;

Similarly, the temporal dynamics are contained in the files “Case_Dynamics_
Re.dat” and “Case_Dynamics_Im.dat,” where again the real and imaginary
parts are stored respectively. Each column in the files represents the temporal
dynamics for a given mode. Recall from the main text that 49, 41, 61 and 47
modes are respectively used for the 99.5% DMD models of the healthy, mild,
moderate-1 and moderate-2 cases, which effectively correspond to the number
of columns in the mode and temporal dynamics files. Once the data is read,
flow reconstruction from the DMD models then only requires the application
of the formula X = ΨBT followed by reshaping of the data, where X contains
the reconstructed data in its columns, Ψ contains the dynamic modes in its
columns, and the product BT contains the temporal dynamics in its rows. The
MATLAB script to reconstruct the data is provided in Code 6.D.3. The user is
encouraged to verify that the imaginary part of the reconstructed flow (line 7
in Code 6.D.3, ignoring comments) is negligible prior to taking the real part.

6.D.3 Reconstruction from POD data
The intraventricular flows subject to severe aortic valve regurgitation are de-
scribed by reduced-order models constructed using proper orthogonal decompo-
sition. In order to generate the data, we have used the snapshot POD method
of Sirovich (1987) and have summarized the algorithm in Code 6.D.4.
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Again, in order to simplify the reconstruction process, we provide data files
of the proper orthogonal modes and their corresponding temporal dynamics.
The proper orthogonal modes are contained in the “Case_Modes.dat” files.
The modes are represented by the columns in the files in the same way as for
the DMD. The temporal dynamics are contained in the “Case_Dynamics.dat”
files with each column representing the temporal dynamics for a given mode.
Recall from the main text that 84 and 71 modes are respectively used for the
99.5% POD models of the severe-1 and severe-2 cases, which again correspond
to the number of columns in the mode and temporal dynamics files. Once the
data is read, flow reconstruction from the POD models then only requires the
application of the formula X = ΦB followed by reshaping of the data, where X
contains the reconstructed data in its columns, Φ contains the proper orthogonal
modes in its columns, and B contains the temporal dynamics in its rows. The
MATLAB script to reconstruct the data is provided in Code 6.D.5.

Code 6.D.3 – Flow Reconstruction from DMD Data in MATLAB
» % Open the modes file (real) for reading.
» fileID = fopen(‘Case_Modes_Re.dat’, ‘rt’);
» % Set the number format (N = 49, 41, 61 or 47).
» format = repmat(‘%f’, 1, N);
» % Read the file into a 2D array.
» ModesRe = cell2mat(textscan(fileID, format));
» % Close the file.
» fclose(fileID);
» % Repeat the above 4 lines, ignoring comments, for the
» % imaginary part of the modes and the temporal dynamics.
» % Recombine the complex-valued modes.
» Modes = ModesRe + 1i*ModesIm;
» % Recombine the complex-valued dynamics.
» Tdyn = (TdynRe + 1i*TdynIm).’;
» % Reconstruct the flow.
» Flow = real(Modes*Tdyn);
» % Reshape the u component of velocity.
» U = reshape(Flow(1:6150,:), 75, 82, 343);
» % Reshape the v component of velocity.
» V = reshape(Flow(6151:end,:), 75, 82, 343);
» % Apply the mask (element-wise product).
» U = mask.*U; V = mask.*V;
» % Delete unnecessary variables.
» clear fileID Flow format Modes ModesIm;
» clear ModesRe N Tdyn TdynIm TdynRe;
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6.D.4 Summary of reconstruction errors
In the main text, the errors associated with the reduced-order models were
assessed using the circulation within the left ventricle as well as the total viscous
energy loss; please refer to the main text for the details. The ability of the
models to reconstruct these metrics compared to the original data are given in
Figs. 6.D.2a and 6.D.2b respectively.

Code 6.D.4 – Snapshot Proper Orthogonal Decomposition Algo-
rithm for MATLAB
» % Construct the data matrix X.
» X = [reshape(VELu,[],n); reshape(VELv,[],n)];
» % Compute the temporal correlation matrix C = XTX.
» C = X’*X;
» % Compute the eigenvalues λk and eigenvectors qk of C.
» [Q,Lambda] = eig(C,‘vector’);
» % Sort the eigenvalues and eigenvectors from largest to
» % smallest.
» [Lambda,ind] = sort(Lambda,‘descend’);
» Q = Q(:,ind);
» % Compute the normalized proper orthogonal modes from
» % Φ = XQΛ−

1
2 .

