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SUMMARY

Aortic regurgitation (AR) refers to the backflow of blood from the aorta into the left
ventricle (LV). AR is an important clinical problem with an incidence of approximately
10% in the United States. Within 10 years from diagnosis, approximately 78% of AR
patients either undergo surgery or mortality. The clinical diagnosis (standard of care) of
the severity of AR (mild, moderate, and severe) currently relies on several
echocardiography-based measurements; however, over time, AR also induces ventricular
remodeling resulting from increased pressure and volume overload. Although the survival
of patients in the early stages of AR (usually mild to moderate) is relatively high after a
10-year period, at the onset of LV function failure, patient survival rapidly drops. It has
therefore become a necessity to optimize the timing of surgical intervention for patients
with AR. To this end, several research studies have proposed various metrics to more
accurately stratify AR than the current standard of care methods. However, the proposed
metrics still focus on the functionality of the aortic valve alone and fail to take into account
LV functionality. An understanding of the complex interplay between the aortic valve and
LV function would lead to (i) a better understanding of ventricular performance in the
presence of AR, and (ii) the development of better clinical metrics for the stratification of
the severity of AR. An in vivo approach to addressing these issues would be difficult due
to the very high variability in the stages of the disease as well as the multiple confounders
that exist. Therefore, developing and utilizing an in vitro system would permit excellent
control of the experimental environment, allowing for flexibility and accuracy in studying
the isolated and combined effects of AR on LV function, which in turn enables reliable

xxi

metrics, for the accurate assessment and stratification of AR, to be assessed. To this end,
three specific aims were evaluated to address these issues. In specific aim 1, a novel
physiological left heart simulator was developed to replicate healthy left heart conditions
as well as the pathophysiological progression from healthy to chronic AR conditions. The
simulator was capable of matching a multitude of in vivo hemodynamic states for a healthy
heart and a left heart inflicted with AR. In specific aim 2, an understanding of the fluid
mechanics of AR within the LV was developed. It was discovered that the AR regurgitant
jet generates a “kinematic wall” which causes the rapid dissipation of the “normal” flow
features which exist within a healthy LV. This discovery lead to the idea that energy
dissipation rate could be used as a metric to more accurately stratify AR, which it did, in a
nonlinear manner. In specific aim 3, the hemodynamic effects of acute and chronic AR on
LV performance were evaluated. Also in this aim, some of the common metrics utilized
for the stratification of AR severity were evaluated. The pathophysiological changes which
occur to the LV, in particular, the increase diastolic stiffness, was found to affect the
metrics used to stratify AR, reduce LV filling, increase LV diastolic pressures, and increase
the amount of work the LV needs to accommodate for the lost forward volume resulting
from AR. Considered as a whole, the generated data and knowledge from this thesis will
contribute to the overall understanding of LV performance in the presence of AR as well
as aid in the development of optimal surgical interventional timing strategies for the most
effective treatment of patients with AR.
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CHAPTER 1
INTRODUCTION

The aortic valve is the gateway between left ventricle and the rest of the body. It prevents
the backflow of blood from the aorta into the left ventricle. The optimal function of the
aortic valve is of upmost importance as it is highly coupled to cardiovascular performance
and health (7, 26, 64, 66). A change in aortic valve function is manifested in two forms:
aortic stenosis and aortic insufficiency/regurgitation (AR). Aortic stenosis refers to the
inability of the aortic valve to fully open, while AR is characterized by the inability of the
valve to fully close.
AR allows the backflow of blood from the aorta into the left ventricle. It presents
itself via a multitude of pathological events, such as the idiopathic dilation of the aorta,
rheumatic disease, Marfan syndrome, etc. (7, 25, 26, 43, 157). Along those lines, with the
recent advent of a new technology known as transcatheter aortic valve replacement
(TAVR), AR can be induced acutely if this minimally invasive surgery is not properly
performed (1, 96, 156, 174). Studies have reported the prevalence of AR in the United
States to be 10% with 5-year survival rates of about 87% for mild, 73% for moderate, and
28% for severe (7, 42, 64, 157). In the case of AR due to transcatheter aortic valve
replacement, the data is much worse, with 3-year mortality rates of 30% for trace, 55% for
moderate, and 65% for moderate to severe (1, 87, 96, 155, 164, 173).
Currently, the clinical diagnosis of the severity of AR is performed via
echocardiographic techniques, in which metrics such as jet velocity and width, regurgitant
volume and fraction, and effective regurgitant orifice area are evaluated (16, 114).
Unfortunately, the aforementioned echocardiographic metrics rely heavily on subjective
interpretation because they lack adequate precision and accuracy to effectively quantify the
severity of AR especially in the trace to moderate range (11, 56, 177). These metrics focus
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solely on the function of the aortic valve, neglecting the deleterious effects of AR on the
performance of the left ventricle. It has, however, been previously established that there
exists a strongly coupled relationship between the function of the aortic valve and that of
the left ventricle (25, 60, 66, 167, 169, 183).
AR typically presents itself as a high velocity jet into the left ventricle during the
diastolic period of the cardiac cycle. This regurgitant jet results in left ventricular volume
and pressure overload. In the setting of chronic AR, the increase in filling volume and
pressure forces the left ventricular end diastolic volume and systolic pressure to increase,
as the left ventricle attempts to increase its forward stroke volume, such that the cardiac
output is maintained (16, 25, 66, 160). In the case of acute AR, the left ventricle is unable
to effectively increase its end diastolic volume, leading to a decrease in effective cardiac
output (16, 160). For patients undergoing the new TAVR procedure, the effects of acute
AR are more pronounced as the patients’ left ventricle would have previously remodeled
as a result of chronic aortic stenosis (59, 66, 140). It should be noted that the TAVR
procedure is currently indicated for aortic stenosis (AS) patients only.
To combat AR, aortic valve replacement, requiring open-heart surgery is the current
clinical standard of care (16, 114). The complete success of this surgery ultimately depends
on accurate clinical interventional timing by the clinical team (4, 18, 116). To prevent the
necessity of a repetition of this procedure (as a result of the deterioration of the replacement
prosthetic valve), surgeons tend to delay the surgery until it is absolutely necessary to
correct for AR. Unfortunately, the longer the surgery is delayed, cardiac function
progressively declines due to left ventricular remodeling stemming from AR (64, 121).
To gain a complete understanding of the impact of AR on left ventricular
performance, it is important to initially establish a more sensitive metric that is able to
clearly delineate the differences between trace, mild, and moderate AR. Secondly, the
relationship between AR and left ventricular remodeling parameters, such as increasing
left ventricular volume and diastolic stiffness, must initially be decoupled and their
2

individual effects on left ventricular performance analyzed. Finally, a parametric coupling
of AR severity and left ventricular remodeling parameters should be performed, thereby
generating an understanding of the interplay between aortic valve and left ventricular
function.
In seeking out an optimal technique to quantify AR and predict surgical
intervention time, multiple clinical (18, 26, 43, 53, 113, 177) and animal (5, 100, 175)
studies have been carried out. However, due to the variations that exist with the disease
and study environment, determining a sensitive metric to classify AR, and examine the
relationship between AR and its effects on LV performance is challenging in vivo. An in
vitro system permits designed control of the experimental environment, allowing for
flexibility and accuracy in studying the isolated and combined effects of AR on the
ventricle, which will in turn enable a parametric study to be performed.
The work presented in this dissertation is focused on the evaluation of acute and
chronic aortic regurgitation. It is hypothesized that studying the complex interplay between
the aortic valve and left ventricle will lead to a better understanding of ventricular
performance in the presence of AR. This hypothesis is assessed via three specific aims that
include the: (a) Development and verification of a clinically relevant in vitro model of
aortic regurgitation and the left ventricle, (b) Analysis of the effects of aortic regurgitation
on left ventricular flow and generation a more sensitive metric for the evaluation of aortic
regurgitation, and finally, (c) Analysis of the performance of the left ventricle as a function
of the progression of aortic regurgitation – from acute to chronic. Understanding the
interplay between aortic valve and left ventricle function will lead to an improvement in
patient assessment and will facilitate optimal interventional timing strategies for patients.
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CHAPTER 2
BACKGROUND
2.1 The Heart
The heart is a double-sided organ whose function is the transportation of blood through the
body (Figure 2-1 (A)). The right side (right atrium, right ventricle) of the heart is
responsible for pumping deoxygenated blood to the lungs for oxygenation, while the left
side (left atrium, left ventricle (LV)) is responsible for pumping blood to the rest of the
body.

Figure 2-1 (A) Long axis view of the human heart showing the right atrium, right
ventricle, left ventricle, and aorta. (B) Top view of the human heart showing all four
heart valve. Modified from (67).

Blood circulates through the body via the following cyclic pathway: right atrium
 right ventricle  pulmonary arteries  lungs  pulmonary veins  left atrium  left
ventricle  aorta  systemic arteries  systemic veins  vena cava  right atrium. To
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maintain this unidirectional blood flow, the heart contain four valves (Figure 2-1 (B)) –
tricuspid, pulmonary, mitral, and aortic valves (AVs). These valves are passive in their
function and react based on the pressure differences across them.

2.2 The Aortic Valve
The AV is a passive gateway between the LV and the rest of the body. Its function is to
ensure the unidirectional flow of blood from the LV to the aorta and the rest of the body.
During diastole, the pressure in the aorta is greater than the pressure in the LV, shutting the
AV. During systole, the pressure in the LV is greater than the pressure in the aorta, forcing
open the AV.

2.2.1 Aortic Root and Valve Structure
The aortic root consists of the AV, the aortic annulus, three sinuses of Valsalva, and the
sinotubular junction. The unique geometrical arrangement of these structures allow for the
concomitant functionality of each individual component, which in turn ensures the optimal
operation of the left heart (9, 98). These components form a crown-like structure located
above the LV outflow tract.
The AV is located between the sinotubular junction and the base of the aortic sinus
of Valsalva. It has a trileaflet structure and consists of three cusps (posterior, left, and right),
leaflets, interleaflet triangles, and commissures (Figure 2-2) (9, 98, 143, 162). Within two
of the three AV cusps are the right and left coronary arteries responsible for the delivery of
oxygenated blood to the heart.
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Figure 2-2 (A) Open view of the aortic root as well as the base of the left ventricle.
Modified from (67) (B) Schematic of the aortic sinus. Modified from (133).

2.2.2 Aortic Valve Disease
The two main abnormalities of the AV are AV stenosis (AS) and AV
regurgitation/insufficiency (AR) (Figure 2-3). AS refers to an obstruction of forward blood
flow from the LV to the aorta during systole. AS takes many forms such as calcification of
the AV leaflets, congenital AS (such as bicuspid AVs), and rheumatic valve disease (27).
On the other hand, AR refers to the leakage of blood from the aorta into the LV during
diastole.
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Figure 2-3 Open and close states of the healthy, regurgitant, and stenotic aortic valve.

2.3 Aortic Regurgitation
AR is characterized by the backflow of blood from the aorta into the LV (Figure 2-4) during
the diastolic phase of the cardiac cycle. Currently there are two major pathways through
which AR occurs: (a) Valve lesions - AV lesions prevent the native valve from functioning
properly resulting in backflow of blood from the aorta into the LV. This may result from
leaflet disorders, either rheumatic or infective, or from aortic disease such as idiopathic
dilatation of the aorta, Marfan syndrome, or dissection of the ascending aorta (7, 25, 26,
43, 157). (b) Post transcatheter AV replacement (TAVR) treatment - With the development
of TAVR procedures, AR has been noted to be a very common outcome of the technique
(1, 96, 155, 156). Due to the non-ideal conditions (non-circular and severely calcified aortic
root) in which the replacement valve is implanted, an improper seal occurring between the
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outer surface of the implanted valve and the native aortic root is formed, resulting in
leakage of blood paravalvularly from the aorta into the LV (1, 6, 96, 156).

Figure 2-4 Schematic of aortic regurgitant jet into the left ventricle during diastole.
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The prevalence of AR is 10% in the United States (43). For AR patients who are
conservatively managed, the mortality rate at 5 years is about 18% and at 10 years is 27%
(29, 42, 43, 157). For patients with AR resulting from having undergone the TAVR
procedure, the mortality rate is as high as 60% (87).
Isolated AR can be left untreated for decades at a time before any symptoms
manifest (7, 17, 18, 50). As a matter of fact, surgical correction is only required when AR
is severe and symptoms of congestive heart failure or angina advance with signs of a
decline in LV function (16, 114, 169).

2.3.1 Transcatheter Aortic Valve Replacement
In certain situations, open-heart surgery is not a viable option for the treatment of aortic
valve stenosis. These situations usually involve elderly patients with symptomatic AS
along with multiple comorbidities, and hence, are deemed inoperable (37, 173). TAVR is
a relatively new technique which provides a non-invasive surgical option for these highrisk and/or inoperable patients (32, 33, 37, 94, 97, 173, 174).
TAVR involves the placement of a new prosthetic AV over the old and calcified
native AV. To summarize, a small incision is made on the surface of the body. Then, a
treated pericardial AV, sutured onto a crimpable stent frame, is navigated through the LV
apex (trans-apical) or blood vessels (most commonly, the femoral artery – trans-femoral)
to the native AV location using a catheter (Figure 2-5). The AV is then either balloon
expanded or self-expands over the native AV, crushing the AV along the walls of the aortic
root.
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Figure 2-5 (A) Transcatheter valve placed into the annulus of the aortic root.
Modified from (187). (B) Variations of transcatheter valves available today. Modified
from (174).

TAVR is developing into a favorable technique for the treatment of patients who
have significantly high operative risk. Although TAVR results in functional improvement,
there are still complications that exist following the procedure, including but not limited
to, leaflet thrombosis (102, 109), atrial fibrillation (32, 93, 94, 164, 174), and paravalvular
leakage (PVL) (1, 96, 156, 174). The calcific nodules present in the stenotic native AV of
patients make it difficult to have a perfect coaptation between the transcatheter aortic valve
and the aortic root. This leads to regions where blood can seep through from the aorta back
into the LV (Figure 2-6).
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Figure 2-6 Image of implanted transcatheter aortic valve over a heavily calcified
native aortic valve. Arrows point to locations where there exists a gap between the
native aortic valve leaflets and the transcatheter valve. These are regions where
paravalvular leaks would potentially occur. Modified from (141).

2.3.2 Identification and Diagnosis of Aortic Regurgitation
AR is most often initially detected via auscultation during a cardiac examination.
Specifically, the clinical examiner listens to the sounds (utilizing a stethoscope) of the heart
valves as they snap shut. For a healthy adult, there are two clearly audible sounds known
as S1 and S2 (Figure 2-7).
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Figure 2-7 Schematic of heart sounds caused by healthy and diseased valves. Modified
from (76).

S1 occurs at the start of systole and is caused by the shutting of the atrioventricular
(mitral and tricuspid) valves. S2 occurs at the beginning of diastole and is caused by the
shutting of the semilunar (aortic and pulmonary) valves. AR is audibly identified by a
diastolic heart murmur, during S2. If AR is suspected using an auscultogram, a
transesophageal echocardiographic examination is used to visually observe and quantify
the severity of AR (Figure 2-8) (16, 114).
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Figure 2-8 Transesophageal echocardiogram show aortic regurgitation from the long
axis view (A) and short axis view (B). Modified from (115).

2.3.3 Evaluation and Classification of Aortic Regurgitation
The assessment of AR involves categorizing it into mild, moderate, or severe. This is
achieved via metrics which can be evaluated using echocardiography. Table 2-1 delineates
the most commonly used clinical metrics and their categorization into mild, moderate, and
severe AR, as recommended by the American College of Cardiology (ACC) and the
American Heart Association (AHA) (16, 114). Generally, at least two of the listed metrics
are assessed by the clinician before a patient is placed in a class of AR. Based on the
classification, recommendations are provided by the ACC/AHA for the best method to
manage and treat AR, ranging from beta blockers to AV replacement surgery.
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Table 2-1 ACC/AHA classification of the severity of aortic regurgitation (16, 114)
Metric

Mild
<3.0

Width of vena contracta [mm]
Ratio of width of aortic regurgitant jet to
left ventricular outflow [%]
Regurgitant volume [mL per beat]
Regurgitant fraction [%]
Effective regurgitant orifice area [mm2]

Classification
Moderate
3.0-5.9

Severe
≥6.0

<25

25-44

45-64

≥65

<30
<30
<10

30-44
30-39
10-19

45-59
40-49
20-29

≥60
≥50
≥30

Recent work has questioned the accuracy, repeatability, and effectiveness of the
aforementioned metrics in Table 2-1 (46, 184). All of the metrics listed are either twodimensional, prone to inter-user variability, or just simply non-repeatable. These
challenges are further exacerbated in the mild to mild/moderate range. Newer metrics based
on phase contrast magnetic resonance imaging and 3D echocardiography are being
currently developed which take into account three-dimensionality, inter-user variability,
accuracy, and precision (46, 56, 132, 155).

2.4 The Relationship between the Aortic Valve and the Left Ventricle
Table 2-1 above shows that the clinical metrics currently used for the classification of AR
solely focus on the AV. However, it has been well documented, in clinical and engineering
literature, that there exists a coupled relationship between valvular and ventricular function
(60, 66, 72, 169).
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2.4.1 Left Ventricular Function
The function of the LV is highly dependent on the competence of the mitral and AV.
During diastole, the pressure in the left atrium is greater than that of the LV, forcing the
mitral valve open. To fully understand LV function, an understanding of LV
hemodynamics is necessary and is graphically explained in Figure 2-9.

Figure 2-9 Pressure, volume, flow rate, and EKG curves over the cardiac cycle within
different chambers of the heart. Modified from (110).
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2.4.1.1 Left Ventricle Hemodynamics
For a healthy adult male at a resting heart rate (70 beats per minute), about 70 mL of blood
enters the LV in a biphasic manner during diastole. The first phase is called passive filling
(E-wave). The LV myocardium is in the process of relaxing while being stretched by the
filling fluid pressure. At the end of passive filling, the LV pressure has equilibrated with
the left atrial pressure. The atrium contracts, increasing the left atrial pressure and forces
additional blood into the LV. This is known as active filling (A-wave).
At the end of diastole, the LV begins to contract, raising the pressure in the LV
beyond that of the left atrium, shutting the mitral valve. At this point, the mitral and AV
are both closed and blood neither enters nor leaves the LV, leading to isovolumic
contraction. When the LV pressure overcomes that of the aorta, the AV opens and volume
is ejected out of the LV. As the LV pressure drops below that of the aorta, the AV shuts,
leading to isovolumic relaxation within the LV.

2.4.1.2 Pressure Volume Loops
A pressure-volume (PV) loop is the currently the best method for the assessment of left
ventricular properties (23, 89). It is obtained from plotting LV volume (in milliliters) on
the x-axis versus the LV pressure (in millimeters mercury) on the y-axis. A PV loop for a
healthy adult is depicted in Figure 2-10. Table 2-2 provides a list of metrics that can be
extracted from the PV loop and their corresponding physiological descriptions.
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Figure 2-10 (A) Pressure and volume curves over a cardiac cycle within the left
ventricle. (B) Pressure volume relationship of the left ventricle. Modified from (86).

Although PV loops are capable of providing information on LV function and
overall cardiac health, it is not used clinically used. This is mainly because of the invasive
nature require to obtain LV pressure (23, 89).