» Phi = normc(X*Q);
» % Alternatively, the above line may be written as
» % Phi = X*Q*diag(Lambda)∧(-1/2);
» % Compute the amplitudes of the modes from B = ΦTX.
» B = Phi’*X;

Recall that the data being modelled resulted from the ensemble-averages of
ten time-resolved acquisitions made for each simulated case. As a result, the
viscous dissipation of the data being modelled in Fig. 6.D.2b (i.e., the open
circles) is underestimated from its true value; please refer to both Sec. 6.2 and
App. 6.C in the main text for further detail. With regard to the error associated
with global particle advection patterns, in the text we have advected ∼ 800 000
virtual particles at the start of the ejection phase (t∗ = 0) for 4 cardiac cycles
and used the fraction of the initial particles remaining as the error metric. We
display the result here in Fig. 6.D.3a, showing that up to 2 cardiac cycles the
errors fall below 5% for all models. The same is effectively true up to 4 cardiac
cycles, with the exception of the healthy and moderate-2 cases (and briefly
for the moderate-1 case in the third cycle). In order to evaluate the error in
the velocity fields associated with flow reconstruction using the reduced-order
models, we use the normalized residual

ek = ‖x̃k − xk‖
‖xk‖

, (6.21)
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Code 6.D.5 – Flow Reconstruction from POD Data in MATLAB
» % Open the modes file for reading.
» fileID = fopen(‘Case_Modes.dat’, ‘rt’);
» % Set the number format (N = 84 or 71).
» format = repmat(‘%f’, 1, N);
» % Read the file into a 2D array.
» Modes = cell2mat(textscan(fileID, format));
» % Close the file.
» fclose(fileID);
» % Repeat the above 4 lines, ignoring comments, for the
» % temporal dynamics.
» % Reconstruct the flow.
» Flow = Modes*(Tdyn.’);
» % Reshape the u component of velocity.
» U = reshape(Flow(1:6150,:), 75, 82, 343);
» % Reshape the v component of velocity.
» V = reshape(Flow(6151:end,:), 75, 82, 343);
» % Apply the mask (element-wise product).
» U = mask.*U; V = mask.*V;
» % Delete unnecessary variables.
» clear fileID Flow format Modes N Tdyn;

which is similar to that used in computational fluid dynamics, where xk denotes
the true velocity state vector for snapshot k, x̃k denotes that produced by the
model and ‖ · ‖ denotes the L2-norm. The normalized residual is shown in

Figure 6.D.2: (a) The integral of the circulation per unit area (Eq. (6.2) in the
main text) and (b) the total viscous energy loss per cardiac cycle (Eq. (6.3) in
the main text) are shown for the intraventricular flows (open circles) and the
corresponding reduced-order models (crosses).
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Figure 6.D.3: The error associated with the provided models is here evaluated
for all cases with regard to two additional metrics. In (a), we show the error in
the fraction of particles remaining in the left ventricle after releasing ∼ 800 000
virtual particles at the start of the ejection phase (t∗ = 0) for 4 cardiac cycles.
The regions shaded in green correspond to ejection phases. In (b), we show the
normalized residual of the velocity field at each time step, given by Eq. (6.21).
The vertical green line marks the beginning of the filling phase.

Fig. 6.D.3b for all cases using the 99.5% models. While the metric of Eq. (6.21)
is rather strict, the normalized residuals tend to fall below 0.1 for the majority
of the cycle, including during the filling phase where the regurgitation occurs.
The largest errors occur close to the end of the ejection phase, which is marked
by a vertical green line.

Further Discussion2

One of the reviewers of this article had a rather interesting point that was
not included in the manuscript but is discussed further here. The idea was
that including low energy (for POD) or high frequency (for DMD) modes in the
reduced-order models may aid in achieving better accuracy when reconstructing
the flow with regard to the viscous dissipation, since these modes usually contain
a multitude of smaller dissipative flow structures that are typical of turbulent
flows for instance and are important for energy dissipation in the flow. Alas,
the proper selection of such modes is not an obvious task. However, as briefly
discussed in App. 6.C, a large portion of the viscous dissipation is accounted for
by the shear layers of the mitral and regurgitant jets, and this is indeed captured
by the modes. For instance, Tabs. 6.2 and 6.3 show the total viscous energy
loss per cardiac cycle captured by the POD and DMD models respectively.
The errors are quite acceptable for the POD and DMD models capturing 99.5
and 99.9% of the ensemble flow kinetic energy, however the 99.5% DMD models

2Please note that this section is unique to this dissertation and does not appear in the
original article.
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perform poorly for the severe cases of aortic regurgitation. This is partly why the
99.5% DMD models were provided for all but the severe cases, where the 99.5%
POD models are provided instead. However, to see how viscous dissipation
plays a role, as a first approach, POD can be performed on snapshots of the
strain rate tensor. In so doing, the eigenvalues from the POD preserve the
ensemble viscous dissipation of the flow rather than the kinetic energy and the
POD would therefore rank the modes based on their ability to dissipate energy.
This is done by arranging the snapshot matrix as

X =



| | |
s(1)

11 s(k)
11 s(n)

11
| | |√

2s(1)
12 · · ·

√
2s(k)

12 · · ·
√

2s(n)
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| | |
s(1)

22 s(k)
22 s(n)
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, (6.22)

where

s(k)
ij = 1

2

(
∂u(k)

i

∂xj
+
∂u(k)

j

∂xi

)
; i, j ∈ {1, 2}, k = 1, 2, ..., n. (6.23)

In this way, the trace of the correlation matrix C = XTX (i.e., the sum of the
POD eigenvalues) is given by

tr (C) =
n∑
k=1

(
s(k)

11 · s
(k)
11 + 2s(k)

12 · s
(k)
12 + s(k)

22 · s
(k)
22

)
, (6.24)

which is essentially equivalent to Eq. (6.3) in the manuscript for the total vis-
cous dissipation, apart from a multiplicative constant. The accumulation of the
viscous dissipation is shown in Fig. 6.14. The viscous dissipation is seen to be
quite difficult to capture, even in this least squares perspective, showing a broad
distribution among the modes and requiring at least 100 modes to achieve 98%
of the total dissipation. Moreover, the situation is further complicated from
experimental data due to the presence of noise in general. Nonetheless, we can
also confirm that the modal structures computed from a POD of Eq. (6.22)
above show similar viscous dissipation patterns to those produced from a POD
applied to the velocity fields (as done in the article). This is also why the 99.9%
POD models perform so well as they mostly contain over 100 of these highly
dissipative modes. In the case of DMD, it is far less obvious to select dissipative
modes since the underlying assumption is that modes with significant penalized
amplitude contribute strongly to the dynamics. If dissipative features strongly
govern the flow, they should appear as dominant modes and yet they do not.
This is reflected in Tab. 6.3, where well above 100 modes are used in the recon-
struction for the 99.9% DMD model and the resulting errors for the energy loss
are quite acceptable.
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Figure 6.14: The fraction of accumulated viscous dissipation against mode num-
ber for all simulated cases.

As an additional note, it was stated in the article that POD and DMD
were rather insensitive to the number of snapshots used in this work. This
is illustrated further here for completeness. For example, in Fig. 6.15a, the
energy spectrum for a POD computed on all 343 snapshots (as done in the
article) is shown, whereas in Fig. 6.15b it is shown for a POD computed on
172 snapshots (i.e., the available 343 snapshots were subsampled by 2). There
is clearly no noticeable difference between the two; in fact, they almost look
identical were it not for the total number of available modes (please observe the
extent of the abscissa). Furthermore, the modal structures and corresponding
temporal dynamics also appear to be the same with negligible differences until
the modes contain a small fraction of the total energy, which nonetheless are
not of importance in this study since they are neglected in the models. In the

Figure 6.15: The fraction of accumulated kinetic energy against mode number
using a POD applied to (a) 343 snapshots and (b) 172 snapshots.



6.D. SUPPLEMENT: RECONSTRUCTING THE FLOWS 187

case of DMD, the same is true, however frequencies above 100 Hz will not be
captured. Again, these high frequencies are not important in this study (i.e.,
they are ignored in the models), since the most dominant modes occur within
20 Hz.
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Chapter 7

Conclusion

“We absolutely must leave room for doubt or there is no progress and
there is no learning. There is no learning without having to pose a
question. And a question requires doubt. People search for certainty.
But there is no certainty.”