Table 2-2 Examples of parameters extractable from PV loops
Metric
End Diastolic Volume
[mL]

How to Calculate
Maximum x-axis value
(volume) on the PV loop

Physiological Relevance
Good indicator for
ventricular remodeling

End Systolic Volume [mL]

Minimum x-axis value
(volume) on the PV loop

Good indicator for
ventricular remodeling

Stroke Volume [mL]

End Diastolic Volume –
End Systolic Volume

Heavily affected by
afterload (hypertension,
aortic valve stenosis)

Ejection Fraction [%]

Stroke Volume / End
Diastolic Volume

Indicates systolic
dysfunction (reduced
contractility,
cardiomyopathy)
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Cardiac Output [L/min]

End Systolic Pressure
Volume Relationship
[mmHg/mL]

End Diastolic Pressure
Volume Relationship
[mmHg/mL]]

Arterial Elastance
[mmHg/mL]

Afterload

Preload

Product of heart rate and
stroke volume

Indicates how well the
heart is performing its
function pushing blood
throughout the body

Slope of the tangent line on
the PV loop where the AV
shuts

Dictates elasticity of
contracting heart muscle. It
is an index of myocardial
contractility. The line shifts
to the left and becomes
steeper with increased
contractility

Passive filling curve of the
LV

Gives insight into elasticity
of relaxed heart muscle. It
is an index of ventricular
stiffness. The line shifts up
and to the left with
decreased compliance
Indicator of the arterial
load

𝐸𝐸𝑆𝑆𝑃𝑃/𝑆𝑆𝑉𝑉

Indicator of the resistance
blood leaving the heart
faces and how hard the LV
must work

N/A

𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿 × 𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿
2 ∙ 𝐿𝐿𝐿𝐿 𝑡𝑡ℎ𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖
Internal area of PV loop

Stroke Work [J]

� 𝑃𝑃𝑃𝑃𝑃𝑃
𝐶𝐶

Volume of blood filling the
heart. Preload is also
related to the end diastolic
pressure
Work the LV muscles must
perform to eject stroke
volume

In a healthy case, the two vertical lines in Figure 2-10B capture isovolumic
contraction and relaxation of the LV. These vertical lines are good indications that the
mitral and AVs are shutting properly (no leakage), as the LV is able to increase or decrease
pressure without the loss or gain of volume. The distance between the vertical lines gives
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the stroke volume of the LV, which is the volume the LV pumps out every heartbeat. The
ejection fraction of the LV is the ratio of the stroke volume to the end diastolic volume. It
is a clinical indicator of systolic dysfunction (reduced contractility, cardiomyopathy, etc.).
The area within the PV loop gives the stroke work – the work the LV muscles perform to
eject the stroke volume.
In the case of acute AR, the LV is not able to hold a constant volume at any point
in time during the cardiac cycle. During diastole, blood from the aorta is ejected into the
LV in a continuous manner (no isovolumic relaxation). Similarly, at the onset of systole,
the LV is not able to build up pressure in an isovolumic manner. In other words, AR causes
the supposed vertical lines in the PV loop to have negative slopes (Figure 2-11). In the case
of chronic AR, compounding to the effects of acute AR, the LV remodels to account for
the leaked volume. The end diastolic volume of the LV increases (greater preload) causing
the LV myocardium to contract with a greater force. This leads to an increase in the LV
systolic pressure (and stroke volume), as the LV attempts to push out more volume (66).
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Figure 2-11 Pressure-Volume relationship within an LV with aortic regurgitation.

2.4.2 The Interplay between the Aortic Regurgitation and the Left Ventricle is
Complex
Once AR has been diagnosed in a patient, its severity is determined according to guidelines
established by the ACC/AHA (16, 114). However, the basis of these measurements are
focused on the functionality of the AV itself and does not include the functionality of the
LV. Many clinical studies have demonstrated that changes in LV morphology and function
occur during AR (Figure 2-12), and have emphasized the importance understanding the
connection between the AV and the LV (14, 60, 66, 72, 101, 116, 169).
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Figure 2-12 Effect of aortic regurgitation on left ventricular hemodynamics and
structure. FSV is the forward stroke volume; AoP is the aortic pressure; LVP is the
left ventricular pressure; LVEDV and LVESV are the left ventricular end diastolic
and systolic volumes, respectively; LVV is the left ventricular volume. Modified from
(66).

In the setting of chronic AR, volume and pressure overload usually occur in the LV
(25). This leads to an increase in the LV end diastolic volume and systolic pressure as the
LV attempts to increase its stroke volume and maintain its cardiac output (66). The increase
in LV pressure eventually results in myocardial hypertrophy and a decrease in myocardial
diastolic compliance. Over time, the increased size and mass of the LV fails to compensate
for the volume overload, reducing cardiac output and forward stroke volume (FSV) (26).
The reduced systolic function of the LV leads to increased residual volumes and decreased
diastolic function, raising the LV filling pressures (26). In this work, FSV is defined as the
net forward flow across the aortic valve (𝐹𝐹𝐹𝐹𝐹𝐹 = 𝐿𝐿𝐿𝐿 𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉 −
𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉).

In the case of acute severe AR, the LV is not able to increase the end diastolic

volume effectively and hence the total stroke volume, forward stroke volume, and systolic
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arterial pressure decreases (16, 114). The regurgitation volume increases LV end diastolic
pressure leading to the impairment of coronary perfusion and hence myocardial ischemia
(160).
The hemodynamic changes that occur in acute AR become even more intense in
patients with preexisting severe aortic stenosis (66, 140), such as elderly patients who
undergo the TAVR procedure. Aortic stenosis increases the pressure gradient between the
ventricle and the aorta leading to myocardial hypertrophy in order for the cardiac output to
be maintained (59, 66, 140). However, this compensatory mechanism causes the LV to
stiffen which in-turn, impairs the relaxation of the myocardium during the diastolic phase
of the cardiac cycle (59, 140).

2.4.3 The Difficulty in Clinical Interventional Timing of Aortic Regurgitation
The survival of patients with mild to moderate AR is relatively high, with approximately
75% survival after 5 years and 50% after 10 years (18, 116). Unfortunately, once symptoms
develop, the chances of survival of the patient rapidly drops (116). Please see Figure 2-13
for a schematic of the survival of AR patients over time. This rapid drop in survival is
mainly a result of the decline in LV diastolic and systolic function, leading to congestive
heart failure (14, 17, 18, 100, 101, 116, 167).

22

Figure 2-13 Schematic of the progression and patient survival of aortic regurgitation
over time (7, 17, 18, 42, 43, 73, 116).

Bodies of work have emphasized that the timing of surgical intervention for patients
with AR is dependent on (A) the accuracy of the metric used to stratify AR, (B) an accurate
estimation of current LV function, and (C) the ability to predict changes in LV function
over time (17, 18, 100). Clinical data have shown that if preoperative cardiac function is
normal, then long-term postoperative survival is excellent (18, 116). The difficulty,
however, is ensuring that surgery is not performed too early, as the durability of prosthetic
valves is approximately 10 years (178). A surgery performed too early in the AR patient’s
life would usually result in a riskier follow-up open heart surgery (to replace the prosthetic
valve) a few years down the line (178). Therefore, an improvement in the accuracy of the
stratification of AR and an understanding of its immediate and prospective effects on LV
function, could assist in the development of optimal interventional timing strategies for
patients.
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CHAPTER 3
HYPOTHESIS AND SPECIFIC AIMS
AR is a significant clinical problem with a prevalence of 10% in the United States (43, 64).
Within about 10 years from diagnosis, approximately 78% of AR patients undergo surgery
or die (16, 42, 114, 157). Regardless of etiology, the diagnosis of AR severity (mild,
moderate, and severe) has relied on several echocardiography-based measurements which
include AR jet velocity and width, regurgitant volume (RV), and effective regurgitant
orifice area (EROA) (16, 114). These metrics focus solely on the function of the AV itself.
AR also induces ventricular changes including increased stiffness and geometric
remodeling due to a large pressure and volume overload (66). These effects ultimately
worsen patient prognosis and make it difficult for clinicians to choose the optimal time for
clinical intervention. Recent clinical studies have acknowledged that an integrated
assessment of valvular and ventricular function is required to fully diagnose AR (53, 60,
66, 72, 101, 169). However, the effect of AV performance and disease severity on LV
function, and consequently the diagnosis of AR remain unclear.
To this end, the central hypothesis for this work is that studying the complex
interplay between the aortic valve and left ventricle will lead to a better understanding of
ventricular performance in the presence of AR. This knowledge could potentially lead to
the development of new clinical metrics for the severity of aortic regurgitation. Examining
the coupled relationship between AR and its effects on the LV is challenging in patients
due to multiple confounders and the lack of a controlled environment. Therefore, an in
vitro left heart simulator with a flexible LV was developed for this study. The simulator
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enabled a parametric study to be performed and acted as a test-bed for metrics derived from
clinical imaging modalities. To this end, the following specific aims were formulated:

Specific Aim 1: Develop and verify a clinically relevant in vitro model of aortic
regurgitation and the left ventricle.
The pulsatile simulator developed for these efforts consisted of a flexible LV coupled to
aortic section that allowed for implantation of excised porcine AVs. Multiple levels of AR,
trace, mild, and moderate AR models were simulated for this study. The geometries of the
flexible LVs were designed from clinical echocardiographic/MRI data such as sphericity
index and end diastolic volume. LV diastolic stiffness values were determined and
compared using both literature and clinical LV compliance data from the LV pressurevolume relationship in patients with normal and stiffened ventricles. Physiologic
hemodynamic waveforms were attained for both healthy and diseased states.

Specific Aim 2: Analyze the effects of aortic regurgitation on left ventricular flow and
generate a more sensitive metric for the evaluation of aortic regurgitation.
Two-dimensional-two-component particle image velocimetry was performed at multiple
planar locations within the LV volume to analyze intraventricular flow structures for both
the healthy and diseased AR models. A description of the changes to the observed flow
fields (normal to increased disease severity) was performed. The energy dissipation rate
per unit volume fields was used to derive a potentially more sensitive metric for the
stratification of AR.

25

Specific Aim 3: Analyze the performance of the left ventricle as a function of the
progression of aortic regurgitation – (A) acute and (B) chronic.
This specific aim was performed using two complementary in vitro approaches: (i)
Hemodynamic analyses and (ii) Fluid mechanics analyses. Measurements of flow rates into
and out of the ventricle as well as pressure tracings inside the ventricle were acquired. The
hemodynamic analyses were used to extract LV performance metrics such as stroke work,
AR index, diastolic pressure-time index (DPTI), LV end diastolic and systolic pressures,
and end systolic and diastolic volumes. The fluid mechanics analyses performed was
similar to that done in Specific Aim 2. Particle image velocimetry was performed on the
cases where optical access was achievable. Two conditions were evaluated in this specific
aim: (1) acute AR: regurgitant AV with normal LV; and (2) chronic AR: regurgitant AV
with remodeled LV. These conditions were compared to a control state: normal AV with a
normal LV. These conditions will reproduce the time sequence of events that occur in
patients with acute and chronic AR (starting from early stage to chronic). The two
approaches used in this specific aim allowed for the establishment of a direct relationship
between AR and LV performance.
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CHAPTER 4
SPECIFIC AIM 1
4.1 Summary
In Specific Aim 1, an in vitro model simulating AR hemodynamics was developed. In
general, in vitro left heart simulators employ Windkessel Models (WKM), which lump
multiple physiological parameters into compartments. In this work, a healthy (baseline)
left heart model is first established. The model consisted of a flexible silicone LV, rigid
atrial and aortic chambers, lumped systemic resistance and compliance elements, and
modular aortic and mitral valves. A linear actuator was used to cyclically drive the motion
of the silicone LV. The systemic resistances and compliances were adjusted to tune the
system to the desired pressure and flow conditions. The baseline hemodynamic data
produced by the model was compared and validated against published clinical data.
Multiple LV morphologies based on the LV pathophysiological changes that result
from AR (changes in sphericity index and diastolic stiffness) were designed and utilized in
the validated model. The introduced pathophysiological changes were based on ranges of
values observed clinically. AR was then introduced by modifying the AV via a novel AR
stent, thereby simulating acute diseased conditions. To mimic chronic AR physiology, the
LV used in the model was altered by varying the end systolic geometry (sphericity index)
and stiffening the silicone material used to mimic the LV myocardium. Hemodynamic
parameters (pressures and flow rates) were acquired and verified with in vivo data, as well
as documented literature values, to ensure accurate simulations.
Finally, the robustness of the left heart simulator was assessed by comparing
multiple hemodynamic acquisitions following numerous deconstruction and reconstruction
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of the simulator. The simulator developed in this work was able to accurately capture the
hemodynamic conditions experienced during AR. This left heart simulator was utilized in
the specific aims to follow to parametrically simulate multiple pathophysiological AR
conditions and evaluate hemodynamic LV function.

4.2 Background
In vitro (benchtop) simulators are indispensable tools used to understand cardiac
physiology, alongside animal work, and clinical studies (13, 47, 71, 81, 111, 139, 147).
Many of the cardiac simulators developed thus far focus on understanding the functionality
of heart valves (108, 139, 147, 179); however, few ventricular models have been developed
for the purpose of understanding the coupled relationship between valvular (semilunar or
atrio-ventricular) and ventricular function (120, 134, 135, 150, 175).
There are three main types of ventricular benchtop simulators: rigid models, passive
models, and flexible models (Figure 4-1, (154)). Rigid models are used to test explanted
valves under static or pulsatile conditions (19, 139, 147, 159, 180). Passive models consists
of an explanted heart with the valves to be assessed and maintained in their native
geometrical configuration (12, 95, 175). Finally, flexible heart models involve the
utilization of a polymeric LV that is hydrodynamically stretched and compressed,
mimicking diastole and systole, respectively (70, 118, 120, 135).
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Figure 4-1 Schematic diagrams of different types of ventricular benchtop simulators.
Top is the rigid simulator. Bottom left is the flexible ventricle simulator. Bottom right
is the passive left heart simulator. Modified from (154).

In vitro left heart models are generally based on the WKM, developed by a German
physiologist, Otto Frank. The WKM models the mechanics of the heart by characterizing
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certain components of cardiovascular physiology, such as arterial compliance and total
peripheral resistance, as “lumped” systems. Depending on the complexity of the model, a
2-element, 3-element, or 4-element WKM can be simulated. A 2-element WKM takes into
account the effects of arterial compliance and total peripheral resistance alone; the 3element and 4-element WKM simulate the aortic impedance and blood flow inertia,
respectively.
The functionality of left heart models include, but are not limited to, the testing of
prosthetic devices (81, 135, 171), the validation of computational simulations (119, 137),
the understanding of cardiac physiology (5, 118, 146), and the planning of surgical
interventions (108, 109). Flexible left heart models, in specific, are utilized mainly to either
understand cardiac physiology or to test prosthetic devices via hemodynamic
measurements or optical visualization of flow structures within the LV (120, 134, 135,
150).
Naturally, before any of the aforementioned functions are performed, the model
developed must first be validated using parameters from either clinical data, or reported
literature data, which is related to what is being modeled. For example, a model developed
for the purposes of understanding the functionality of the mitral valve must validate its
hemodynamic environment and its geometry (137). Along those same lines, as this work
is focused on the AV and the LV, their hemodynamic environment (pressures and flow rate
data) and geometry must also be validated using documented literature or clinical data.
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4.3 Parameters to be Modeled
The model developed in this work was designed to represent the left heart of (i) a healthy
adult and (ii) an adult with varying degrees of acute, early stage, and chronic AR. To ensure
accuracy and physiological relevance of the models, a number of parameters were
considered. These parameters were used to mimic, as closely as possible, the physiological
structural and hemodynamic environment in which the LV and AV operate, with and
without AR.

4.3.1 Anatomical Parameters
4.3.1.1 Aortic Valve
The valve models used to simulate a normal functioning AVs were excised from ~0.45 kg,
healthy, porcine hearts acquired from a local slaughterhouse (Holifield Farms, Covington,
Georgia). The hearts were selected such that the aortic annulus was ~25 mm in diameter.
This diameter was chosen based on the size of the rigid aortic chamber used in the model.
The exclusion criteria for the AV selection was based on the length of the free edge of the
AV leaflets. Valves were excluded if the length of any of the leaflets was significantly
greater than twice the radius of the annulus (165) – Figure 4-2.

31

Figure 4-2 Description of the exclusion criteria. Red lines trace the free edge length
of a single aortic valve leaflet. D is the diameter of aortic valve.

4.3.1.1.1 Aortic Valve Construction
The porcine AV was trimmed of its sinus walls except for the regions of the AV leaflets
commissure. Approximately 2 mm of the base of the AV was also left untrimmed for
suturing purposes. The excised AV was then sutured to a rigid three-pillared stent with an
inner diameter of 25 mm (Figure 4-3 (A)). The commissures of the AV were tightly secured
to the stent posts, and the base of the AV was sutured to the base of the stent, such that the
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native geometry of a healthy AV was preserved (Figure 4-3 (B)). The height of the pillars
were 1.2 cm.

Figure 4-3 (A) 3-pillared stent to which aortic valve was sutured. (B) Aortic side of
the excised porcine aortic valve in the closed configuration. (C) Ventricular side of
the aortic valve. Please see Appendix A for dimensions of the 3-pillared stent.

4.3.1.1.2 Treatment of Aortic Valve
To prevent the AV from deteriorating over the course of lengthy experiments, a solution
of 0.1% glutaraldehyde in distilled water was used to treat the AV tissue. Glutaraldehyde
is a reagent which prevents the degradation of tissue by crosslinking the collagen fibers
found in the AV leaflets (2, 20). The utilization of glutaraldehyde solution (and its many
variants) to preserve valve tissue is a widely accepted technique, and is often implemented
by heart valve companies (80, 139).
The sutured AV was placed into a vertical holding chamber (Figure 4-4) where a
0.5 meter column of the glutaraldehyde solution (35 mmHg) was used to close the AV.
The AV was allowed to leak from the sutured regions (along the valve perimeter) during
the treatment process. A steady peristaltic pump was therefore used to recirculate the
leaking fluid back to the top of the column (Figure 4-4). This process lasted for
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approximately 6 hours. Post treatment, dental impression glue (AF Dental Supplies, Santa
Monica, CA) was utilized to seal the perimeter of the valve.

Figure 4-4 Schematic of the flow loop used to treat the excised porcine aortic valve
with 0.1% glutaraldehyde solution. The dashed arrows indicate direction of fluid
flow.

4.3.1.1.3 Aortic Chamber
The AV was inserted into a rigid ascending aorta chamber sized for a 25 mm valve (Figure
4-5). The chamber consisted of an annulus, a three-lobed sinus, and a 50 mm ascending
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aorta portion. The aorta was dimensioned (Please refer to Appendix A for detailed
dimensions) according to clinical measurements of healthy adult aortas (165) and designed
using SolidWorksTM (Dassault Systèmes SolidWorks Corporation, Waltham, MA, USA).
The aorta was constructed using clear acrylic. At the intersection of each aortic sinus, slots
were machined such that the posts on the AV stent could be inserted (Figure 4-5).

Figure 4-5 Three-lobed sinus aortic valve chamber consisting of two separate acrylic
pieces.