— Richard P. Feynman

This dissertation set out to explore the fluid dynamics in the left ventricle
in response to progressive chronic aortic regurgitation for the very first time
(i.e., objective 2 listed in Sec. 1.6). As a means for this dissertation to be self-
contained, a detailed discussion of the epidemiology, pathophysiology, etiology,
symptoms, diagnosis and management of chronic aortic regurgitation was pro-
vided in Chp. 1. This was followed by a review of the literature spanning left
ventricular fluid mechanics and then specifically of that in the case of aortic re-
gurgitation in Chp. 2. Only three studies, excluding this dissertation, explored
the left ventricular fluid dynamics in the case of aortic regurgitation and they
have been limited to inadequate spatiotemporal resolutions (i.e., either vector
flow mapping or phase-locked particle image velocimetry) or improper modelling
of the disease (i.e., the generation of acute aortic regurgitation both in dogs and
in vitro or the lack of proper A wave simulation in vitro). Furthermore, in all
studies, there is lack of depth in the analysis of the actual flow physics associated
with aortic regurgitation, whether chronic or acute. In view of the absence of a
detailed study about the incremental effects of chronic aortic regurgitation on
left ventricular flow and its implications for clinicians, this work aimed to fill in
the gap and explore the underlying fluid dynamics with meticulous methodology
provided in Chp. 3. As a result, this dissertation puts forth several contribu-
tions to the field which are detailed below, with the majority of them being
associated with uncovering the key flow phenomena associated with progressive
chronic aortic regurgitation (objective 2).

189
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7.1 Contributions
First and foremost, the results of this dissertation strongly support the current
body of knowledge surrounding the flow phenomena in the healthy left ventricle.
As stated in objective 1 in Sec. 1.6, while this is a subtle point, it was necessary
to ensure that the experimental model used throughout this dissertation was
valid. In so doing, the common assumptions that have been further developed
over the past two decades have been further demonstrated both qualitatively
and quantitatively, namely, that the healthy left ventricle produces a clear di-
astolic vortex with a near-optimal vortex formation time, that it minimizes the
dissipation of inflowing kinetic energy and that it permits for a markedly low
blood residence time.

Rather importantly, this dissertation proposes a novel manner of simulating
aortic regurgitation, be it acute or chronic, to high physiological detail. Pri-
marily, the idea that has been used throughout this work was to have the left
ventricle fill by two independent mechanisms for the E and A waves of dias-
tole. For the generation of the E wave of filling, as well as for diastasis, the left
ventricle is expanded hydraulically just as most left heart simulators do in the
literature. For the A wave, most simulators would also produce this by further
expanding the ventricle hydraulically using the same mechanism. In this disser-
tation, the A wave is produced by a separate mechanism, namely, by the direct
compression of a model left atrium. While for the simulation of many left heart
pathologies, the use of independent E and A wave mechanisms is not necessary,
for the simulation of aortic regurgitation it is of utmost importance. Physiolog-
ically, when the left ventricle begins diastole, it will fill forcefully from both the
mitral valve and the leaking aortic valve during the E wave. In diastasis, filling
from both valves slows down and then in the A wave, the left atrium exhibits
its systolic phase, injecting an additional volume of fluid into the left ventricle
through the mitral valve with little to no additional contribution from regurgi-
tation. This is not possible to reproduce unless the mechanisms responsible for
the E and A waves are completely decoupled. A novel mechanism of produc-
ing the regurgitant orifice area in the aortic valve has also been developed and
described as part of this dissertation, allowing for a continuum of testable re-
gurgitant orifice areas with virtually no flow obstruction. The principles used in
combination with the left heart simulator throughout this dissertation are also
not limited to the studies performed here. Different left ventricular geometries
could be examined in future work as well as different aortomitral angles, valve
sizes, regurgitant orifices, ventricular compliances and heart rates.

For the first time in the literature, this dissertation acquires the left ven-
tricular flow subject to progressive chronic aortic regurgitation with a high spa-
tiotemporal resolution made possible using two-dimensional, time-resolved par-
ticle image velocimetry. A proper investigation of the fluid dynamics requires a
high enough spatiotemporal resolution to inspect the underlying physical phe-
nomena, especially with modern techniques in the field. This appeals directly
to objective 3 in Sec. 1.6. With high resolution data, this dissertation prepares
the clinical stage for the continuous improvement in spatiotemporal resolution
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of clinical imaging technologies by offering a primary reference for comparison.
Additionally, while clinical analysis is typically limited to raw velocity data or to
energy loss and vorticity, this dissertation repeatedly demonstrates that much
more information can be gained on the clinical stage using modern fluid dynam-
ics analyses. Furthermore, with numerical simulations becoming more and more
capable of capturing physiological detail at the level of in vitro or ultimately
in vivo studies, this work also provides a means of validation for future works
aiming to simulate aortic regurgitation numerically.

In the first article, it was shown that, for the aortomitral angle used through-
out this dissertation, progression of the severity of chronic aortic regurgitation
may result in a complete reversal of the intracardiac vortex. Effectively, the re-
gurgitant jet and mitral inflow each develop their own counter-rotating vortices
within the left ventricle that compete for space. As the severity of the regur-
gitation worsens, the regurgitant vortex gradually occupies more and more of
the ventricular domain, imparting a completely reversed swirling motion to the
majority of the fluid within the ventricle. As part of a further discussion fol-
lowing the first article of this dissertation in Chp. 4, a link between the results
of this dissertation and those from the previous works on aortic regurgitation
was made, where the effect of varying the aortomitral angle can be observed.
This varies from having two counter-rotating vortices within the left ventricle
for larger aortomitral angles, to having the regurgitant jet create a barrier to the
downstream progression of the mitral inflow for moderate angles, to ultimately
having the regurgitant jet and mitral inflow combine to form a single coherent
cardiac vortex. This work also demonstrated a linear relationship between the
regurgitant orifice area and the viscous energy loss within the left ventricle per
cardiac cycle. This may be a very useful finding in clinical practice upon fur-
ther in vivo validation. Since the regurgitant orifice area is partly used as a
means of grading the severity of aortic regurgitation in clinical practice (refer
to Sec. 1.5.4), a linear relationship would imply that it would only be necessary
to obtain the intraventricular flow for diagnosis which has two main benefits.
Firstly, it is currently rather difficult to adequately quantify the regurgitant
orifice area in practice using common imaging technologies (i.e., by direct mea-
surement or using the PISA method, each possibly involving semi-invasive TEE)
whereas the velocity fields could now be acquired rather readily, even though
at lower spatiotemporal resolutions (which is constantly improving from year
to year). Secondly, since all other diagnostic parameters for the grading of aor-
tic regurgitation either rely on the flow or the left ventricle geometry (i.e., the
vena contracta width of the jet, the jet width within the left ventricular outflow
tract, the regurgitant fraction, the ejection fraction and the end-systolic dimen-
sion), acquiring the intraventricular flow (which of course also includes the left
ventricular geometry) would then provide a convenient picture from which all
diagnostic parameters can be quantified directly, now including the regurgitant
orifice area.

In the second article, the effect of a progressively more severe aortic regur-
gitation on blood transport within the left ventricle was examined for the first
time in the literature. It was shown that even for mild aortic regurgitation,
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blood transport within the left ventricle was significantly disturbed, altering
blood residence times for the worse. A transition from mostly laminar to in-
termittently turbulent mixing was demonstrated with progressively worsening
regurgitation severity. This result challenges current clinical guidelines as blood
stasis within the left ventricle was found to be worse at the limit of laminar mix-
ing, which occurred for moderate rather than severe aortic regurgitation. This
is an important finding given that the current treatment strategy is to wait until
the patient begins experiencing symptoms or until the regurgitation is severe,
whereas there is a modest possibility of cerebrovascular events such as stroke
(Petty et al., 2000) due to the increased likelihood of the development of clots
within the left ventricle. The proper timing of clinical intervention in the case
of chronic aortic regurgitation may therefore need to be earlier than outlined in
the guidelines (Ben-Assa et al., 2017). Therefore, in order to quantify the over-
all blood stasis tendency within the left ventricle, a global parameter (PRT4