4.3.1.1.4 Inducing Aortic Regurgitation
To induce AR, a second stent (AR stent) was designed to be inserted into the coaptation
zone of the competent AV such that it forced the AV leaflets to coapt along its walls,
resulting in central AR (Figure 4-6). The star-shaped geometry of the AR stent ROA was
based on computed tomographic (CT) images of patients with central AR as reported by
Calleja et al. (24) (Figure 4-6).
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Figure 4-6 (A) Aortic regurgitant orifice area from patient data acquired by Calleja
et al. (24). (B) AR stent with regurgitant orifice geometry derived from (A). (C) En
face aortic view of AV with AR stent in place during diastole. (D) En face aortic view
of AV with AR stent in place during systole.
Using SolidWorksTM, the geometry of the regurgitant orifice was traced. The height
of the AR stent walls were set at ~1 cm – long enough to prevent the AV leaflets from
folding into the ROA. The walls of the AR stent were thin enough (~0.2 mm), so as to have
a minimal effect on the pressure drop across the AV during systolic flow (Table 4-1). The
forward flow features in the aorta were not of interest in this study, therefore, the effect of
the stent could be neglected. The ROA of the AR stent was symmetrically scaled
(maintaining its star-shaped geometry) to achieve varying levels of AR. In this work, based
on the ROAs ranging from 0.62 to 15.98 mm2, four levels of AR were simulated – trace,
mild, moderate, and moderate/severe (Table 4-1), respectively (16, 114).
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Table 4-1 Levels of AR generated by the ROA of each AR stent. The hydraulic
diameter was calculated as the ratio of the area to the perimeter.

Control

N/A

Perimeter
[mm]
N/A

AR1

0.62

5.71

0.1086

Trace

AR2

3.31

12.27

0.2698

Mild

AR3

8.07

18.93

0.4263

Moderate

AR4

15.98

25.77

0.6201

Moderate/Severe

ROA [mm2]

Hydraulic
Diameter [mm]
N/A

AHA Classification
(16, 114)
None

4.3.1.2 Left Ventricle
To generate an approximate geometry of a healthy LV, the ellipses were initially fit to
endocardial borders of 5 cine, steady-state free precession (SSFP), short axis slices
acquired at the end systolic phase of the cardiac cycle (Figure 4-7). The end systolic phase
was chosen such that the minimum volume would represent the zero-stress state of the
model. The LV geometry was then designed using SolidWorksTM by vertically assembling
the extracted series of concentric ellipses on parallel planes. The parallel planes were then
longitudinally connected by spline curves. To add thickness, a 1.59 mm offset of the outer
surface was applied outwards. This thickness was chosen to minimize optical refraction
while maintaining the structural integrity of the model. A 125° cut was then made at the
base of the LV such that the mitral and aortic annular planes mimicked in vivo observations
(170) (Figure 4-7). The design was sent to a third party company (VenAir, Terrassa, Spain)
for tool building and casting with liquid silicone rubber. Liquid silicone rubber was the
material of choice because of its optical properties (see Section 4.3).
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Figure 4-7 (A) 3D schematic of splines and ellipses used to generate the LV geometry.
(B) Anatomical geometry of the LV physical model with mitral and LVOT planes
defined. (C) Completed LV model with flanges used for mounting into the left heart
simulator.

4.3.1.2.1 Diastolic Stiffness
As previously discussed in Section 2.4.2, the diastolic stiffness of the LV progressively
increases as AR severity increases. This results in LV remodeling due to the increase in
strain as a consequence of pressure and volume overload. To mimic the changes in LV
diastolic stiffness, liquid silicone rubber of varying shore hardness were utilized to create
the LV models. The LV diastolic stiffness of chronic AR patients has been previously
reported to range from 0.60 to 1.50 mmHg/mL, while patients with chronic AS ranged
from 1.0 to 2.9 mmHg/mL (68, 69, 72).
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Figure 4-8 (A) Experimental setup used to measure the diastolic stiffness of the LVs.
(B) Schematic of the plot used to quantify LV diastolic stiffness. As a known volume
is added to the LV via the syringe, the LV chamber stretches, and pressure readings
are taken via the pressure port.

For each of the LV models made, the diastolic stiffness was measured by filling the
internal LV cavity with fluid (to the end systolic volume – zero-stress state of the LV
model) and then sealed (Figure 4-8). Additional fluid was then incrementally introduced
into the LV, forcing the model to stretch. At each volume increment, the corresponding
absolute pressure within the LV was measured. The diastolic stiffness of each of the LV
models created was approximated as the slope of a linear fit to its corresponding
measurements (Figure 4-9).
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Figure 4-9 (A) Pressure-Volume relationships of the 6 LVs used in this study. The
slope of the lines represents the diastolic stiffness. (B) Ranges of LV diastolic stiffness
for a healthy, AR, and AS LV (54, 55, 69, 72, 183).

4.3.1.2.2 Sphericity Index
As previously discussed in Section 2.4.2, the geometry of the LV progressively changes as
AR severity increases – most notably, the sphericity index. The sphericity index is
clinically defined as follows:
𝑆𝑆𝑆𝑆 =

𝐿𝐿𝐿𝐿 𝑆𝑆ℎ𝑜𝑜𝑜𝑜𝑜𝑜 𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷
𝐿𝐿𝐿𝐿 𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿 𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿ℎ

(4.1)

where SI is the sphericity index. The LV long axis length is defined as the basal to apical
distance of the LV. SI, as the name indicates, is a dimensionless parameter which dictates
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how spherical or globular the LV chamber is – the closer SI is to 1, the more spherical the
LV is. In healthy patients, SI ranges from 0.54 to 0.63, while in AR patients, SI ranges
from 0.62 to 0.75, respectively (75, 104). Equation 4.1 above, however, does not take into
account (a) the time point in the cardiac cycle at which these measurements should be
taken, and (b) that the LV short axis geometry is not perfectly circular, but rather elliptical
in shape. Therefore, in this work, the definition of SI was modified to
𝑎𝑎 + 𝑏𝑏
𝑆𝑆𝑆𝑆 = 2
𝑐𝑐

(4.2)

where ‘a’ is the major short axis diameter, ‘b’ is the minor short axis diameter, and ‘c’ is
the long axis length (Figure 4-10). Equation 4.2 was applied at the peak systolic geometry
of the LV. Based on Equation 4.2, the SI used in this work ranged from 0.598 to 0.672.
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Figure 4-10 Measurement locations which were utilized to quantify the sphericity
index of the LV models.

4.3.2 Hemodynamics Parameters
4.3.2.1 Establishment of Baseline Hemodynamics
The baseline hemodynamics modeled in this work was that of a healthy adult at a resting
heart rate of 70 beats per minute. At this heart rate, the period of each cycle was set to ~856
ms. The systolic time period was set at 33% while that of diastole was 67% (38). The LV
stroke volume was set at ~70 mL/beat resulting in a cardiac output of ~5.0 L/min.
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4.3.2.1.1 Mitral and Aortic Flow
The general shape and magnitudes of the LV flow waveforms via the mitral and aortic
valves have been clinically established (31, 110). For a healthy male adult, at a resting heart
rate, the peak systolic aortic flowrate is ~30 L/min. The diastolic flow into the LV via the
mitral valve occurs in three stages: (a) passive filling – ventricular relaxation (E-wave), (b)
diastasis, and (c) active filling – atrial contraction (A-wave). For a healthy adult, at a resting
heart rate, the peak E-wave and A-wave flow rates are ~15 and ~13 L/min, respectively.
This gives an E/A ratio of ~1.15. Although the E/A ratio is traditionally based on velocity
(not flow rate), in this work, because a contracting mitral annulus was not used, the mitral
annular area was assumed to be constant. Flow rate was therefore used as a surrogate for
velocity. The timing and lengths of each of the aforementioned periods are strongly
dependent on the physiological state of the LV and left atrium. For more information
regarding the physiological relevance of the E/A ratio, please refer to the works of M.
Galderisi and M. Zile (58, 181).

4.3.2.1.2 Ventricular and Aortic Pressure
During the systolic period of a cardiac cycle, the LV pressure rapidly rises due to the
contraction of the LV myocardium. Its maximum value is in the range of ~125 to ~135
mmHg (occurring at peak systole) and its minimum value is between ~1 and ~15 mmHg
(occurring at either the end or beginning of systole). At this systolic phase, once the LV
pressure overcomes the minimum aortic pressure (~80 mmHg), the aortic pressure curve
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follows the LV pressure – although, a few millimeters of mercury lower. The peak aortic
systolic pressure is ~120 mmHg.
During the diastolic period of the cardiac cycle, the LV pressure ranges from ~1 to
~15 mmHg. At this cardiac phase, the aortic pressure begins to decline from ~110 mmHg
(start of diastole) to ~80 mmHg (end of diastole). For more information regarding the
hemodynamic state of the LV, please refer to the work by Mitchell et al. (110).

4.3.2.2 Aortic Regurgitation Hemodynamics
The LV hemodynamic changes which occur in the presence of AR has been previously
described in Section 2.4 of this work. In summary, AR induces pressure and volume
overloads on the LV which in turn results in LV remodeling – change in geometry and
stiffness.
4.3.2.2.1 Aortic Flow
During AR, blood flows from the aorta into the LV throughout the diastolic period of the
cardiac cycle. The large pressure gradient between the aorta and the LV at the start of
diastole leads to a large negative flow rate (depending on the level of AR) of blood into the
LV. The magnitude of the negative flow slowly declines as the cardiac cycle approaches
systole due to the equalization of LV and aortic pressure (5, 142, 148). According to
ACC/AHA guidelines, the AV leaks for mild, moderate, and severe at a rate of <30, 3049, and ≥50% per beat at a heart rate of 70 bpm and cardiac output of 5.0 L/min,
respectively, during diastole (16, 114). If AR is acute, the positive aortic flow is not
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affected as the LV has not remodeled to make up for the lost volume. During chronic AR,
however, the positive portion of aortic flow increases due to increased LV pumping (66).

4.3.2.2.2 Ventricular and Aortic Pressure
In the presence of AR, during diastole, the LV pressure gradually rises due to the backflow
of blood from the aorta resulting in LV pressure and volume overload (66). The backflow
of blood causes the aortic pressure to decrease at a faster rate compared to an aorta with a
competent AV. Due to the high variability amongst patients and the pathophysiological
nature of AR, it is difficult to directly correlate pressure readings to AR severity. However,
it has been reported that in the presence of AR, LV diastolic pressure can range from ~2 to
~12 mmHg during early diastole and ~15 to ~60 mmHg during end diastole (17, 100, 116,
142), depending on the severity. The LV systolic pressure ranges anywhere from ~100 to
~200 mmHg (14, 142). Aortic pulse pressure can range anywhere from ~30 to 130 mmHg
(14, 53, 142).

4.3.3 Parameters to Mimic and Accurately Measure Fluid Flow
4.3.3.1 Blood Analogue Solution
In order to accurately mimic flow features (Reynolds number matching) within the LV, a
water-glycerin solution matching the viscosity (3 – 4 cP) and density (1000 – 1130 kg/m3)
of blood was utilized.
The volumetric ratio of 99.9% glycerol to distilled water was ~2 to ~3. The
viscosity of the mixture was measured using a Size-75 (Routine Type, P-445, IP 71, ISO 45

3104) ASTM Canon-Fenske Kinematic viscometer (ASTM International, West
Conshohocken PA). At room temperature, 6.8 mL of the water-glycerin mixture was
loaded into the viscometer and suctioned upwards, across the u-tube, such that the meniscus
of the solution crossed the top-most marking (Figure 4-11). The time taken for the meniscus
of the solution to reach the bottom marking was measured in seconds and then multiplied
by the calibration constant of the viscometer (0.0072975 kg·m-1·s-2). This calculation
resulted in the viscosity of the fluid. For a dynamic viscosity of 3.50 cP (viscosity of blood),
the time required was found to be 480 seconds.
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Figure 4-11 Schematic of the U-tube viscometer utilized to quantify the viscosity of
the blood-mimicking solution.

4.3.3.2 Optical Clarity and Distortion
To perform optical diagnostic techniques within the LV, optical access was necessary. The
housing of the LV, the LV, and the fluid in the interior and exterior of the LV had to be
optically clear with minimal optical distortion (Figure 4-12A).
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Figure 4-12 (A) Example of very good optical clarity in LV model with a high shore
hardness. (B) Example of poor optical clarity in LV model with low shore hardness.

The LV housing was constructed from highly-polished optically clear acrylic with
a refractive index of 1.49. The LV housing surface through which imaging was to be
performed was ensured to be flat to minimize optical distortions. The LVs which optical
measurements was to be performed were constructed from liquid silicone rubber of shore
hardness 40 to 41A (refractive index of 1.405). This hardness was chosen because a high
enough optical clarity was achievable. As shore hardness was decreased, optical clarity
simultaneously decreased (Figure 4-12B). The region of the LV which imaging was
performed through was a curved surface; however, the curvature high enough to result in
optical distortions. The fluid (water-glycerin solution) used in the interior and exterior of
the LV was also optically clear with a refractive index of 1.41.
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4.4 Left Heart Simulator Construction
This section will provide an overview of the left heart simulator (LHS) used in this work.
First, it will cover the equipment used for the functionality of the model, then it will go
over the development of the simulator, and finally it will cover how the data was acquired
and analyzed. All equipment used to build the LHS were either calibrated in-house or
calibrated externally by the manufacturer or a certified professional.

4.4.1 Equipment
4.4.1.1 Linear Actuator
A Vivitro Superpump (Model SPL 39891; Vivitro Systems Inc, Victoria, British
Columbia) was used as the linear driving mechanism for the LHS developed (Figure 4-13).
It consisted of a digitally controlled hydraulic piston pump capable of accurately following
user-defined waveforms.

Figure 4-13 Vivitro Superpump and amplifier utilized in this work (186).

The piston motion of the Vivitro Superpump is controlled via either a velocity or
displacement waveform post amplification by the controller. In this study, a position
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waveform was chosen as the most viable option (Figure 4-14). A positive amplitude of the
waveform moved the piston forward, while a negative amplitude moved the piston
backwards (±5 Volts maximum amplitude range). The piston had a defaulted ‘zero
position’ which was determined by the manufacturer. The cycle rate range which the pump
could accurately replicate was from 3 – 200 beats per minute. In other words, the linear
actuator controlled the heart rate of the system. The accuracy of the waveform replication
was ±3 mL at 75 mL/stroke at a frequency of 70 beats per minute. The area of the piston
head was 38.32 cm². The maximum stroke volume of the piston was 180 mL.

Figure 4-14 Example of signal waveform used to prescribe the motion of the linear
actuator.

4.4.1.2 Flow Measurement System
Volumetric flow rates into and out of the LV were measured via two one-inch inner
diameter Model ME-25PXN ultrasonic flow probes (Transonic Systems Inc., Ithaca NY).
The probes were connected to two Model T410 single channel signal conditioners enclosed
within a T402 module (Figure 4-15). The flow probes utilized the Doppler Effect (from 0.6
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MHz ultrasonic signals) to measure the flow at a frequency of 1.2 MHz. The resolution of
the ME-25PXN was 0.1 mL/min with an absolute accuracy of ±2 % (166). The signal
conditioner amplified and performed a 10 Hz low pass filter on the signals received from
the ultrasonic flow probes.

Figure 4-15 Transonic flow probe module (left), module housing (right, top), and flow
probe (right, bottom) used to measure flow rates into and out of the LV (166).

4.4.1.3 Pressure Measurement System
Absolute pressures were measured via fluid-filled strain gage pressure transducers (Model
6199; Utah Medical Products Inc.; Midvale, UT – Figure 4-16). Pressures were measured
in the outer LV chamber, the inner LV chamber, and the aorta. The pressure transducers
used have a measurement range of -50 to 300 mmHg (with an overpressure protection of 400 to 4000 mmHg) and a sensitivity of 5 µV/V/mmHg or ±2 % (185). The pressure
transducers were connected to Validyne MC170L-8 Module Case containing Validyne
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SG297A Strain Gage Signal Conditioner Cards which performed a 10 Hz low pass filter
on the signals.

Figure 4-16 Signal conditioner (left) and pressure transducer (right) used to measure
gage pressures within the left heart simulator (185).

4.4.1.3 Data Acquisition System
A National Instruments data acquisition (DAQ) system and a custom LabVIEW program
were used to control the pulsatile piston pump, trigger imaging systems, and record
pressure and flow measurements. The DAQ system (Figure 4-17) consisted of a
CompactDAQ 4-slot USB chassis (cDAQ-9174), two 4-channel analog input modules (NI
9239 – ±10 V, Simultaneous Analog Input, 50 kS/s, BNC connectivity), and a 4-channel
analog output module (±10 V, Analog Output, 100 kS/s). Of the 8 input channels, 3 were
used to record pressures, 2 were used to record flow rates, and 2 were used to record the
output signals to the linear actuator and other TTL-pulse triggered systems. Two channels
of the output module were used to control the linear actuator and to trigger other systems,
as mentioned above.
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Figure 4-17 Data acquisition system from National Instruments used to manage
electrical signals between the computer and the left heart simulator (78).

A custom LabVIEW program called Heartbeater controlled the system and allowed
the investigator to measure, scale, and display all 8 analog input voltage signals from
instruments such as flow probes and pressure transducers in a cyclic manner. Heartbeater
also contained features to instantaneously calculate and display information regarding the
cardiac cycle, such as cardiac output, maximum pressures, transvalvular pressures, etc.
More information regarding the functions and utilization of Heartbeater can be found in
Appendix B.
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4.4.2 Left Heart Simulator
The LHS designed in this work was modeled as a 4-element WKM. Figure 4-18 shows a
schematic of the LHS. The LHS was designed to be modular such that a variety of heart
valve pathologies, sizes, and types, ranging from mechanical to transcatheter, could be
utilized. Along those lines, multiple LV pathologies could also be tested.

Figure 4-18 Schematic of in vitro LHS. The LV physical model was enclosed within
an optically clear acrylic box filled with water-glycerin solution. Relaxation and
contraction of the LV model was accomplished via periodic pressure fluctuations of
the enclosing fluid using a programmable piston pump (PPP). Flow probes F1 and F2
are used to measure mitral and aortic flow rates, respectively.

The LHS comprised of two loops: circulatory loop and the driving loop. The driving
loop was completely filled with fluid and connected the outer surface of the LV to the
driving linear actuator (Figure 4-18). The function of the driving loop was to transfer the
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motion of the linear actuator to the LV walls. A backward stroke of the linear actuator
results in a decrease in the pressure of the outer LV chamber, forcing an expansion of the
LV chamber. Similarly, a forward stroke increases the pressure of the outer LV chamber,
resulting in the contraction of the LV chamber.
The circulatory loop consisted of the following elements:
Left Atrium: The left atrium was modeled as a 25.4 mm rigid tube. It was constructed from
highly polished acrylic to allow for optical access for flow visualization. Although the
geometry of the left atrium did not mimic in vivo observations (52), it was not the focus of
this work and did not affect the results presented. The left atrium was fully passive and
hence did not actively contract to generate the A-wave filling portion of diastole. The
engineering drawings for the left atrium can be found in Appendix A.

Mitral Valve: A 33 mm Hancock II mitral valve (Medtronic, Minneapolis USA) was used
in between the left atrium and LV. Though the mitral valve diameter was packaged as
having a diameter of 33 mm, the true internal diameter of the valve was measured to be 26
mm.

LV: The design of the LVs used in the work has been described in Section 4.3. The LV was
the bridge between the driving loop and the circulatory loop. It was held in place by a
housing chamber. The housing chamber also held the mitral and AV in place. Engineering
drawings of the LVs can be found in Appendix A. The engineering drawings of the
chamber housing the LV, and the mounts of the AV, and mitral valve can be found in
Appendix A.
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AV: An excised 25 mm diameter porcine AV was mounted between the LV and the aorta.
The AV was inserted into the base of the aorta. More information regarding the AV can be
found in Section 4.3.

Aorta: The design of the aorta has previously been discussed in Section 4.3. In summary,
the rigid aorta consisted of a mount on the base for the AV, a 3-lobed sinus, and a 50 mm
(in length) ascending aorta portion. The engineering drawings of the aorta can be found in
Appendix A.