2)
was developed. Given that the healthy left ventricle washes out nearly all the
‘old’ blood within 2 beats, the parameter is based on the blood residence time
within the left ventricle for over two cardiac cycles, up to 4+. This parameter
was shown to increase monotonically with the severity of the regurgitation with
the exception of the limit of laminar mixing in moderate regurgitation, which
showed the largest value. This parameter, which is rather simple to evaluate,
may find use in evaluating the thrombogenic risk in patients having a wide va-
riety of different pathologies and is not limited to the left ventricle; i.e., it may
be extended to the left atrium, right atrium and right ventricle, with the left
atrium being an important potential application due to the development of free-
floating and fixed thrombi particularly within the left atrial appendage (Tabak
& Maurer, 1984; Maltagliati et al., 1989; Vaid, 2004; Shetty et al., 2009; Orsce-
lik et al., 2018), which has even been observed in patients with combined aortic
regurgitation and mitral stenosis (Cingoz et al., 2018). Additionally, it may
serve to evaluate the global performance of medical devices, such as prosthetic
heart valves and left ventricular assist devices, in terms of blood stasis tendency.
Evidently, this parameter does deserve further examination in in vivo settings.
Along the same lines, the novel definition of the per-cycle flow map developed
by Bolger et al. (2007) consisting of the direct flow, delayed outflow, retained
inflow and residual volume was also extended to consider leakage through the
aortic valve. In so doing, a direct flow, delayed outflow and retained inflow could
be defined that considers blood entering the left ventricle from each the mitral
and aortic valves, producing a total of 7 volumes that dictate blood transport
within the left ventricle on a per-cycle basis. In this dissertation, it was ob-
served that patients with progressively worsening aortic regurgitation exhibit
a significant drop in total delayed ejection flow accompanied by an increase in
residual volume. It was also illustrated that, characteristically, much of the
regurgitant inflow is in fact retained within the left ventricle, demonstrating
a rather poor exchange of ‘old’ and ‘new’ blood in such patients and further
suggesting increased thrombogenic potential. Evidently, this definition can now
easily be extended to pulmonary valve regurgitation (the equivalent of aortic
regurgitation in the right heart) as well as to mitral and tricuspid regurgitation.
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For mitral (and tricuspid) regurgitation, the direct flow and delayed outflow can
also each be defined twice, producing a total of 6 volumes; i.e., the additional
direct flow can be seen as blood that has entered the left ventricle through the
mitral valve and is ejected out of the mitral valve in a single beat (as opposed
to through only the aortic valve) and, similarly, an additional delayed outflow
can be seen as blood that has been present in the left ventricle that was ejected
through the mitral valve (again, as opposed to through only the aortic valve).

This work further demonstrated the potential of the finite-time Lyapunov
exponent in cardiovascular flows and particularly in the case of chronic aortic
regurgitation (objective 3). With ridges of the finite-time Lyapunov exponent
integrated backward in time being representative of attracting Lagrangian co-
herent structures, they present the likely locations at which activated platelets
will agglomerate to form free thrombi. Conversely, with the ridges from for-
ward integration in time being representative of repelling Lagrangian coherent
structures, they present the likely locations at which platelets will be activated
due to elevated straining. Together, the presence of elevated blood stasis, sig-
nificant shear and both strongly attracting and repelling Lagrangian coherent
structures potentially offer a complete description of thrombosis within a blood
flow. This dissertation demonstrated the presence and dynamics of these struc-
tures in the case of progressive chronic aortic regurgitation, being suggestive
of potential locations of thrombus development. Effectively, it was observed
that the most strongly attracting sites are those occurring at the regions where
the regurgitant jet and mitral inflow closely interact. For many of the cases,
a repulsive barrier was observed to occur roughly horizontally in the centre
of the ventricle, delimiting a region of high stasis in the apex and the upper
ventricle where particles are being drawn up into, hence being a location of
significant strain in the base-to-apex direction. This dissertation has therefore
examined three of the four influential factors of thrombogenic risk, however,
since an evaluation of the shear stresses was not performed due to the errors
involved in velocity gradients inherent to particle image velocimetry and the
absence of the full three-dimensional flow description, a conclusion on whether
or not platelets are truly activated cannot be formed. Nonetheless, the poten-
tial has been demonstrated and the appearance of these attracting and repelling
Lagrangian coherent structures offer a means of evaluating the effectiveness of
the left ventricular flow post aortic valve surgery. They may also be used as
a control strategy in the design of prosthetic valves or surgical techniques to
minimize thrombogenic risk, allowing potential sites of thrombus formation to
be eliminated by design.

In view of the limited flow data available in the literature with regard to
chronic aortic regurgitation, as part of the third article, this work constructed
and made available data-driven reduced-order models of the healthy and regur-
gitant intraventricular flows acquired as a result of this dissertation. This speaks
directly to objective 4 listed in in Sec. 1.6. This further promotes the advance-
ment of knowledge of the corresponding intraventricular flow by making high
spatiotemporal resolution reference data publicly available to the research com-
munity, offering a means of comparison, validation, further deduction or even
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reproduction (verification) for future works of any nature, whether in vivo, ex
vivo, in vitro or in silico. This additionally represents a first step in constructing
a database of regurgitant intraventricular flows that may ultimately be used for
the development of predictive models. Additionally, the added value of data-
driven modelling techniques for cardiovascular flows, specifically the proper or-
thogonal and dynamic mode decompositions, has been demonstrated with this
work now representing a benchmark example that illustrates proper modelling
procedures and good practices (objective 3).