Systemic Compliance: The lumped systemic compliance was modeled to mimic the
elasticity of the systemic circulatory system (aorta and other smaller blood vessels). It was
modeled as a chamber containing the incompressible blood mimicking solution and air.
Adjusting the quantity of air in the chamber varied the systemic compliance. The measured
compliance of the aorta was 6.92 mL/mmHg which matches the range found in adults 45
years of age (5 – 10 mL/mmHg) (158).

Systemic Resistance: The lumped systemic resistance modeled the resistance to blood flow
due to decreasing blood vessel size as blood is distributed throughout the body. In this in
vitro system, a variable flow constrictor was used to model the systemic resistance. In other
words, to increase the systemic resistance, the constriction to the flow was increased, and
vice versa.
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Reservoir: The reservoir was used as a repository for the blood mimicking solution. It
indirectly mimicked the “rest of the body”. Fluid from the aorta drained into the reservoir
and the fluid in the reservoir was fed into the left atrium, completing the circulatory loop.

The flow of fluid through the LHS was as follows:
At the start of diastole, the linear actuator is moved backward (negative
displacement) causing a negative pressure in the outer ventricle chamber. The negative
pressure forces the LV wall to expand, shutting the aortic valve, while concurrently
opening the mitral valve. Fluid therefore rushes into the LV via the left atrium (E-wave).
The linear actuator is pulled back once more after a delay for a few milliseconds. This
increases the magnitude of the negative pressure in the outer ventricular chamber, leading
to a further expansion of the LV, and hence, a second filling wave into the LV via the
atrium (A-wave). The delay between the two filling periods modeled diastasis. It should be
noted that in this model, the A-wave is not a result of the contraction of the atrium.
At the start of systole, the linear actuator is moved forward (positive displacement),
leading to an increase in pressure in the outer ventricular chamber. The positive increase
in pressure, forces the contraction of the LV, closing the mitral valve and opening the aortic
valve after a short period of isovolumic contraction. The fluid in the LV is pushed into the
aorta via the AV. The fluid then moves through the compliance chamber, past the systemic
resistance, and finally drains back into the reservoir.

4.4.3 Hemodynamic Data Acquisition
As previously mentioned in Section 4.4.1, data acquisition was performed using a
LabVIEW based program. Flow rates were measured in to and out of the LV, while
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absolute pressures were measured in the aorta, in the LV, and the outer chamber housing
the LV. For each experiment conducted in this work, 200 cycles of data were recorded at
2 kHz. This amount was collected to account for any cycle-to-cycle variations that may
exist in the system.

4.5 Hemodynamic Results
The hemodynamic results presented in this section are averaged over 200 cardiac cycles.
These results presented in the following sections are used only to show the viability of the
designed system to mimic a healthy human left heart and one afflicted with aortic
regurgitation.

4.5.1 Baseline (Healthy)
In this study, baseline hemodynamic conditions were defined as follows: at 70 beats per
minute, a cardiac output of ~5.0 L/min, and a mean aortic pressure of ~100 mmHg (120/80
mmHg systolic/diastolic aortic pressure), and a systolic duration of 33% of the cardiac
cycle.

4.5.1.1 Mitral and Aortic Flows
The LHS was able to accurately replicate physiological flow waveforms. Figure 4-19A
shows the waveforms into and out of the LV in a single 5.0 L/min cardiac cycle at 70 beats
per minute. The mitral flow curve had two peaks – the E and A-wave, with a diastasis
period in-between. The durations of each period were ~281, ~139, and ~156 ms,
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respectively, matching clinical observations (15, 38). The peaks of the E and A-waves were
~15.6 and ~13.1 L/min, resulting in an E/A ratio of ~1.2. The aortic flow curve duration
was ~280 ms, confirming that the systolic period was set to 33% of the cardiac cycle. The
peak of the aortic flow curve was ~32 L/min and the closing volume was found to be ~2.5
mL. At this baseline condition, there was no backflow through the AV, confirming that the
excised valve coapted properly.

Figure 4-19 Example of flow and pressure curves attainable by the LHS.
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Table 4-2 Comparison of mitral and aortic flow parameters to clinical data at a
heart rate of 70 beats per minute and a stroke volume of 70mL/beat

E-wave duration [ms]

281 ± 13

Clinical Findings
(15, 21, 34, 38, 58,
110)
337 ± 162

A-wave duration [ms]

139 ± 10

166 ± 4

Diastasis duration [ms]

0 – 200

0 – 200

Duration of diastole [%]

67

67 ± 5

Peak E-wave flow [L/min]

15.9 ± 2

15 ± 4

Peak A-wave flow [L/min]

13.1 ± 1

11 ± 5

E/A ratio

1.2 ± 0.1

1–2

30 ± 2

25 ± 7

2.5 ± 0.3

3±3

Parameter

Experimental Results

Peak aortic flow [L/min]
Aortic flow closing volume [mL]

4.5.1.2 Ventricular and Aortic Pressure
At the start of systole, Figure 4-19B depicts the rapid rise of the ventricular pressure
resulting from the contraction of the LV. Once the LV pressure crossed that of the aorta,
both curves followed the same trend. As seen in Figure 4-19B, the LHS was able to achieve
120/80 mmHg aortic pressure by adjusting the systemic resistance and compliance. The
transvalvular pressure gradient (TVPG) across the AV was governed by the size of the AV
used, as well as the desired cardiac output and systemic resistance. For a 25 mm AV, the
mean pressure drop across the valve was found to be 7 ± 1 mmHg at 5.0 L/min. During
diastole, the ventricular pressure fluctuated around 2 ± 5 mmHg. It is believed that this
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fluctuation is a result of the mechanism used to induce the A-wave as described in Section
4.4.

4.5.2 Aortic Regurgitation
AR was induced into the LHS post tuning the system to the baseline condition mentioned
in Section 4.5.1. This ensured the only differences observed was due to the inclusion of the
regurgitant valve.

4.5.2.1 Mitral and Aortic Flow
The acute AR case modeled in Figure 4-20 shows that the peak aortic flow remained
constant as AR severity was varied. This is because in acute AR, the LV has not had
sufficient time to remodel such that it can compensate of the regurgitant flow. To model
chronic AR, the piston pump amplitude was increased such that the forward stroke volume
was raised back to 70 mL/beat. Figure 4-20 shows the increase in peak aortic flow as AR
severity is increased as well as the increase in backflow into the LV.
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Figure 4-20 Sample aortic and mitral flow curves extracted from the LHS in the
presence of acute and chronic AR utilizing one LV model.

During acute AR, a decrease in mitral flow was observed (Figure 4-20). This
reduction resulted from the increase in LV pressure due to AR, as well as the occupation
of part of the LV volume by the AR volume. In the case of chronic AR, the LV compensates
for the aortic backflow, therefore, the mitral flow seems to remain constant across
conditions.

4.5.2.2 Ventricular and Aortic Pressure
Figure 4-21 depicts the aortic and ventricular pressure curves for a moderate AR case of
40% regurgitant fraction (RF). In the case of acute AR, the systemic pressure drops
resulting in an overall reduction in the aortic pressure waveform. The difference between
the systolic and diastolic aortic pressure also increases. The LV pressure during systolic
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remains unchanged for the most part; however, during diastole, the LV pressure
continuously rises due to the backflow via the AV.

Figure 4-21 Sample aortic and LV pressure measured from the LHS in the presence
of acute and chronic AR.

In the case of chronic AR, the overall systemic pressure rises due to an increase in
the aortic pressure waveform. The increase in aortic pressure results from an increase in
the systolic contraction of the LV as it compensates for the lost AR volume. The LV
pressure during diastole still rises gradually, while that of the aorta reduces.

4.6 Robustness of Left Heart Simulator
The robustness of the LHS was tested on two levels: (a) cycle-to-cycle variation and (b)
variations in hemodynamic parameters post dismantling and reassembling the system.
To test the cycle-to-cycle fluctuations, the LHS was tuned to nominal conditions as
previously described in Sections 4.5. 200 cycles of pressure (aortic and ventricular) and
flow data (mitral and aortic) were acquired. The cycles were phase averaged and the
standard deviation computed. Figure 4-22 shows the averaged flow and pressure data in
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black and the standard deviation at each time point in color (blue for LV pressure and mitral
flow; orange for aortic pressure and aortic flow). The maximum instantaneous cycle-tocycle variations in pressures and flow rates acquired were found to be ±2.62 mmHg for the
aortic pressure, ±3.86 mmHg for the ventricular pressure, ±0.43 L/min for the aortic flow,
and ±0.25 L/min for the mitral flow, respectively. The average cycle-to-cycle variations in
pressures and flow rates acquired were found to be ±0.25 mmHg for the aortic pressure,
±0.57 mmHg for the ventricular pressure, ±0.09 L/min for the aortic flow, and ±0.08 L/min
for the mitral flow, respectively.

Figure 4-22 Assessment of cycle-to-cycle fluctuations over 200 cycles of data
acquisition. The black lines represent the average over the 200 cycles, while the
colored lines around the black lines represent the standard deviations from the mean.
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To test the effects of disassembling and reassembling the LHS on the measured
hemodynamic parameters, the LHS was first tuned to nominal conditions as previously
described in Sections 4.5.1. 200 cycles of pressure (aortic and ventricular) and flow data
(mitral and aortic) were acquired. The LHS was then dismantled and rebuilt. The
aforementioned conditions were tuned for once more and 200 cycles of hemodynamic data
acquired. Figure 4-23 shows the differences between the two acquisitions. The maximum
instantaneous case-to-case variations in pressures and flow rates acquired were found to be
±5.27 mmHg for the aortic pressure, ±4.08 mmHg for the ventricular pressure, ±0.48 L/min
for the aortic flow, and ±0.30 L/min for the mitral flow. The average case-to-case variations
in pressures and flow rates acquired were found to be ±0.57 mmHg for the aortic pressure,
±1.39 mmHg for the ventricular pressure, ±0.07 L/min for the aortic flow, and ±0.06 L/min
for the mitral flow. It should be noted that for this test case, the diastasis period of the mitral
inflow was not modeled as this case was also utilized for alternative experiments.

Figure 4-23 Assessment of the robustness of the system in minimizing variations in
hemodynamic parameters post dismantling and reassembling the LHS.
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4.7 Discussion
Heart failure is a significant problem in the western world and is present in over 2% of the
adult population over the age of 65 (106). LV structural abnormalities (e.g. dilated
cardiomyopathy (83)), valvular pathologies (e.g. aortic regurgitation and stenosis (27, 43)),
abnormalities in electrical conduction (e.g. LV dyssynchrony (51)) and hypertension can
act as some of the causative agents of heart failure. Challenges with timely diagnosis of
heart failure exist when using traditional clinical metrics, such as in the case of diastolic
heart failure with preserved ejection fraction (55). Detailed studies examining the complex
mechanical interactions between the various anatomical structures (left atrium, LV, aorta,
atrio-ventricular valves) on the pumping function are thus needed at the isolated structural
levels and collective organ level. Such investigations can aid in improving clinical
outcomes via identifying more accurate diagnostic measures for earlier intervention as well
as in optimizing treatment options a priori.
The overall results of this aim demonstrated the potential applicability of an LV
physical model in closely mimicking healthy and diseased LV physiological environments.
Compared to previously published research using LHS (30, 41, 62, 82, 88, 134, 136), the
geometry of the LV physical model developed in this study was designed based on actual
anatomical short axis slices of the human LV obtained from in vivo MRI data. By adjusting
the systemic resistance and compliance elements in the LHS, we have demonstrated the
capability of the LV physical model to match physiological flow rates through the MV and
AV, and aortic and ventricular pressures.
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From a physiological perspective, though healthy and AR physiology were the
main focus, the in vitro model developed in this study allows for systematic
characterization of the hemodynamic effects of altering anatomical variables (e.g., varying
LV and AV pathophysiology) so as to provide a physical understanding of structural heart
disease and valvular pathophysiological conditions affecting cardiac function, in order to
identify novel diagnostic indices and potential target variables to target during treatment.
The LHS exceled at modeling the physiological hemodynamic environment of a healthy
left heart and one affected by AR. The LHS was observed to be very robust in terms of
cycle-to-cycle fluctuations as well as post dismantling and reassembling.
In addition to understanding cardiac physiology and the testing of cardiovascular
medical devices, the LHS also allows for conducting controlled studies to compare
accuracies of the various medical image-based diagnostic techniques, as well as
computational fluid dynamic methods, to lab-based experimental techniques. Testing the
accuracy of the computational models and medical image-based diagnostic techniques in
predicting cardiovascular disease and outcomes can be used to improve the techniques
themselves. These evaluations cannot be easily performed in animal models and/or clinical
studies due to high operational costs and lack of control on individual system parameters.
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4.8 Limitations
Although the clinical significance of the designed model is of significant note, with all
experiments, there are a few limitations to note.

1. The LVs have homogeneous and isotropic material properties.
Due to the nature of the isotropic material properties of the LV, its actual wall motion did
not exactly mimic in vivo LV wall motion. Although the model accurately represented the
radial contraction and relaxation observed in vivo, the systolic contraction of the LV model
did not incorporate the twisting motion. Along the same lines, the apical to basal LV
contraction and relaxation observed in vivo were not accurately mimicked. These
limitations are chiefly attributed to the elastomeric material used for the model design.
Despite these limitations, most of the results in this work was focused on bulk
hemodynamics, which the LHS accurately mimicked. Furthermore, when localized
hemodynamics within the LV were studied, only the diastolic portion of the cardiac cycle
was analyzed in detail.

2. The designed ascending aorta was rigid.
The aortic chamber used in this work to mimic the aorta did not incorporate the compliance
(and motion) of the aortic wall; however, a lumped compliance chamber was used to mimic
the same effects. This enabled global hemodynamic parameters observed in vivo to be
accurately mimicked. Furthermore, the focus of this study was on the AV and LV.
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3. The design of the atrium was not geometrically accurate and did not generate the atrial
kick as observed in vivo.
The geometry of the left atrium was modeled as a straight rigid tube. The contraction of
the atrium was modeled as a further expansion of the LV instigated by the motion of the
linear actuator. The left atrium was not the focus of this work, from a global or local
hemodynamic point of view. However, it was ensured that the pressure-drop across the
mitral valve produced accurate flow curves and velocity fields which represented in vivo
observations.

4. Mechanism of LV function is not exactly mimicked
The mechanism of ventricular function in the LHS is different from physiological function.
The flexible silicone bags were designed to expand and contract by means of a linear
actuator, whereas native left ventricles designed to both actively and passively relax (182)
and actively contract.
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CHAPTER 5
SPECIFIC AIM 2

5.1 Summary
Current echocardiographic grading of PVL relies heavily on subjective interpretation,
which can result in erroneous stratification of AR, especially when presenting as PVL after
TAVR. In this Specific Aim, two objectives were achieved: (a) the detailed changes in
intra-ventricular flow during diastole resulting from early stage chronic AR was
parametrically characterized; and (b) the stratification of AR using energy dissipation rate
(EDR) as a novel metric. The LHS developed in Chapter 4 was utilized to achieve these
objectives. Three severity levels of AR (trace, mild, and moderate) were induced in the
model using the novel stent design discussed in Section 4.3 and compared to a case without
AR. Two-component, planar, digital particle image velocimetry (PIV) was used to quantify
the intra-ventricular flow field at all the conditions.
For the first time, an in vitro characterization of intra-ventricular flow in the
presence of AR was performed. A large coherent vortical structure which engulfed the
whole LV was observed under control conditions. In the cases with AR, the regurgitant jet
was observed to generate a “kinematic wall” between the mitral valve and the LV apex,
preventing the trans-mitral jet from generating a coherent vortical structure. The
regurgitant jet was also observed to impinge on the inferolateral wall of the LV. EDR for
no AR, AR1, AR2, and AR3 conditions were found to be 0.18, 0.30, 0.73, and 0.88 W/m3,
respectively. Mechanistically, the formation of the “kinematic wall” appeared to be a major
reason for the dramatic increase in EDR (a metric quantifiable in vivo) during AR. Similar
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to previous in vivo studies, it was found that EDR stratifies the severity of AR and PVL in
a nonlinear manner. Further studies will be needed to determine if EDR can improve
grading of PVL severity after TAVR.

5.2 Background

5.2.1 Left Ventricular Flow
The flow through the native MV results in the generation of an inflow vortex ring within
the LV, which has been extensively investigated experimentally and computationally by
several researchers (30, 41, 62, 88, 92, 127, 134, 151). In summary, the single vortex ring
structure formed from the mitral annulus is partially hindered in the regions where it comes
into contact with the lateral wall of the LV. The rest of the vortex ring propagates into the
LV and grows in size, engulfing the entire LV. Please see Figure 5-1 for a schematic of
blood flow into the LV.
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Figure 5-1 Two-dimensional flow topology inside the LV with: a) healthy aortic valve
and no AR and b) an incompetent aortic valve with AR.

The vortical motion of blood in the LV has been hypothesized to be multifunctional:
(a) redirection of blood towards the left ventricular outflow tract (LVOT) (45, 49, 128), (b)
enhancement of LV filling efficiency (128, 134), (c) conservation of fluid momentum in
preparation for systole (45, 49, 126, 128), and (d) enhancement of blood mixing within the
LV (49, 75, 125, 126). It has also been shown that the “intraventricular vortex plays a
central role in the overall synchronicity of the beating heart” and that any noticeable
perturbations from the natural LV vortex dynamics may be a sign of disease (112, 129).
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The aforementioned generalized flow within the LV only occurs if the left heart is
healthy. In this work, the effect of LV flow in the presence of AR was studied. AR is
characterized by a high velocity (relative to velocities observed within the LV) jet from the
aorta to the LV during diastolic filling. In the presence of AR, the regurgitant jet from the
aorta is expected to collide with the blood flowing into the LV from the left atrium leading
to more chaotic flow patterns within the LV (Figure 5-1) and higher viscous energy losses.
In this work, it was hypothesized that the viscous energy losses within the LV in the
presence of AR may be used as a new metric for the stratification of AR.

5.2.2 Clinical Perspective
Stugaard et al. recently demonstrated that the fluid energy losses, measured with
echocardiographic Vector Flow Mapping (VFM) (168), within the LV due to the collision
of the AR jet with the larger mitral inflow jet can be used as a quantitative metric to evaluate
AR (161). Whether these findings correlate with truly occurring flow patterns in the LV
remains unknown. Furthermore, an in vitro evaluation is needed due to the high variability
in the temporal progression of disease and to the multiple confounders that exist in animal
and patient studies such as variations in contractility and relaxation, hemodynamic status,
etc.
As mentioned previously in Section 2.3, AR can occur in the form of paravalvular
leak (PVL). AR, in the form of PVL can be associated with worse survival after
transcatheter aortic valve replacement (TAVR) (156). While there is no doubt that
moderate or greater PVL has a deleterious effect on outcomes after TAVR (96, 118),
conflicting evidence exists regarding the significance of mild PVL (94, 96, 156). Thus,
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differentiation between none, mild and moderate PVL is critical in these patients. Metrics
based on transthoracic (TTE) and transesophageal echocardiogram (TEE) are commonly
used for the evaluation of AR and PVL, but the accuracy of such metrics depend on the
acoustic windows (which are generally limited due to acoustic shadowing from the
prosthesis) and operator experience (156). Similarly, metrics based on cardiac magnetic
resonance imaging (MRI), though somewhat superior in PVL evaluation (96), are limited
due to patient specific characteristics (e.g.. pacemakers, claustrophobia), tool availability,
inability to perform in the immediate peri-implantation settings, and cost. Therefore, the
parametric evaluation of AR flow severity and an understanding of its effects on LV
diastolic flow energy loss can potentially stratify patients with PVL.