While a subtle and seemingly obvious point, this work proposes that the
time-averaged velocity field over one cardiac cycle (and perhaps even the sec-
ond modes from the modelling techniques) is a clinically relevant bio-marker
that is suggestive of the severity grade of chronic aortic regurgitation. This
expands on the initial hypothesis of Borja et al. (2016) by applying it to chronic
aortic regurgitation. Indeed, the penetration depth of the regurgitant jet as well
as the relative strength between the competing regurgitant and mitral vortices
is rather clearly depicted in the time-average and therefore provides a qualita-
tive picture of the severity in view of the flow descriptions described in the first
article. Of course, while the overall picture will change with different aortomi-
tral angles, the time-average may sill represent a useful bio-marker and should
be examined further in future works. Additionally, this dissertation highlights
some key features of the performance of the proper orthogonal and dynamic
mode decompositions when applied to cardiovascular flows or, more generally,
to periodic flows. Effectively, reduced-order models developed from each of the
two methods were shown to preserve velocity gradients rather well. However,
given that the energy characteristics are strongly dependent on the small scale
dynamics of the intraventricular flows, dynamic mode decomposition requires
many modes to reconstruct it. From another side, if material transport is partic-
ularly of interest, dynamic mode decomposition was shown to preserve particle
advection behaviour using significantly fewer modes than proper orthogonal de-
composition, suggesting that material transport in the intraventricular flows is
well-described by the large scale dynamics. These general performance criteria
can be used as a guideline in the development of reduced-order models for other
cardiovascular or periodic flows, depending on which characteristics are to be
properly modelled. Lastly, this work highlights a key point regarding the use
of dynamic mode decomposition for the data-driven reduced-order modelling
of periodic flows specifically from experimental data. Dynamic mode decom-
position is particularly sensitive to the correspondence between the first and
final snapshots, which should correspond to a complete cycle of a periodic time
series. Here, it was shown that a simple shift in the ordering of the snapshots
can improve the performance of the models significantly, generating temporal
dynamics that are pure sinusoids with little growth/decay, suggesting that the
discrete-time eigenvalues are closer to roots of unity which should be the case
for purely periodic flows (Rowley et al., 2009).

With the clinical evaluation of aortic regurgitation being focused specifically
on the aortic valve and regurgitant jet, little to no consideration is actually
taken of the dynamic coupling between the regurgitation and the subsequent
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intraventricular flow. This dissertation, in view of the above contributions,
demonstrates the importance of the intraventricular flow in the evaluation and
grading of chronic aortic regurgitation. Alas, while this study is purely in vitro,
due to the absence of in vivo data with which to compare, the data generated
from this dissertation has been made publicly available in the hopes that it
will be useful to researchers and clinicians alike. Validation of the phenomena
described in this work will require a comprehensive in vivo study for which this
dissertation stresses there is now a critical need.

7.2 Future work
With regard to future work, this dissertation can continue in many directions.
Primarily, it will be necessary to extend the results to three dimensions. Since
clinical analysis of aortic regurgitation is limited to the two-dimensional plane
used throughout this dissertation, it is not even known whether it is adequate or
even representative when the full three-dimensional flow is taken into account.
With 3D time-resolved echocardiography and 4D-flow magnetic resonance imag-
ing now becoming more and more commonplace on the clinical stage, a paradigm
shift will likely occur in the coming years, moving the two-dimensional clinical
analysis of aortic regurgitation and other valvular diseases to a necessary three-
dimensional analysis.

Other than evaluating the three-dimensional flow, many different factors
can be further explored. This includes, for instance, the effect of different aor-
tomitral angles, different left ventricular geometries and compliances, different
regurgitant orifice shapes and sizes as well as different heart rates. It would
also be interesting to quantify to what extent the independence of the E and
A waves have for simulating aortic regurgitation in vitro and whether using a
physiologically-accurate mitral valve and/or left atrium would have any con-
siderable effect on the intraventricular flow. In summary, the limitations have
been largely identified throughout this dissertation, and addressing them will
make for interesting, yet necessary future studies. For instance, since it has
been suggested that exercise testing can be useful for evaluating chronic aortic
regurgitation, it will be interesting to see how a simple change in heart rate will
affect the disease. Specifically, Corrigan (1832) suspected that the heart rate
will increase in the presence of aortic regurgitation as a compensatory mech-
anism. The idea was that if the heart beats faster, it will have less time to
fill from the leaking aortic valve and therefore the regurgitant volume should
decrease. There has been ample contradiction of this effect in the literature.
Unfortunately, with the left heart simulator of this dissertation, it is not pos-
sible to investigate a wide range of heart rates and severities for the case of
chronic aortic regurgitation because the linear motor would not be capable of
attaining the required stroke volumes in consecutively shorter time intervals. It
is however possible to investigate the case of acute aortic regurgitation, since no
dilation of the left ventricle is required. Other interesting factors to consider,
particularly for the full three-dimensional intraventricular flow, is how the in-
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clusion of the contractile twist of the left ventricle or some geometrical features
(such as chordae tendineae, the papillary muscles and the trabeculae carneae)
will affect the flow.