5.2.3 Fluid Mechanics Perspective
From a fluid mechanics point of view, the concept of AR is essentially that of the oblique
collision between a jet and a vortex ring structure within a flexible and constrained
environment. This oblique jet-vortex interaction should not be confused with studies on
parallel jet-vortex interaction to understand the mixing of an exhaust jet and a trailing tip
vortex in the wake of an airplane (57, 103, 124). A few studies have investigated the
interaction of a vortex ring structure due to oblique or orthogonal impingement on
interfacial shear layers (77), separated shear layers with vortices (84, 85), convective
boundary layers (122), and density interfaces (10, 39, 117).
Furthermore, the collision of vortex rings with each other (head-on and
leapfrogging) and with no-slip boundaries is also well understood as comprehensively
reviewed by Shariff and Leonard (152). However, little attention has been paid to the fluid
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mechanics of the oblique collision between a vortex ring structure and a jet either in a
quiescent and/or a constrained environment. While several investigations have focused on
the intra-ventricular fluid mechanics without AR, the fluid mechanics of AR is yet to be
completely understood. The interaction of a vortex ring structure with a jet in a constrained
environment and the subsequent vorticity dynamics and flow field structure has not been
studied before.

5.3 Methods

5.3.1 LHS and AR Model
In order to understand the effect of AR on the intra-ventricular flow, the LHS
developed in Specific Aim 1 of this work was utilized. The LV model used in this
experiment had a refractive index 1.41 to minimize optical distortion. The LHS was
initially tuned to physiological flow rates and pressures with the competent AV. A cardiac
output of 5.0 L/min and aortic pressures of 120/80 mmHg at a heart rate of 70 beats/min
were set. 200 cycles of hemodynamic data (pressures and flow rates) were acquired at 2
kHz using LabVIEW (National Instruments Corporation, Austin, Texas) to obtain
representative averaged cycle data. Table 5-1 and Figure 5-2 show the effect of the AR
severity on the hemodynamics of the LHS. The stroke work (SW) of the system (integral
of the product of pressure and volume in the outer chamber housing the LV model) was
kept constant across all experimental conditions to simulate early stage AR.
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Table 5-1 Aortic valve hemodynamic parameters of the tested conditions and their
classifications based on AHA. ROA: regurgitant orifice area; RF: regurgitant
fraction; SV: stroke volume; TVPG: transvalvular pressure gradient; AHA:
American Heart Association
Stent ROA
2
[mm ]

RF [%]

SV
[mL]

TVPG
[mmHg]

0

3.71

67.17

11

AR1

0.62

7.56

64.63

12

Trace

AR2

3.31

16.61

59.84

13

Mild

AR3

8.07

40.55

49.26

13

Moderate

Control

AHA Classification
(16, 114)
None
(closing volume)

Figure 5-2 Aortic flow profiles for the control and AR conditions.

Once the LHS was tuned to these conditions, the AR stents were sequentially
introduced to the system. Three stents with varying ROAs were used, ranging from 0.01 to
0.09 cm2. These stents induced AR with regurgitant fractions (RF) ranging from ~5 to
~40% (trace to moderate according to AHA guidelines)(16). This AR range was chosen
because: (i) it is the range commonly observed in some patients after TAVR; and (ii)
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accurate determination of AR severity can have an important impact on prognosis and on
the frequency of monitoring after TAVR. Severe AR was not included, as intervention in
these cases is almost always necessary (4, 96, 156). It is also in this mild/moderate range
that is most difficult to accurately quantify AR, much less its effect on the LV’s
hemodynamic environment (11, 46, 155).

5.3.2 Hemodynamic Conditions
Table 5-2 provides a list of the kind of experimental data acquired at all conditions. The
flow rate through the mitral valve was chosen based on physiological observations (110).
In this Specific Aim, both the E-wave and A-wave of the diastolic left ventricular filling
were modeled with an E/A wave ratio of 1.15. Physiologically, E-wave represents the
passive filling of the LV and A-wave represents the filling of the LV due to active
contraction of the left atrium.
The Reynolds number for the trans-mitral flow was defined as 𝑅𝑅𝑒𝑒𝑚𝑚 = 𝑉𝑉𝑚𝑚 𝐷𝐷𝑚𝑚 ⁄𝜈𝜈 ,

where 𝑉𝑉𝑚𝑚 is the mean bulk velocity in the inlet pipe, 𝐷𝐷𝑚𝑚 is the pipe diameter upstream of

the mitral valve, and 𝜈𝜈 the kinematic viscosity of the working fluid. The Womersley

number 𝑊𝑊𝑛𝑛 used to characterize pulsatile flow was defined as 𝑊𝑊𝑛𝑛 = 𝐷𝐷𝑚𝑚 (2𝜋𝜋𝜋𝜋 ⁄𝜈𝜈 )1⁄2,

where f is the frequency of the pulsatile pressure gradient. In this study the Womersley
number was ~20.
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Table 5-2 Experimental acquisition guide for Early Stage AR simulations at all AR
conditions
Localized Hemodynamics
Global
Particle Flow
Particle Image
Hemodynamics
Visualization
Velocimetry
# Planes
# Planes
Control
1
1
✓
✓
✓
AR1
1
1
✓
✗
✓
AR2
3
4
✓
✓
✓
AR3
1
1
✓
✗
✓

5.3.3 Particle Flow Visualization
Particle flow visualization (PFV) is a qualitative technique used to observe the temporal
evolution of fluid structures in a region of interest. PFV was acquired for two cases –
control (competent AV) and the AR2 case (mild AR). For the control case, a central LVOT
long axis plane was acquired. For the AR2 case, three planes were acquired – a central
LVOT long axis plane, a parallel plane 5 mm from the central LVOT plane, and finally an
off-short axis plane centrally cutting the AR jet (Figure 5-3).
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Figure 5-3 Planes (dotted green line) at which PFV was acquired. HS stands for high
speed

The fluid circulating within the LV was seeded with neutrally buoyant 100-micron
pliolite particles (Goodyear Chemicals). A 150 watt Karl Storz-Endoskope (Model F0-150,
Tuttlingen, Germany) light source fitted with a cylindrical lens was utilized to illuminate a
single 2-mm thick plane of the pliolite particles. The particles were imaged with a CMOS
camera (Vision Research Phantom Miro M/R/LC123) controlled by a commercial software
– Phantom PCC (Version 2.6). The camera was fitted with a macro lens system of focal
length 60 mm and the aperture was set at f/4.
One cardiac cycle of PFV data was acquired for each of the aforementioned
conditions at a frequency of 1 kHz. Images from the acquisition were then bin-summed,
effectively down-sampling the data from 856 frames/cycle to 86 frames/cycle. This
technique effectively simulates a long exposure shot – allowing for the visualization of
particle streaks.
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5.3.4 Particle Image Velocimetry
Particle Image Velocimetry (PIV) is a flow visualization and quantification technique
utilized in measuring velocity fields. The system used in this work was purchased from
LaVision (Göttingen, Germany). It consisted of a single PIV camera (PRO X-2M), and a
high powered laser (double-cavity Nd:YAG). A brief summary of the PIV set up is
provided in this section; however, a more detailed explanation is provided in Appendix C.
Two-dimensional planar PIV was used to measure the phase-locked intraventricular velocity fields and the mitral valve inflow velocity profile. A central LVOT
long axis plane was acquired for all the conditions. For the mild AR condition (AR2 case),
three additional planes were acquired – a parallel plane 5 mm from the central plane, an
off-short axis plane centrally cutting the AR jet, and finally a long axis plane orthogonal to
the original LVOT long axis plane (Figure 5-4).
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Figure 5-4 Planes (dotted green line) at which PIV was acquired.

A double-cavity Nd:YAG laser with a pulse energy of 50 mJ and wavelength of
532 nm provided the illumination. The resulting beam diameter was about 3.5 mm with a
pulse width of 3-5 ns and a beam divergence less than 4 mrad. The laser beam was delivered
to the measurement plane via a laser arm (a covered beam path). A collimator and sheet
optics were used at the end of the laser arm to generate a light sheet of approximately 1
mm thickness. The laser pulse separation between two consecutive pulses varied between
150 – 2500 𝜇𝜇𝜇𝜇 depending on the phase of the cardiac cycle. Fluorescent Rhodamine-B

(excitation wavelength – 535 nm and emission wavelength – 580 nm) particles (PMMA-

RhB-FRAK-KM278-5, Dantec Dynamics, Denmark) with a mean diameter of 10𝜇𝜇𝜇𝜇 were
used to seed the flow inside the LV.
It was determined that around 150 cycles of data yielded converged statistics of the
phase-averaged velocity field. Hence, as a conservative estimate, a series of 200 image
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pairs were acquired at each measurement flow condition using the LaVision PRO-X 2M
camera which has a 1600×1200 pixel resolution with a pixel size of 7.4×7.4𝜇𝜇𝑚𝑚2. The focal
length of the lens system was 60 mm and the aperture on the camera was set at f/4. The
particles in the camera images ranged between 1.78 and 2.72 pixels. The camera was fitted
with an orange filter (20% transmission at 530 nm and 91% transmission at 580 nm) to
improve the signal-to-noise ratio of the PIV data. In addition, any unavoidable laser
reflections were masked during the velocity vector computations.
LaVision DaVis 8.2 software was used to acquire and process the PIV data. Spatial
cross-correlation of the images was performed to compute the velocities. The software uses
subpixel peak position interpolation to improve the accuracy of the displacement
computation. The signal-to-noise ratio of the correlation peak was improved by using an
adaptive multi-pass iterative scheme with a 50% overlap of the interrogation window. A
64×64 pixel interrogation window was used for the first pass while the second pass utilized
a 32×32 pixel window. These settings resulted in a velocity vector resolution of ~1 mm.
An applied vector range and a median filter were used as the post-processing steps.

5.3.5 PIV Acquisition Protocol
Outlined below are the basic steps used to set up and acquire PIV images in this study.
More details can be found in Appendix C.

1. Safety: Ensured all PIV safety protocols were in place.
2. Set up flow facility in which PIV measurements were to be taken, in this case, the LHS
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3. Laser was turned on to the low power state (internal laser control) and the laser beam
was converted to a thin sheet with optics (lenses and mirrors). The laser sheet was
aligned to the desired plane of acquisition.
4. A TTL pulse was connected to the trigger port on the PIV computer that controls the
laser controller. The laser controller was then set to the high power state. Note that the
TTL pulse was locked to the cardiac cycle frequency.
5. The PIV camera was set up such that the field of view captured the maximum diastolic
state of the LV. The image was focused on the plane of acquisition and on the PIV
particles.
6. PIV image pairs were then acquired based on the selected time of acquisition

5.3.6 Calculated Metrics
The following subsections are a number of metrics calculated from the PIV velocity field
in the central LVOT plane:
5.3.6.1 Out-of-Plane Vorticity
The out-of-plane vorticity is used as an indicator for regions of high shear in the flow field.
This metric was calculated for two of the measured planes in this study and is defined as
𝜕𝜕𝑣𝑣̅ 𝜕𝜕𝑢𝑢�
𝜔𝜔
�⃑ = �∇⃑ × 𝑣𝑣⃑ = � −
� 𝑧𝑧⃑
𝜕𝜕𝜕𝜕 𝜕𝜕𝜕𝜕

(5.1)

where 𝑢𝑢� and 𝑣𝑣̅ are the phase-averaged velocity components in the x and y-directions,
respectively, and 𝑧𝑧⃑ is the unit out-of-plane vector. The out of plane vorticity is used as an

indicator for regions where blood may experience high shear rates. This phenomenon could
potentially cause hemolysis or the activation of platelets (147).
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5.3.6.2 Energy Dissipation Rate
The viscous EDR per unit volume was computed for each of the conditions studied in this
work and was defined as
𝜕𝜕𝑢𝑢� 2
𝜕𝜕𝑣𝑣̅ 2
𝜕𝜕𝑢𝑢� 𝜕𝜕𝑣𝑣̅ 2
𝜀𝜀 = 𝜇𝜇 �� � + � � + 0.5 � + � �
𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕 𝜕𝜕𝜕𝜕

(5.2)

where 𝜇𝜇 is the dynamic viscosity of the fluid, and 𝑢𝑢� and 𝑣𝑣̅ are the phase-averaged velocity
components in the x and y-directions, respectively. EDR per unit volume was computed

over the phase-averaged intra-ventricular field, for all time points (35 in total). EDR
measures the rate of kinetic energy loss due to viscous effects.

5.3.6.3 Non-Dimensional EDR
To utilize EDR in the clinical setting, this parameter must first be non-dimensionalized to
account for parameters which vary amongst patients. The EDR within the LV depends on
a number of parameters: the effective cardiac output (Q), the density of blood (𝜌𝜌), the size
of the LV (BSA), the kinematic viscosity of blood (𝜈𝜈), the compliance of the LV chamber
(C), and finally the long and short axis diameters of the LV (LAD and SAD) (40). In a
mathematical sense, 𝜀𝜀 = 𝑓𝑓(𝑄𝑄, 𝜌𝜌, 𝐵𝐵𝐵𝐵𝐵𝐵, 𝜈𝜈, 𝐶𝐶, 𝐿𝐿𝐿𝐿𝐿𝐿, 𝑆𝑆𝑆𝑆𝑆𝑆). Rewriting this equation in a
general form in order to apply the Buckingham π theorem (22), we get:
𝜓𝜓(𝜀𝜀, 𝑄𝑄, 𝜌𝜌, 𝐵𝐵𝐵𝐵𝐵𝐵, 𝜈𝜈, 𝐶𝐶, 𝐿𝐿𝐿𝐿𝐿𝐿, 𝑆𝑆𝑆𝑆𝑆𝑆) = 0

(5.3)

[𝜀𝜀] = 𝑀𝑀𝐿𝐿2 𝑇𝑇 −3

(5.4)

where the dimensions of each of the parameters are as follows:
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[𝑄𝑄] = 𝑀𝑀0 𝐿𝐿3 𝑇𝑇 −1
[𝜌𝜌] = 𝑀𝑀𝐿𝐿−3 𝑇𝑇 0

[𝐵𝐵𝐵𝐵𝐵𝐵] = 𝑀𝑀0 𝐿𝐿2 𝑇𝑇 0
[𝜈𝜈] = 𝑀𝑀0 𝐿𝐿2 𝑇𝑇 −1

[𝐿𝐿𝐿𝐿𝐿𝐿] = 𝑀𝑀0 𝐿𝐿1 𝑇𝑇 0
[𝑆𝑆𝑆𝑆𝑆𝑆] = 𝑀𝑀0 𝐿𝐿1 𝑇𝑇 0
[𝐶𝐶] = 𝑀𝑀−1 𝐿𝐿4 𝑇𝑇 2

The relationship between the variables (n) spanning dimensions (d) can be
expressed as k = n – d, where k is the number of dimensionless variables. In this case, there
are 8 variables and 3 dimensions, giving 5 dimensionless variables:
𝛱𝛱1 = 𝜑𝜑(𝛱𝛱2 , 𝛱𝛱3 , 𝛱𝛱4 , 𝛱𝛱5 )

(5.5)

For this work, Q, BSA, and ρ were chosen as the fundamental variables which span
the 3 dimensions. This gives rise to the follow equations:
[𝑄𝑄 𝑎𝑎1 𝜌𝜌𝑏𝑏1 𝐵𝐵𝐵𝐵𝐵𝐵𝑐𝑐1 𝜈𝜈] = [𝑀𝑀0 𝐿𝐿0 𝑇𝑇 0 ]

(5.6)

[𝑄𝑄 𝑎𝑎2 𝜌𝜌𝑏𝑏2 𝐵𝐵𝐵𝐵𝐵𝐵𝑐𝑐2 𝜀𝜀] = [𝑀𝑀0 𝐿𝐿0 𝑇𝑇 0 ]

(5.7)

[𝑄𝑄 𝑎𝑎3 𝜌𝜌𝑏𝑏3 𝐵𝐵𝐵𝐵𝐵𝐵𝑐𝑐3 𝐿𝐿𝐿𝐿𝐿𝐿] = [𝑀𝑀0 𝐿𝐿0 𝑇𝑇 0 ]

(5.8)

[𝑄𝑄 𝑎𝑎4 𝜌𝜌𝑏𝑏4 𝐵𝐵𝐵𝐵𝐵𝐵𝑐𝑐4 𝑆𝑆𝑆𝑆𝑆𝑆] = [𝑀𝑀0 𝐿𝐿0 𝑇𝑇 0 ]

(5.9)

[𝑄𝑄 𝑎𝑎5 𝜌𝜌𝑏𝑏5 𝐵𝐵𝐵𝐵𝐵𝐵𝑐𝑐5 𝐶𝐶] = [𝑀𝑀0 𝐿𝐿0 𝑇𝑇 0 ]

(5.10)

85

Solving these equations give a1 = -1, b1 = 0, c1 = 0.5, a2 = -3, b2 = -1, c2 = 2, a3 = 0,
b3 = 0, c3 = -0.5, a4 = 0, b4 = 0, c4 = -0.5, a5 = 2, b5 = 1, and c5 = -3.5. These parameters
therefore allow for the definition of the forms of the three dimensionless groups:
𝛱𝛱1 =

1

𝑄𝑄 ∙ 𝐵𝐵𝐵𝐵𝐴𝐴−2

𝛱𝛱2 =

𝛱𝛱3 =

𝛱𝛱4 =

𝛱𝛱5 =

𝜈𝜈

𝜀𝜀
𝑄𝑄 3
𝜌𝜌
𝐵𝐵𝐵𝐵𝐵𝐵2

(5.11)

(5.12)

𝐿𝐿𝐿𝐿𝐿𝐿

(5.13)

𝑆𝑆𝑆𝑆𝑆𝑆

(5.14)

𝐶𝐶

(5.15)

√𝐵𝐵𝐵𝐵𝐵𝐵

√𝐵𝐵𝐵𝐵𝐵𝐵

√𝐵𝐵𝐵𝐵𝐵𝐵7�
𝜌𝜌𝑄𝑄 2

The first dimensionless parameter, Π1, is a form of the Reynolds number, with a
characteristic length scale, √𝐵𝐵𝐵𝐵𝐵𝐵, and a characteristic velocity scale Q/BSA. The second

dimensionless parameter, Π2, is the non-dimensional form of EDR (non-dimensionalized
by an effective left ventricle kinetic energy scale). The third and fourth dimensionless
parameters, Π3 and Π4, are the shape function (S), which is dimensionless by definition.
The last dimensionless parameter is a ratio of a form of potential energy to kinetic energy
(E*) created by inflow into the LV chamber. In this work, the shape variable was
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considered to be the sphericity index of the LV, a ratio of the long axis to short axis
diameter of the LV (dimensionless number).
Solving for Π2, the non-dimensional form of EDR can be defined as
𝜀𝜀
= 𝑓𝑓(𝑅𝑅𝑅𝑅, 𝑆𝑆, 𝐸𝐸 ∗ )
𝑄𝑄 3
𝜌𝜌
𝐵𝐵𝐵𝐵𝐵𝐵2

(5.16)

5.3.6.3 Apparent Reynolds Shear Stress
The apparent Reynolds shear stress (RSSapp) describes the momentum flux resulting from
the fluctuating velocity components which could potentially lead to platelet activation and
hemolysis (99, 149). RSSapp includes velocity fluctuation components from both cycle-tocycle fluctuations as well as turbulent fluctuations. RSSapp was computed over the phaseaveraged intra-ventricular field at all 35 acquired time points. RSSapp was given by the
following expression:

𝑅𝑅𝑅𝑅𝑆𝑆𝑎𝑎𝑎𝑎𝑎𝑎

′ 𝑢𝑢 ′ − 𝑣𝑣
′ 𝑣𝑣 ′ )2
������
������
(𝑢𝑢
′ 𝑣𝑣 ′ )2
�
������
= 𝜌𝜌
+ (𝑢𝑢
2

(5.17)

where 𝜌𝜌 is the density of the working fluid, and u’ and v’ are the fluctuating velocity
components in the x and y-directions. The temporally fluctuating terms were obtained from

subtracting the instantaneous velocity fields from their respective means. The term RSSapp
was utilized because unlike RSS (which results from turbulent fluctuations), its fluctuations
consists of both turbulent and cycle-to-cycle.
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5.3.7 Relationship between Instantaneous Energy Loss and Aortic Flow
The relationship between instantaneous fluid energy losses and flow rate has been
described in many fluid mechanics literature and textbooks. A detailed explanation has
been provided by Stugaard et al. (161) and is summarized below:
The equation defining the energy contained in a fluid is as follows:
1
1
𝑇𝑇𝑇𝑇
𝜌𝜌|𝑢𝑢
�⃑|2 + 𝑒𝑒 = 𝜌𝜌|𝑢𝑢
�⃑|2 +
+ 𝑃𝑃
2
2
𝑉𝑉

(5.18)

where 𝜌𝜌 is the density of blood, 𝑢𝑢
�⃑ represents the velocity of a fluid particle, 𝑒𝑒 is the internal

energy, T, V, and P are the temperature, volume, and pressure, respectively, and S is the
entropy. With simplifying assumptions (incompressible and adiabatic), we can reduce the
first part of Equation 5.18 and express it as an energy change across time within a system:
𝜕𝜕
1
�� 𝜌𝜌|𝑢𝑢
�⃑|2 𝑑𝑑𝑑𝑑�
𝜕𝜕𝜕𝜕
2

(5.19)

Equation 5.19 can be substituted into the Navier-Stokes momentum equation for an
incompressible fluid listed below:

𝜌𝜌

�∇⃑ ∙ 𝑢𝑢
�⃑ = 0

𝜕𝜕𝑢𝑢
�⃑
+ 𝜌𝜌(𝑢𝑢
�⃑ ∙ ∇)𝑢𝑢
�⃑ = −∇𝑃𝑃 + 𝜇𝜇∇2 𝑢𝑢
�⃑
𝜕𝜕𝑡𝑡⃑

(5.20)
(5.21)

where 𝜇𝜇 is viscosity of the fluid. Substituting and applying the assumption of
incompressibility we get,

𝜕𝜕 1
1
𝜕𝜕𝑢𝑢𝑖𝑖
� 𝜌𝜌|𝑢𝑢
�⃑|2 � = −∇ ∙ � 𝜌𝜌|𝑢𝑢
�⃑|2 + 𝑃𝑃 − 𝑢𝑢𝑖𝑖 ∙ 𝜎𝜎𝑖𝑖,𝑗𝑗 � − 𝜎𝜎𝑖𝑖,𝑗𝑗
𝜕𝜕𝜕𝜕 2
2
𝜕𝜕𝑥𝑥𝑗𝑗
where,
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(5.22)

𝜕𝜕𝑢𝑢𝑖𝑖 𝜕𝜕𝑢𝑢𝑗𝑗
𝜎𝜎𝑖𝑖,𝑗𝑗 = 𝜇𝜇 �
+
�
𝜕𝜕𝑥𝑥𝑗𝑗 𝜕𝜕𝑥𝑥𝑖𝑖

(5.23)

Integrating over the region of interest we get
𝜕𝜕
1
� � 𝜌𝜌|𝑢𝑢
�⃑|2 𝑑𝑑𝑑𝑑�
𝜕𝜕𝜕𝜕
2

1
= − � � 𝜌𝜌|𝑢𝑢
�⃑|2 + 𝑃𝑃� 𝑢𝑢
�⃑ ∙ 𝑛𝑛�⃑𝑑𝑑𝑑𝑑
2

(5.24)

2

1 𝜕𝜕𝑢𝑢𝑖𝑖 𝜕𝜕𝑢𝑢𝑗𝑗
− � � 𝜇𝜇 �
+
� 𝑑𝑑𝑑𝑑
2 𝜕𝜕𝑥𝑥𝑗𝑗 𝜕𝜕𝑥𝑥𝑖𝑖
𝑖𝑖,𝑗𝑗
Integrating Equation 5.24 over a cardiac cycle
2

1
1 𝜕𝜕𝑢𝑢𝑖𝑖 𝜕𝜕𝑢𝑢𝑗𝑗
− � 𝑑𝑑𝑑𝑑 � � 𝜌𝜌|𝑢𝑢
�⃑|2 + 𝑃𝑃� 𝑢𝑢
�⃑ ∙ 𝑛𝑛�⃑𝑑𝑑𝑑𝑑 = � 𝑑𝑑𝑑𝑑 � � 𝜇𝜇 �
+
� 𝑑𝑑𝑑𝑑
2
2 𝜕𝜕𝑥𝑥𝑗𝑗 𝜕𝜕𝑥𝑥𝑖𝑖
𝑖𝑖,𝑗𝑗

(5.25)

The left hand side of Equation 5.25 represents the energy loss resulting from a
change in pressure, while the right hand side is the energy dissipation rate (EDR) resulting
from viscous interaction. Simplifying Equation 5.25 above and applying it to case
presented in this work, we get the relationship:
3
𝑢𝑢𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴

∙ 𝐴𝐴𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜

3
𝑄𝑄𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴

2

1 𝜕𝜕𝑢𝑢𝑖𝑖 𝜕𝜕𝑢𝑢𝑗𝑗
∝ � 𝑑𝑑𝑑𝑑 � � 𝜇𝜇 �
+
� 𝑑𝑑𝑑𝑑
2
𝜕𝜕𝑥𝑥𝑗𝑗 𝜕𝜕𝑥𝑥𝑖𝑖
𝑖𝑖,𝑗𝑗
2

1 𝜕𝜕𝑢𝑢𝑖𝑖 𝜕𝜕𝑢𝑢𝑗𝑗
∝ � 𝑑𝑑𝑑𝑑 � � 𝜇𝜇 �
+
� 𝑑𝑑𝑑𝑑
2
𝜕𝜕𝑥𝑥𝑗𝑗 𝜕𝜕𝑥𝑥𝑖𝑖
𝑖𝑖,𝑗𝑗

(5.26)

(5.27)

From Equation 5.27, it can be seen that there is a non-linear relationship between
the flowrate of the fluid, in our case, that of the AR jet, and the EDR in the left ventricle.
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QAorta is the flowrate of blood from the aorta into the LV and Aorifice is the regurgitant orifice
area.

5.3.8 Error Analysis
The experimental protocol was designed in order to minimize experimental error. This
section provides a summary of the uncertainties in the PIV measurements for this specific
aim.
The uncertainty in the measurement of the flow rates and pressures are directly
related to the calibration and accuracy of the flow probes and pressure transducers and the
cycle-to-cycle fluctuations in the LHS. All of these errors were previously determined in
Section 4.6 of this thesis. As this specific aim is focused on the intraventricular fluid flow,
the uncertainty in bulk flow measurement was calculated to be ±0.15 L/min (one standard
deviation). The uncertainty in trans-aortic diastolic pressure was calculated to be ±0.57
mmHg.
The uncertainties in the PIV acquisition were broken up into five possible sources
of error. Three of the errors were based on PIV measurement uncertainty, the fourth was
based on the set up of the LHS, and the fifth was uncertainties due to phase-locking. The
uncertainty in velocity measurements due to errors in the PIV instrumentation is computed
using methods described in Raffel et al. (110). The errors considered were bias error 𝜖𝜖𝑏𝑏 ,
particle lag error 𝜖𝜖𝑙𝑙 , random error 𝜖𝜖𝑟𝑟 , and refractive index error 𝜖𝜖𝑅𝑅𝑅𝑅 .

The description of how each error was calculated follow in Appendix D. Based on

the calculated uncertainties, the total error 𝜖𝜖𝑡𝑡 was determined by the equation
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2
𝜖𝜖𝑡𝑡 = 𝑘𝑘�𝜖𝜖𝑏𝑏2 + 𝜖𝜖𝑙𝑙2 + 𝜖𝜖𝑟𝑟2 + 𝜖𝜖𝑅𝑅𝑅𝑅

(5.28)

and was found to be around 1.0 % to 2.6 % based on a reference velocity of 1.5 m/s. In
Equation 5.28 above, 𝑘𝑘 ≈ 1.96 for a 95% confidence interval.
5.4 Results
5.4.1 Hemodynamics of Induced Aortic Regurgitation
The in vitro hemodynamic results were qualitatively and quantitatively similar to in vivo
findings (5, 68, 160). At baseline conditions, the peak aortic flow was 30 L/min with a
closing volume of 2.6 mL/beat. The peak E and A waves of the mitral inflow jet were 19
and 15.5 L/min, respectively, giving an E/A ratio of ~1.2 (Figure 5-2). As AR increased, a
consistent reduction in the peak flow rates of the E and A waves was observed. It was also
observed that the mean aortic pressures decreased as AR increased. These findings indicate
that the method of using the AR stents to induce regurgitation was effective and accurately
represented the pathophysiological hemodynamic conditions.
Both the diastolic and systolic hemodynamic characteristics were preserved in the
presence of the AR inducing stent at the aortic annulus. The model described in this work
captures the loss of isovolumetric relaxation within the LV, which is a well-known and
understood phenomenon in patients with AR (64, 177). During the isovolumetric relaxation
phase, it was observed that fluid via the aortic valve is propelled into the LV due to the
pressure difference across the AV. At this time, the mitral valve remains shut,
demonstrating that, just as is observed in patients, our model has no true phase of
isovolumetric relaxation.
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5.4.2 Intraventricular Fluid Mechanics of Aortic Regurgitation
5.4.2.1 Characterization of Inflow Condition
In order to ensure controlled and repeatable inflow conditions, the phase-average
characteristics of the stream-wise velocity component upstream of the mitral valve was
evaluated during different phases of the cardiac cycle. As expected for pipe flows with Wn
≫ 1, the central region of the flow during the acceleration phases (both E and A-wave) was

observed to resemble an inviscid “plug” profile (Figure 5-5, illustrates a sample profile
during acceleration phase of the E-wave). During the deceleration phases the flow adjacent
to the pipe wall reverses, while the flow in the central region is still in the forward direction.
The root-mean-squared of the stream-wise velocity component was the lowest during the
acceleration phase in the central region of the flow. The fluctuations were also observed to
be the highest during the deceleration phase and closer to the walls. Overall, it was found
that the flow upstream of the mitral valve was repeatable and controlled.
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Figure 5-5 Inflow velocity profile to the mitral valve during acceleration phase of the
E-wave, error bars indicating the standard deviation from cycle-to-cycle, based on
200 consecutive cycles.

5.4.2.2 Intraventricular Flow Features
5.4.2.2.1 Normal
The flow field in the LV with a competent aortic valve agrees with results reported in the
literature (49, 135, 144). The PFV provided a qualitative analysis of the flow structures
within the LV. It was observed that the trans-mitral E-wave jet resulted in a clockwise
rotating vortical structure which engulfed the whole LV (Figure 5-6a and b). During the
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A-wave, the incoming flow appeared to feed into the large vortex already present in the
LV and push the vortex upwards towards the LVOT.

Figure 5-6 Description of intra-ventricular flow topology at three different time points
in diastole. See Movie E-1 for a view of the temporal evolution of the flow features.
The PIV data showed similar flow features when compared to the PFV images.
Figure 5-7 illustrates the streamlines of intra-ventricular diastolic flow field overlaid on
iso-vorticity contours for the control case (with no AR). The velocity of the trans-mitral Ewave jet was observed to be ~1.1 m/s while that of the A-wave was ~0.9 m/s. The clockwise
and counter-clockwise out-of-plane vorticity magnitudes ranged from ~-300 to ~150 s-1,
respectively.
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Figure 5-7 Out-of-plane iso-vorticity contour map overlaid with streamlines of the
flow field for the central LVOT plane of control case at T = (a) 0.15 s, peak E-wave,
(b) 0.275 s, end E-wave, and (c) 0.5 s, peak A-wave. See Movie E-2 for a view of the
temporal evolution of the flow features.

5.4.2.2.2 Aortic Regurgitation
The central regurgitant jet that permeates into the LV through the leaking aortic valve was
characterized in detail by first evaluating the variation of centerline velocity and width of
the jet in the confined environment. Figure 5-8a and b illustrates the variation of the jet
velocity profile at T = 0.05 s (beginning of E-wave) at 5 locations downstream of the
regurgitant orifice area for three different AR conditions. The decay of centerline velocity
of the jet for all the levels of AR severity followed a linear trend similar to previous
observations for an equilateral triangle shaped orifice (107). The jet width was quantified
as twice the distance where local velocity was equal to 1% of the maximum centerline
velocity 𝑢𝑢𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 = 0.01𝑢𝑢𝑚𝑚𝑚𝑚𝑚𝑚 , 𝑗𝑗𝑗𝑗𝑗𝑗 𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤ℎ = 2𝑥𝑥|1% ) as discussed in White et al. (176). The

variation of the jet width with increasing axial distance along the jet and with AR severity
is illustrated in Figure 5-8c. In this work it was observed that the jet width did not vary
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significantly with the severity of AR at small distance away from orifice (< 50 mm), which
could be due to the effect of confinement. It appears that for the purpose of understanding
fluid mechanics of AR in the LV, the AR jet could be “approximated” to behave similar to
a jet in a quiescent medium.

Figure 5-8 Characteristics of the regurgitant jet for the AR2 case at T = 0.05 s, (a)
Variation of velocity magnitude of the AR jet with downstream distance, (b) variation
of the ratio of maximum jet velocity to center line velocity with increasing
downstream distance, and (c) rate of increase of jet width with downstream distance.

The temporal variation of the AR jet is illustrated in Figure 5-9, which is shown in
the off-axis axial plane view. The AR jet impinges on the inferolateral wall and occupies a
significant portion of the LV blocking the flow through the MV.
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Figure 5-9 Off-short axis plane view of the PFV (top) and velocity field (bottom)
during AR (AR2 case) at a) T = 0.05 s, b) T = 0.10 s, c) T = 0.15 s. See Movie E-3 for
a view of the temporal evolution of the flow features using PFV.
The intra-ventricular diastolic flow field is drastically different when compared to
that of a competent AV. Figure 5-10 (top row) illustrates the streamlines of the intraventricular flow field overlaid on iso-vorticity contours for the case of AR2 at four selected
time instants during diastole obtained using PIV in the long-axis LVOT plane. The bottom
row of Figure 5-10 illustrates images acquired using transesophageal echocardiography
with color flow Doppler in a human subject with moderate AR at similar time points during
diastole. Although the detailed flow structures are not visible in the echocardiography data,
it can be used as a qualitative comparison against the PIV data.
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Figure 5-10 Top Row – Out-of-plane iso-vorticity contour map overlaid with
streamlines of the flow field for the central LVOT plane of AR2 case at T = (a) 0.05 s,
start E-wave, (b) 0.15 s, peak E-wave, (c) 0.275 s, end E-wave, and (d) 0.5 s, peak Awave . Middle Row – PFV depicting flow structures in the presence of AR at the same
time points at the PIV images in the top row. Bottom Row – Sample patient
echocardiographic data set showing the regurgitant jet via the aortic valve blocking
the mitral inflow and striking the lateral wall of the left ventricle. See Movies E-4-6
for a view of the temporal evolution of the flow features.

At the beginning of diastole (the E-wave), the AR jet develops immediately, about
50 ms before the development of the trans-mitral filling jet. The strong AR jet was also
observed to impinge on the inferolateral wall of the ventricle and engulf a large portion of
the LV (Figure 5-10). Due to the presence of this strong and pervasive AR jet, the transmitral filling vortex is hindered from developing and growing in strength. Comparing the
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control and AR cases, it can be clearly observed how the presence of AR disrupts the
coherent filling vortex.
Following the completion of the E-wave, the AR jet completely breaks down the
remnant trans-mitral filling vortex generated by the E-wave. The filling of the LV due to
the A-wave does not result in a vortical ring structure, unlike the control case with no
regurgitation. Qualitatively, these observations demonstrate the adverse effect of the AR
jet on the LVs ability to fill (hypothesized to be related to the dynamics of the filling vortex
(134)). Given that the AR jet hinders the growth of this vortex within the LV, it would be
expected to contribute towards an increase in energy loss. These flow features were
confirmed by observing a plane orthogonal to the central LVOT plans as well as a plane 5
mm away from the central LVOT plane for the AR2 case (Figures 5-11 and 5-12). This
gives a slight insight into the 3-dimensionality flow structures forming within the LV, for
the AR2 case.
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Figure 5-11 Out of plane vorticity color map overlaid with streamlines for the central
plane orthogonal to the central LVOT plane of AR 2 case at T = (a) 0.05 s, start Ewave, (b) 0.15 s, peak E-wave, (c) 0.275 s, end E-wave, and (d) 0.5 s, peak A-wave. See
Movie E-7 for a view of the temporal evolution of the flow features during diastole.
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Figure 5-12 Top Row – Out of plane vorticity color map overlaid with streamlines for
the plane 5 mm offset from the central LVOT plane of AR2 case at T = (a) 0.05 s, start
E-wave, (b) 0.15 s, peak E-wave, (c) 0.275 s, end E-wave, and (d) 0.5 s, peak A-wave.
Bottom Row – PFV showing flow structures 5 mm offset from the central LVOT
plane. See Movies E-8-9 for a view of the temporal evolution of the flow features.

Figure 5-13 depicts the temporal evolution of the intraventricular flow for all AR
conditions. It can be clearly observed that the AR severity does not significantly alter the
mechanism of the interaction between the jet and the filling vortex. At the start of the Ewave, we observed a deeper penetration of the AR jet into the LV as the severity of AR
increased. This is, of course, a result of the higher velocity of the jet. Though the flow
structures remain relatively the same across all AR severities, the velocity and vorticity
magnitude of the jet had a positive correlation with AR severity. Along those lines, there
was a corresponding decrease in the velocity magnitude of the trans-mitral flow as AR
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severity increased. This observation matched the decrease in overall flow rate as AR
severity increased as seen in Figure 5-13.
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Figure 5-13 Left Column – Out-of-plane iso-vorticity contour map overlaid with
streamlines of the flow field for the central LVOT plane of different AR severity cases
at T = (a) 0.05 s, start E-wave, (b) 0.15 s, peak E-wave, (c) 0.275 s, end E-wave, and
(d) 0.5 s, peak A-wave. The images are rotated in this figure such that all plots could
fit on a single page for ease of comparison among cases. See Movies E-10-11 for a view
of the temporal evolution of the flow features.

The fluid mechanics of the interaction between the jet and vortex is expected to
vary as the AR severity changes. In order to characterize this interaction, a parameter is
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defined, strength ratio (𝛼𝛼), as the ratio of the time-averaged (over the cardiac cycle)
Reynolds number of the regurgitant jet to that of the mitral inflow vortex. The Reynolds
number of the regurgitant jet and mitral inflow was defined as 𝑅𝑅𝑒𝑒𝑗𝑗 = 𝑉𝑉𝑗𝑗 𝐷𝐷𝑗𝑗 ⁄𝜈𝜈 and 𝑅𝑅𝑒𝑒𝑚𝑚 =
𝑉𝑉𝑚𝑚 𝐷𝐷𝑚𝑚 ⁄𝜈𝜈 where, 𝑉𝑉𝑗𝑗 and 𝑉𝑉𝑚𝑚 are the mean bulk velocities for the regurgitant jet and the

mitral inflow, 𝐷𝐷𝑗𝑗 and 𝐷𝐷𝑚𝑚 are the hydraulic diameter of the regurgitant orifice area and the

mitral orifice area, and 𝜈𝜈 the kinematic viscosity of the working fluid. Strength ratio is then
given by 𝛼𝛼 = 𝑅𝑅𝑒𝑒𝑗𝑗 ⁄𝑅𝑅𝑒𝑒𝑚𝑚 = 𝑉𝑉𝑗𝑗 𝐷𝐷𝑗𝑗 ⁄𝑉𝑉𝑚𝑚 𝐷𝐷𝑚𝑚 . Table 5-3 summarizes the strength ratio

parameter. As described earlier, the filling trans-mitral vortex impinges on the AR jet at an
oblique angle (~60𝑜𝑜 ) which is primarily responsible for the degradation of the filling
vortex. The strength entrained in the jet shear layer (𝑉𝑉𝑗𝑗 𝐷𝐷𝑗𝑗 ) is greater than that entrained by
filling vortex (𝑉𝑉𝑚𝑚 𝐷𝐷𝑚𝑚 ) with (1.39 ≤ 𝛼𝛼 ≤ 2.17). However, in previously investigated non-

cardiovascular cases (57, 103, 124) where the strength ratio is an order of magnitude lower
(𝛼𝛼 ≪ 1), the vortex completely entrains the jet within itself. When the strength ratio is

closer to unity (as in our case) the interaction is drastically different. The interaction of the
vorticity in the outer shear layer of the jet and the vorticity entrained in the filling vortex
results in the elimination of the coherence of the filling vortex. The induced velocity
upstream of the advecting vortex is in the opposite direction of the AR jet, resulting in the
destructive interference of the jet outer shear layer and the impinging vortex. Essentially,
the strong outer shear layer of the AR jet (by virtue of higher strength) is acting as a
“kinematic wall” and preventing the trans-mitral filling vortex from developing into a
larger coherent vortex. Hence, as the strength ratio (𝛼𝛼) increases, it would be expected that
the viscous dissipation losses inside the LV would increase.

104

Table 5-3 Summary of the ratio of the strength of the regurgitant jet to that of the
mitral valve inflow at different AR severity levels
AR
severity

MV flow
rate [𝒎𝒎𝒎𝒎/𝒔𝒔]

AR1

AR flow
rate
[𝒎𝒎𝒎𝒎/𝒔𝒔]
5.82

AR2
AR3

𝑹𝑹𝒆𝒆𝒋𝒋
𝑹𝑹𝒆𝒆𝒎𝒎

75.96

Hydraulic
diameter of jet
[𝒎𝒎𝒎𝒎]
0.11

Hydraulic
diameter of
MV [𝒎𝒎𝒎𝒎]
8.25

12.12

69.66

0.27

8.25

1.47

23.26

58.52

0.46

8.25

2.17

𝜶𝜶 =

1.39

5.4.2.3 Apparent Reynolds Shear Stress Fields
Figure 5-14 illustrates the contours of Reynolds shear stress over the intra-ventricular field
for different AR severity cases at four selected time instants during the diastolic phase of
the cardiac cycle. The highest RSSapp appeared to occur as a result of the AR jet. A peak
RSSapp of greater than 100 𝑁𝑁/𝑚𝑚2 is observed in the most severe AR case during the early
part of diastole within the AR jet region.
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Figure 5-14 Iso-contour map of the apparent Reynolds shear stress for the central
LVOT plane of AR2 case at T = (a) 0.05 s, start E-wave, (b) 0.15 s, peak E-wave, (c)
0.275 s, end E-wave, and (d) 0.5 s, peak A-wave. See Movies E-12-14 for a view of the
temporal evolution of the flow features.

5.4.2.4 Energy Dissipation Rate Fields
The EDR fields in the LV for the different AR severity cases at four selected time instants
during the diastolic phase of the cardiac cycle are illustrated in Figure 5-15. As discussed
previously, at the beginning of the E-wave, the AR jet develops immediately and strikes
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the inferolateral wall of the LV. High levels of EDR are mainly observed close to the jet
region and at the location where the jet strikes the inferolateral wall. As expected, the EDR
magnitude increased with AR severity. The ejection of the filling vortex results in the
interaction between the vortex and the AR jet, and it was observed that the EDR due to the
jet dominated the flow field. At the end of the E-wave (beginning of A-wave) the vortex
weakened, while the second wave of AR jet was observed to results in an increase in EDR.
By the end of the A-wave, the magnitude of EDR subsided to the background level.
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Figure 5-15 Iso-contour map of the energy dissipation rate per unit volume for the
central LVOT plane of AR2 case at T = (a) 0.05 s, start E-wave, (b) 0.15 s, peak Ewave, (c) 0.275 s, end E-wave, and (d) 0.5 s, peak A-wave. See Movies E-15-17 for a
view of the temporal evolution of the flow features.

In order to understand the temporal variation of EDR, the spatially averaged EDR
for the different cases of AR, illustrated in Figure 5-16, was evaluated and compared to the
control. The EDR increased as the AR level increased, primarily due to the increased
strength of the AR jet. The temporal variation for the control case exhibited a single peak
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during the E-wave, and the EDR levels returned back to low levels for the rest of the cardiac
cycle. When compared to the control case, the cases with AR revealed a distinct difference
in that there existed two peaks (one each during E-wave and A-wave) for the EDR across
the cardiac cycle. This clearly corresponds to the observed bi-phasic AR jet interaction
with the mitral jet during the diastolic phase of the cardiac cycle. It was also observed that
the ratio of the EDR magnitude at the peak E-wave to that of at peak A-wave was different
for each case. The (𝐸𝐸 ⁄𝐴𝐴)𝐸𝐸𝐸𝐸𝐸𝐸 ratio was the highest in the control case (healthy case), and
decreased as the AR severity increased. At the highest AR severity, the intra-ventricular

velocity field at the end of E-wave was more disorganized than at the lower AR severity
cases (see Figure 5-13), hence, the interaction of the flow field with the inflow jet through
the mitral valve during A-wave lead to more losses as AR severity increases. This could
partially explain the reason for the increase in (𝐸𝐸 ⁄𝐴𝐴)𝐸𝐸𝐸𝐸𝐸𝐸 ratio with AR severity.

Furthermore, a closer look at recent work reveals that this is also observed clinically in
animals and humans (161).
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Figure 5-16 Spatially-averaged energy dissipation rates per unit volume for central
LVOT plane.

To gain a deeper understanding of the difference in EDR between the control and
the AR cases, the spatially averaged EDR data were instantaneously normalized by the
corresponding control case (Figure 5-17). It can be observed that the largest difference
between the cases occur during the initial phase of the cardiac cycle (beginning to end of
LV diastolic E-wave). Significant difference can also be observed during the A-wave,
though not as much as seen in the E-wave. During systole, all cases appear very similar.
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Figure 5-17 Instantaneously normalized spatially-averaged energy dissipation rates
per unit volume for central LVOT plane.

5.4.3 Stratification of Aortic Regurgitation Using Energy Dissipation Rate
As a single measure of the severity of AR, the spatio-temporally averaged (energy
dissipation rate is averaged over the whole flow field and then averaged across all time
points) estimate of EDR at each AR level was calculated (Figure 5-18). Remarkably, a
substantial increase was observed in the EDR levels between the AR1 and AR2 case (trace
and mild AR); however, this trend does not appear to hold between the AR2 and AR3 case
(mild and moderate AR). We believe that this observed occurrence is because we are only
capturing a single 2D plane of a 3D volumetric phenomenon. The width of the jet increases
with the severity of AR (due to increase in ROA of the AR jet), to a point where a 2D plane
is no longer sufficient to fully capture its interaction with the mitral inflow jet. We
hypothesize that if the entire 3D volume was captured, a nonlinear trend (with respect to
the ROA) would be observed as AR is increased (see Section 5.3.7 – Equation 5.23).
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Figure 5-18 Spatial-temporal average of the energy dissipation rates per unit volume
for the central LVOT plane.

Non-dimensionalizing the EDR (Figure 5-19), as defined in Section 5.3.6, shows
that the Reynolds number, or for this particular situation, the characteristic velocity
(velocity of the AR jet), scales nonlinearly with EDR. This difference which is observed
results from the division of the dimensional EDR by the effective cardiac output cubed. In
the case of early stage AR, as the severity of AR increases, the effective cardiac output
reduces. Dividing by a smaller value as EDR increase further amplifies the difference
between AR cases.
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Figure 5-19 Effect of AR severity (or Reynolds number) on the non-dimensional
form for energy dissipation rate.

5.5 Discussion
This study was successful in replicating the relevant pathophysiological conditions of AR,
before the onset of cardiac remodeling, in a bench-top in vitro flow phantom. The loss of
coaptation was modeled using a novel star-shaped orifice stent, which replicated geometric
observations of central AR noted in in vivo studies to a good degree of accuracy (24). Both
the diastolic and systolic hemodynamic characteristics were observed to be preserved in
the presence of the AR inducing stent at the aortic annulus. The model described in this
work captures the loss of iso-volumetric relaxation within the LV (Figure 5-10), which is
a well-known and understood phenomenon in patients with AR (64, 177). During the isovolumetric relaxation phase, it was observed that fluid via the aortic valve is propelled into
the LV due to the pressure gradient across the AV. During this time, the mitral valve
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remains shut, demonstrating that our model for AR has no true phase of iso-volumetric
relaxation.
The mechanism through which AR hinders the filling of the LV appears to be
through the formation of a ‘kinematic wall’ – a barrier that disrupts the flow from the mitral
valve into the LV. Hence, as the severity of AR increases, it should be expected that this
‘wall’ would enlarge (due to increase in ROA), causing more energy losses in the LV
during diastole. The temporal variations of spatially integrated EDR suggest that the energy
losses are due to the development of the AR jet and its interaction with the bi-phasic nature
(E- and A-waves) of the mitral inflow. EDR also exhibited this bi-phasic behavior
corresponding with the E- and A-waves during diastole. Within the present study, the EDR
magnitude during the A-wave was observed to trend positively with AR fraction, primarily
due to the increased adverse fluid interaction during the A-wave. In the control case, the
A-wave results in the augmentation of the pre-existing trans-mitral vortical structure
generated during the E-wave. However, in the cases with AR, the A-wave does not result
in a vortical structure resulting in increased viscous dissipation losses. Furthermore, the
cases of AR severity studied here clearly showed a marked increase in spatio-temporal
averaged EDR, which agrees with in vivo observations of aortic insufficiency in human
subjects with AR (161).
Though AR is often diagnosed using echocardiography, current grading systems
rely heavily on a subjective interpretation of the regurgitant jet (114). Although
hemodynamically significant AR is often clinically well-tolerated for a long time,
underestimating the AR severity may result in delay of necessary therapies (i.e. valve
replacement) and overestimating the severity may result in unnecessary testing (i.e.
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frequent echocardiography and/or cardiac magnetic resonance scans). Thus, a more
objective and accurate method to stratify AR can potentially improve resource optimization
and cost effectiveness, and may help identify patients that would benefit from early surgical
intervention based on disease progression or intensified follow up. Our results demonstrate
that the use of EDR to stratify AR can be a promising complement to standard
echocardiographic criteria in early stages of chronic AR. As the AR severity increased, a
non-linear increase in EDR was detected, which agrees with in vivo observations of aortic
insufficiency in human subjects with AR (161). We point out that a very large difference
(similar to that between AR1 and AR2) was not observed between the AR2 and AR3 cases.
This is because our analyses were limited to two dimensions. I speculate that if a 3D
analysis were to be carried out, the moderate AR case would follow the observed
exponential trend (145, 153) (see Section 5.3.7). The non-dimensionalization of EDR
(Equation 5.16) demonstrated that EDR scales with the flowrate cubed, validating the
previous speculation. In the case of Figure 5-19, as the effective cardiac output reduced
(increasing AR flowrate, and hence, increasing Re#), resulted in a dramatic increase in
EDR, emphasizing its potential in accurately stratifying AR in patients.
The paradigm surrounding LV remodeling has mainly centered around pressure and
volume overload inflicted on the LV (66). Recently, however, new evidence has shown
that the regional shear stress experienced by the LV myocardium is linked to LV
endothelial gene expression (105). In all the central AR cases simulated in this study, the
regurgitant jet impinged on the inferolateral wall of the LV, which is also observed in vivo
(Figure 5-10). Similar observations were also noted in canine subjects with induced aortic
insufficiency and in human subjects with AR (161). It is likely that the AR jet striking the
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inferolateral wall could result in abnormal shear stress distributions that may be sensed by
cardiac tissue to initiate the process of first regional and then global cardiac remodeling
(105, 130).
Finally, high Reynolds shear stress (RSSapp) has been linked to hemolysis of blood
cells and platelet activation in the cardiovascular system (36). The damage and/or
sensitization-accumulation effect is related to both the magnitude and spatio-temporal
extent of the Reynolds stress region within the intra-ventricular flow field. Hence, the
apparent Reynolds shear stresses in the LV could provide a significant insight into the
potential for blood damage (hemolysis) and platelet activation. While the magnitudes of
RSSapp observed in this work are not large enough to cause blood damage, it is in the range
of RSSapp that could cause platelet activation depending on the time of exposure (36). The
combined effect of platelet activation and possible flow stagnation could lead to the
formation of thrombus in the LV. It is intriguing to note that although RSSapp magnitudes
high enough to cause hemolysis were not observed in this in vitro study, there are case
reports of patients with AR exhibiting symptoms of hemolysis (65).

5.6 Limitations
Although the bulk hemodynamic conditions of a native LV were simulated in this specific
aim, several limitations should be noted. Despite these limitations, the comparisons
presented here are relative to each other, and therefore the results will not be impacted.
However, future studies should take these limitations into account.
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1. The clinical usability of EDR requires acquisition of a high resolution velocity field
(preferably 3D) via MRI or echocardiographic techniques. Data processing time (such
as image segmentation time or time to calculate velocity gradients information) would
most likely be longer than current standard of care methods.

2. An axisymmetric regurgitant orifice at the center of the AV was modeled, resulting in a
central regurgitant jet. The strong central jets simulated in this work result in a severe
disruption of the vortex within the LV which would be easily observable in
echocardiography. However, other kinds of AR such as PVL post TAVR typically
occurs along the circumference of the valve and may be harder to assess (as they are not
typically very coherent) which may result minimal disruption of the vortex within the
LV during filling. The effects of these jet would however be captured in a 3D analysis
were to be performed.

3. Although the LV model used in this study mimics the longitudinal and radial motion of
a native LV, the circumferential motion was not modeled. This twisting motion could
mean that the regurgitant jet comes into contact with a larger surface area of the posterior
wall. The twisting motion, however, is minimal during the diastolic phase of the cardiac
cycle.

4. A single aorto-mitral angle was simulated in this work. It is possible that the angle at
which the AR jet interacts with the trans-mitral jet would affect the EDR; however, the
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differences between angles are not expected to be as significant as the flow rate of the
regurgitant jet.

5. Severe AR was not part of the measurements acquired. Although severe AR would most
likely require surgery, it would be of interest to observe how the EDR responds. Again,
it must be noted that only 2D planes were acquired, therefore, the exponential trend
would not be expected. However, in Section 5.3.7 of this work, a theoretical formulation
of this nonlinear relationship between flow rate and energy dissipation was shown.

6. It should be noted that the prognostication of the severity of AR also includes the status
of LV dilation and hypertrophy. However, for early stage AR, the changes which occur
to the LV is expected to be minimal.
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CHAPTER 6
SPECIFIC AIM 3

Specific Aim 3 is divided into two parts: (A) Assessment of the hemodynamic effects of
acute AR on the LV; and (B) Assessment of the hemodynamic effects of the chronic AR
(starting from early stage AR to chronic AR) on the LV. In both cases, a few clinical
metrics currently utilized in the assessment and stratification of AR were evaluated. It
should be noted that in Part A (Acute AR) of this aim, PVL resulting from the TAVR
procedure was used as an example to evaluate the effects of acute AR on LV performance.
This is currently the most clinically relevant case of acute AR to study as other forms of
acute AR generally require immediate clinical intervention.

6.1 Specific Aim 3a: Acute Aortic Regurgitation
6.1.1 Summary
AR post chronic AS is a prevalent phenomenon occurring in patients who undergo TAVR
surgery. The objective of this aim was to characterize the effects of left ventricular diastolic
stiffness (LVDS) and AR severity on LV performance. Three LVDS models were inserted
into the physiological LHS. AR severity was parametrically varied through 4 levels
(ranging from trace to moderate) and compared to a competent AV. Hemodynamic metrics
such as diastolic pressures (DP) and reduction in trans-mitral flow were evaluated. AR
index was calculated as a function of AR severity and LVDS, and the work required to
make up for lost volume due to AR was estimated. In the presence of trace AR, higher
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LVDS had up to a threefold reduction in trans-mitral flow (13% compared to 3.5%) and a
significant increase in DP (two-fold). The AR index ranged from ~42 to 16 (no AR to
moderate AR), with stiffer LVs having lower values. To compensate for lost volume due
to AR, the low, medium, and high LVDS models were found to require 5.1, 5.5, and 6.6
times more work, respectively. The results presented show that the LVDS has a significant
effect on the LV performance in the presence of AR. Therefore, the LVDS of potential
TAVR patients should be assessed to gain an initial indication of their ability to tolerate
post-procedural acute AR.