Additionally, throughout this dissertation, several phenomena have been
identified that would require a careful analysis in future work. One such phe-
nomenon is the effect of timing between the mitral and regurgitant jets. There
appears to be a critical condition, which occurs in moderate aortic regurgita-
tion, where distinctly different intraventricular flow dynamics can be observed
depending on whether the regurgitant jet emanates after, at the same time as or
before the mitral jet. This effect is certainly also dependent on the velocity of
the jet and not only on the timing. This phenomenon appears to be a rather fun-
damental fluid dynamic subject of research that has yet to be explored, namely,
how do two jets (parallel or not) interact within a confined elastic domain when
they emanate impulsively at different times and with different strengths. This
may find several applications, including the design of nature-inspired mixers
for effective heat and/or mass transfer as well as developing our understanding
of ureteric jets (i.e., the jets emanating from the two ureters into the bladder),
which although poorly understood (Delair & Kurzrock, 2006) have recently been
suggested as an indicator of urinary system function (Santhalia et al., 2018).
Furthermore, such a study would benefit greatly from investigating different
orientations and positions of the two jets in three-dimensional space (rather
than only having them interact within a single two-dimensional plane). Fur-
thermore, while this work demonstrated the potential of thrombus development
in the case of chronic aortic regurgitation, a discussion of the shear stresses,
particularly at the wall of the left ventricle, was avoided due to the large errors
in velocity gradients inherent to particle image velocimetry. Therefore, whether
the shear stresses are elevated enough to activate platelets within the regurgi-
tant flows is not yet known. Further work would require resolving the near-wall
flow, which is likely where the largest shear occurs, perhaps by coupling the
acquired velocity field data with numerical simulation close to the wall. This of
course goes without saying that only three of the six independent shear stress
components are acquired in this work and a fourth is also possible making use
of the continuity equation (i.e., five out of nine velocity gradient components
can be obtained), and so any such an analysis would likely underestimate the
true maximal stresses in the regurgitant flows. Single-plane stereoscopic parti-
cle image velocimetry cannot provide the two additional components either (i.e.,
seven out of nine velocity gradient components can be obtained), and while a
dual-plane setup can acquire them, the issue near the wall would remain and
the added effort would be best allocated to a full tomographic measurement
(since four cameras would be needed). Particle tracking velocimetry would also
produce excellent results of the velocity gradients within the ventricle, to much
better accuracy than particle image velocimetry, however again, the near-wall
flow would pose great difficulty and in this case, the spatial resolution may suf-
fer. Assessing shear stresses also has use in evaluating hemolysis (i.e., blood cell
damage), however there seems to be no apparent link between hemolysis and
native aortic valve regurgitation in the literature. It would therefore be interest-



7.2. FUTURE WORK 197

ing to evaluate hemolysis in the context of non-native aortic valve regurgitation,
such as paravalvular leaks, or in the case of aortic regurgitation combined with
left ventricular assist devices. In keeping with a discussion of shear stresses,
it would also be interesting to observe how a non-Newtonian (shear-thinning)
fluid, similar to blood, would affect the results.

Lastly, it would be useful to develop predictive models from the data of
this dissertation. Unfortunately, the number of cases acquired in this work
is insufficient to construct a good predictive model (i.e., the leave-one-out ap-
proach fails, therefore the data is insufficient). More cases should be acquired,
at least within the same clinically-relevant plane, to develop an adequate pre-
dictive model. This could enable prediction of the intraventricular flow using
only knowledge of the regurgitant orifice and ventricle geometry. Methods for
developing such models do exist, including of course proper orthogonal decom-
position, dynamic mode decomposition and the recent method of sparse identi-
fication of non-linear dynamics; cf. Brunton et al. (2016) and their subsequent
works on the topic. Future work such as this is now more relevant than ever
given the recent popularization of machine learning and artificial intelligence.
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