6.1.2 Background
Impairment of AV function results in retrograde flow from a high-pressure aorta into a
lower pressure LV. A new mechanism for AR, commonly known as paravalvular leak,
stems from a relatively recent AV replacement technique – transcatheter aortic valve
replacement (TAVR). First performed in 2002, the TAVR procedure is a minimally
invasive surgical technique used to treat patients, with preexisting severe chronic aortic
stenosis (AS), that are too sick for open heart surgery (32). In this procedure, the
replacement valve is implanted directly over the native AV, crushing the native, calcified,
AV leaflets along the perimeter of the aortic annulus (32). This TAVR procedure is used
for patients who are “too sick” to undergo open heart surgery (STS score >15% in US, 10%
in Europe). Though TAVR has many advantages for the treatment of high-risk and
inoperable AS patients, the procedure usually results in trace to mild, and in some cases
moderate, paravalvular AR (61, 87, 96, 156) due to gaps between the perimeter of the
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replacement valve and the native AV leaflets. This complication (paravalvular AR) has
been shown to significantly correlate to increased patient mortality (61, 87, 96, 156, 164).
In 2012, Dr. Martin B. Leon and colleagues published results (based on data
released from the FDA PARTNER 1 trial) comparing the two-year outcomes of TAVR
procedure to surgical AV replacement (87). Though, both the TAVR procedure and the
surgical AV replacement technique had similar outcomes in terms of valve performance,
and death from any cause, the TAVR procedure had significantly higher AR, which was
almost nonexistent for the surgical technique. Even more striking was the effect of AR,
both PVL and central AR, had on patient mortality. At just one year, mortality rates for
patients with AR was about 3 fold higher than patients without AR (87). To dig deeper,
Tamburino et al. evaluated the effects of AR severity on survival and reported that even
mild PVL patients suffer from high mortality rates (164). This finding was quite baffling.
Why do these TAVR patients who suffer from mild AR have high mortality rates? It is
possible that the preexisting AS in TAVR patients have something to do with this. When
compared to patients who have isolated AR, the 1-year mortality rate of mild AR patients
with pre-existing AS is about 3 to 4 times higher (87, 164). It is therefore important to
understand the pathophysiological changes that occur in the left heart in the presence of
AS, and why these changes affect mortality rates of patients.
The pre-existing isolated AS in TAVR patients results in an increase in the
transvalvular pressure gradient across the AV, eventually leading to myocardial
hypertrophy. Myocardial stiffening impairs LV relaxation during the diastolic phase of the
cardiac cycle (66, 69). Compounding the pathological changes due to isolated chronic AS
with the effects of acute AR compromises the LV’s ability to increase its end diastolic
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volume (EDV) effectively, hence the total stroke volume (SV) and forward SV decrease
(16, 27, 66). It is therefore suspected that this sudden change from pressure overload due
to AS, to volume overload resulting from acute AR, affects patient survival.
To gain deeper insight on the severity of AR post-chronic AS, Sinning et al.
proposed a new metric to supplement what is clinically used for AR classification, the AR
index (155). This novel metric utilizes the pressure gradient across the AV during diastole
to estimate AR severity. Sinning demonstrated that this new index is correlated to 1-year
mortality risk. Nevertheless, the AR index only provides information regarding the severity
of acute AR post-chronic AS, and offers insight to the chances of survival of an individual.
It is also necessary to understand the hemodynamic and survival consequences of inducing
AR in an individual who has already experienced LV remodeling due to chronic AS. In
other words, how well can a LV, which has undergone remodeling resulting from chronic
AS, tolerate acute AR?
In this aim, it was hypothesized that the increased LVDS resulting from chronic AS
decreases the efficiency of the LV, while concurrently increasing the SW required to
maintain a healthy forward SV. Decoupling AR and LV function could generate a more
cohesive understanding of AR in the presence of AS and could lead to better patient
specific therapeutic strategies. To accomplish this, AR severity and LVDS were varied in
the physiological LHS (119, 120). The use of this fully controllable experimental
environment allowed for the study to be performed in the absence of other confounding
factors that exist in vivo. This work demonstrated that the LVDS of a patient should be
taken into consideration in order to gain insight on the patient’s ability to tolerate AR postTAVR.
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6.1.3 Materials and Methods
6.1.3.1 LHS and AR Model
To understand the hemodynamic impact of AR into a stiffened LV, the LHS developed in
SA 1 was utilized. Three different LV models of varying LVDS were chosen such that they
varied within the range of patients with chronic AS - 1.24, 1.72, and 2.72 mmHg/mL (54,
69). For the purpose of this aim and ease of reading, the above LVDS values were referred
to as low, medium, and high stiffness, respectively. AR was induced into the LV models
in the same manner as described in Section 4.3 of this thesis. In this aim, five levels of AR
conditions (four plus control) were investigated, with ROAs ranging from 0 (control) to
0.16 cm2 (Table 6-1). This ROA range led to AR fractions of up to ~45% (mild to moderate
according to AHA guidelines (16)). Pressure and flow rates were measured for 200 cardiac
cycles. Due to the robustness and high repeatability of the system (demonstrated in Section
4.6), the cycle-to-cycle variations were insignificant. The standard deviations in the global
hemodynamic parameters collected were found to be less than 1% of their respective mean
values.
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Table 6-1 Hemodynamic parameters and classification of AR according to AHA
(16). The term “mean” refers to an average across all LV models tested.
AR
Stent
Control

ROA
[cm2]
0

Mean TVPG
[mmHg]
8.13 ± 0.35

Mean AR
Fraction [%]
2.20 ± 1.64

AHA Classification
(16, 114)
None (closing volume)

AR1

0.0121

9.98 ± 0.56

9.20 ± 1.77

Trace

AR2

0.0331

10.48 ± 0.49

15.7 ± 0.25

Mild

AR3

0.0866

11.71 ± 0.12

32.0 ± 1.24

Mild/Moderate

AR4

0.1598

12.45 ± 1.22

43.7 ± 4.58

Moderate

6.1.3.2 Hemodynamic Conditions
Five levels (including a competent AV – control) of ROAs were parametrically varied
along with three levels of LVDS. For each of the LV models, baseline hemodynamic
conditions were initially established in the LHS utilizing a competent AV, after which the
AR stents were sequentially introduced to the system. The baseline hemodynamic
conditions were as follows: ~125/80 mmHg aortic pressure, heart rate of 70 beats/minute,
cardiac output of ~5.0 L/min, diastolic duration of ~67% of the cardiac cycle, peak aortic
flow rate of ~28 L/min, and peak mitral E and A-wave flow rates of ~18 and ~16 L/min
(E/A ratio of ~1.13), respectively. After each LV model was tuned, AR was induced and
the hemodynamic changes resulting from AR were recorded. Within each of the LV
models, the work input to the simulator via the linear piston pump was held constant. This
was done by monitoring the pressure in the outer LV chamber and keeping the linear
pistons’ displacement constant across each LV model condition.
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6.1.4 Results
6.1.4.1 Changes in LV Hemodynamics
For all LV models tested, AR severity increased with increasing ROA (ranging from none
to moderate AR – Table 6-1), leading to a decrease in the effective CO. Figure 6-1 shows
that the peak aortic flow rate for all ROAs studied remained relatively constant at
approximately 28 L/min. The LV filling rate via the mitral valve (MV) was found to
decrease during the E and A-waves as ROA increased. This decrease in LV filling rate was
more pronounced as LV diastolic stiffness increased. Figure 6-2 shows a difference in the
temporal integration of LV filling curves via the MV of each experimental condition from
its respective control case (no AR). It indicates the changes that occur in LV filling volume
as LVDS increased. As the LVDS increased by a factor of ~2, it led to a corresponding
increase in the reduction of LV filling volumes in the presence of AR. This increase in the
reduction of LV filling was more apparent for lower AR fractions.
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Figure 6-1 Representative mitral and aortic flow curves for all AR levels. It can be
observed that as the severity of AR increases, there is a decrease in mitral inflow.

Figure 6-2 Percent reduction in LV filling from through the mitral valve (MV) as
functions of AR severity and LV diastolic stiffness. The legend represents the severity
of LV stiffness.
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Due to an increase in the backpressure from the aorta, the DP within the LV
increased as ROA increased. The LVDP was also observed to increase as LVDS was
increased as depicted in Figure 6-3. This rate of increase in LVDP as ROA increased was
found to be similar across LV models.

Figure 6-3 Increase in LV diastolic pressure as a function of AR severity and LV
diastolic stiffness. The legend represents the severity of LV stiffness.

6.1.4.2 Aortic Regurgitation Index
The AR index was calculated using Equation 6.1 below (155),
𝐴𝐴𝑅𝑅 𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼 = 100 ×

𝐷𝐷𝐷𝐷𝐷𝐷 − 𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿
𝑆𝑆𝑆𝑆𝑆𝑆

(6.1)

where DBP is diastolic blood pressure in the aorta, LVEDP is the LV end diastolic pressure,
and SBP is the systolic blood pressure in the aorta. Figure 6-4 shows the change in the AR
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index as a function of AR severity and LVDS. The values of AR index measured in the
study ranged from approximately 42 to 16. As ROA increased, the AR index decreased. In
the same fashion, it was observed that as LVDS increased, the AR index decreased. The
reduction in AR index as a function of ROA was quantitatively similar when comparing
all LV models studied: 0.56, 0.55, and 0.53, from low to high stiffness, respectively.

Figure 6-4 AR Index as a function of AR severity and LV diastolic stiffness. The
horizontal line represents the cutoff value for survival at 1 year as recommended by
Sinning et al. (155).
6.1.4.3 Additional Stroke Work Requirement
To determine how much additional work the LV would have to generate to make up for
the lost volume during AR, for each ROA, the SV was increased such that the forward
stroke volume (FSV) was increased back to the original 70 mL/beat. For each of those
cases, the SW was calculated using Equation 6.2 below
𝑆𝑆𝑆𝑆 = � 𝑃𝑃𝑃𝑃𝑃𝑃
𝐶𝐶
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(6.2)

where P and V are the pressure and volume in the LV model, respectively, and C indicates
that the integration was performed over the closed pressure-volume loop.
Figure 6-5 illustrates the percent additional SW required by the LV to maintain a
FSV of 70 mL/beat as a function of ROA for each of the LV models. Each individual plot
is the percentage difference from its respective baseline (with no ROA). Hence, an
additional SW requirement of 10% indicates a 110% energy requirement was necessary,
for that specific LV model, to maintain a FSV of 70 mL/beat. A linear regression analysis
was performed with a goodness of fit, R2. The slope of the regression describes the fold
change in work needed per cm2 of ROA. It was found that as LVDS increased, the slope
of the linear regression increased. The slopes from Figure 6-5 revealed that for the low,
medium, and high diastolic stiffness models, the LV would need to work 5.1, 5.5, and 6.6
times harder, respectively, per square-centimeter of ROA.
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Figure 6-5 Percent additional SW required to increase the FSV back to 70 mL/beat
as a function of ROA. As the LVDS increases, a larger amount of work is required in
the presence of AR.
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6.1.5 Discussion
In this study, the effects of LVDS on LV performance in the presence of AR was evaluated.
For each of the different levels of LVDS, AR was parametrically varied from none to
moderate AR. The AR index was used as a metric to estimate AR tolerance by the LV as
it has previously been shown to correlate strongly to high mortality (155).
Before the TAVR procedure is carried out, improved pre-procedural data have the
potential to determine a patient’s ability to tolerate different levels of AR. This becomes
increasingly important as TAVR indications expand towards lower risk patients (91). From
previous studies, we understand that for patients to tolerate AR, the LV must be able to
compensate for the extra volume returning from the aorta (8, 14, 18, 53, 66). In the case of
patients with preexisting chronic AS, this compensatory mechanism is diminished (66). It
is, therefore, important to estimate the LVDS pre-surgery, to gain an indication of how
much AR the LV may tolerate. Furthermore, there is a need to understand the physiology
of the LV performance as a function of AR severity and LVDS.
In this aim, a decrease in trans-mitral flow as AR increased was observed and this
effect was exacerbated as the LVDS increased. Furthermore, the rate of filling of the LV
also decreased with increasing LVDS. This observed phenomenon was due to the rate of
equalization of pressures between the left atrium and LV as a function of cardiac cycle
diastolic time (3, 79). The increase in the rate of pressure equalization is affected by the
LVs myocardium’s ability to stretch during both passive and active filling (79, 101). As
the regurgitant flow from the aorta is forced into the LV, the lack of myocardial diastolic
compliance prevents the LV from stretching to accommodate the extra volume, hence
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raising the LVDP (Figures 6-2 and 6-3) (5). This increase in LVDP is an increase in the
preload which the atrial pressure must then overcome in order for adequate LV filling, via
the mitral valve, to occur.
The values of AR index measured in the study ranged from approximately 42 to 16.
In Figure 6-4, it was clearly observed that higher LVDS decreased the AR index. Sinning
et al. correlated this index to survival of TAVR patients with AR and showed statistical
evidence that a cutoff value of 25 was optimal for survival one year post-surgery (155).
Based on this value, Figure 6-4 shows that for the highest LVDS, even trace AR (AR1
case) was sufficient to push the AR index close to the threshold. Every other AR severity
case for this LV model fell below this cutoff value. For the low LVDS case, the AR index
was above the cutoff until the AR severity was at a moderate level, where it fell just below
the threshold. These results emphasize the effectiveness of LVDS as a metric to evaluate
the AR tolerance of patients prior to AV replacement. They indicate that patients with low
LVDS could have a higher tolerance to post-intervention AR.
From the definition of the AR index (Equation 6.1), either a large numerator (DBP
– LVEDP) or a small denominator (SBP) is preferred – both would lead to higher AR index
values (155) – see Figure 6-6. The reduction of the difference between DBP in the aorta
and the LVEDP results from AR, as the pressures in the aorta decreases due to blood
leaking into the LV (66). Simultaneously, the LVDP increases as the LV chamber is no
longer sealed off from the higher systemic pressures. This increase in LVDP is further
intensified as LVDS increases (72). On the other hand, a lower SBP can be obtained by
reducing the systemic resistance (or pressure). However, unlike acute AR, during chronic
AR, the LV attempts to remodel such that it is able to push out the lost volume resulting
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from the backflow of blood. This inherently raises the SBP, and hence, lowers the AR
index. It is therefore, important to note that the AR index should only be used as a
complementary metric to the currently used clinical metrics, such as regurgitant volume
and fraction.

Figure 6-6 Schematic demonstrating the effect of aortic systolic blood pressure and
LVEDP on the AR Index.

Finally, to gain an idea of the extra workload imposed on the LV as a result of AR
severity, Figure 6-5 depicts the percent additional SW required as a function of ROA for
each of the LV models studied. In basic terms, the LV SW is a multiplication of pressure
and volume. The results show that the LV model with the highest LVDS has to work
approximately 30% harder than the lowest stiffness model in the presence of AR. We
speculate that this difference is too great for the LV to compensate for, which could be the
reason why mild/moderate AR post-TAVR results in high mortality rates (33, 50, 87, 100,
156). In 2015, Zile et al. published an article in which they studied the effects of passive
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LV myocardial stiffness (in other words, LVDS) on heart failure – more specifically, heart
failure with preserved ejection fraction (183). It was found that an increase in LVDS results
from buildup of collagen and titin within the LV myocardial tissue structure (183). The
increase in collagen and titin density within the LV myocardium reduces the ability of the
tissue to fully relax during diastole. Therefore, to increase LV filling, the pressure in the
left atrium gradually increases over time, which eventually results in congestive heart
failure (17, 18, 116).

6.2 Specific Aim 3b: Chronic Aortic Regurgitation
6.2.1 Summary
Optimal interventional timing for patients with chronic AR has since become an important
clinical issue for ensuring patient survival. Chronic AR induces LV pathophysiological
changes over time which ultimately affect the metrics utilized for AR stratification and
management. In this work, early stage and compensated chronic AR were simulated in a
physiological, in vitro, left heart simulator. Five levels of AR were induced in nine LV
models which had varying diastolic stiffness and sphericity index (to simulate LV
pathophysiological changes). PIV was utilized to observe local fluid mechanic changes
within the LV models with good optical access. Metrics such as regurgitant volume,
pressure-time index, pressure and volume overload (lost work), and energy dissipation rate
were measured. All measured hemodynamic metrics had a strong correlation with early
stage chronic AR severity (p<0.01). For compensated AR, pressure-based metrics were
unable to delineate between AR conditions. An estimation of the lost work due to AR had
a strong positive trend with AR severity in both early stage and compensated chronic AR
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(p<0.01). Energy dissipation rate (noninvasive measurement) correlated linearly with the
lost work (R2 = 0.99). Decoupling the pathophysiological changes into LV diastolic
stiffness and sphericity index showed LV diastolic stiffness had the strongest correlation
with the hemodynamic based parameters (p<0.05). This work demonstrates the efficacy of
pressure and volume based metrics used to stratify AR. A combination of both, which
capture both the pressure and volume overload imposed on the LV due to AR, had the
strongest correlation to AR severity.

6.2.2 Background
Clinically, the grading of AR severity (mild, moderate, and severe) relies on several
echocardiography-based measurements that include AR jet velocity and jet width,
regurgitant volume (RV), and effective regurgitant orifice area (EROA) (11, 16, 43, 132,
184). However, AR also induces ventricular changes including increased stiffness and
geometric remodeling due to a large pressure and volume overload which could potentially
influence the aforementioned metrics (25, 66, 90, 167). The survival of patients with mild
to moderate AR is relatively high, with approximately 75% survival after 5 years and 50%
after 10 years (18, 116) – once symptoms develop, the chances of survival rapidly drop
(116).
Prior research has emphasized that the optimal timing for surgical intervention for
patients with AR is dependent on: (i) the accuracy of the metric used to stratify AR, (ii) an
accurate estimation of current LV function/size, and (iii) the ability to predict changes in
LV function/size over time (17, 18, 100). Along the same lines, considerations to be
accounted for before intervention includes: (i) the durability of the replacement
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Bioprosthetic vs. mechanical valves to be used (approximately 10 to 12 years vs lifelong)
(178) and (ii) early enough surgical intervention to prevent irreversible damage to LV
systolic function (18, 116). Therefore, an understanding of the early stage and chronic
effects of AR on LV function and an improvement in the accuracy of the stratification of
AR, could assist in the development of optimal interventional timing strategies for patients.
Methods such as aortography, 2/3D echocardiography (proximal iso-velocity surface area
– PISA, RV, and EROA), magnetic resonance imaging (MRI), etc. are currently being
utilized, but suffer limitations related to precision, accuracy, and cost (46, 94, 96, 156,
177). In Specific Aim 2, the utilization of a new metric – energy dissipation rate (EDR), to
stratify AR more effectively, was demonstrated. The efficacy of this metric has also been
demonstrated in vivo (161).
During the early stages of AR, the higher pressure aorta propels blood into the lower
pressure LV, resulting in a gradual decrease of aortic diastolic pressures and a gradual
increase of LV diastolic pressures (over the course of the cardiac cycle). This backflow
leads to the impairment of coronary perfusion and hence myocardial ischemia (16, 90). At
this stage, the LV is not able to increase the end diastolic volume effectively and hence the
total stroke volume and forward stroke volume decrease (118, 160). In the setting of
chronic AR, LV volume and pressure overload usually occur as the LV compensates by
increasing its stroke volume to maintain its cardiac output (25, 66). The sustained increase
in LV pressure and volume overload eventually results in eccentric myocardial hypertrophy
and an increase in myocardial diastolic stiffness (66, 90, 183).
The main pathophysiological changes, resulting from the pressure and volume
overload on the LV, which occur secondary to AR can therefore be broken down into two
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main categories: (i) changes in the geometry of the LV (LV sphericity index (SI) and
volume) resulting from pressure and volume overload; and (ii) changes in the LV diastolic
stiffness (DS) resulting from eccentric hypertrophy (8, 53, 72, 100, 104). The objective of
this study was to parametrically evaluate the impact of LV diastolic stiffness and geometry
(sphericity index) on LV hemodynamics in the presence of AR. Along these lines, we also
utilize EDR as a noninvasive method to assess the severity of AR. Performing this study
in vivo would be difficult for two main reasons: (i) the high variability in the stages of the
disease as well as the multiple confounders that exist and (ii) the fact that the
aforementioned LV pathophysiological changes occur concurrently. Utilization of an in
vitro system permits excellent control of the experimental environment and simultaneously
allows for the decoupling of these pathophysiological changes.

6.2.3 Materials and Methods
6.2.3.1 LHS and AR Model
Nine different flexible LV models were utilized in this study (Table 6-2), spanning 3 levels
of left ventricular diastolic stiffness (LVDS) and 3 levels of left ventricular sphericity index
(LVSI). The LVSIs modeled in this specific aim (0.598, 0.633, and 0.672) matched in vivo
reports of patients with chronic AR (75, 104) and will be referred to as SI-1, SI-2, and SI3, respectively, for ease of reading. The LVDSs modeled in this specific aim (1.169,
2.3072, and 2.9267 mmHg/mL) also matched in vivo reports of patients with chronic AR
(54, 69, 72, 183) and are hereafter referred to as DS-1, DS-2, and DS-3, respectively, for
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ease of reading. For more information regarding how the DSs and SIs were modeled, please
refer to Section 4.3 of this thesis.

Table 6-2 List of LV models utilized in this study and the corresponding analyses
performed. The parenthesis represent the state of the LV in terms of the sphericity
index and the diastolic stiffness.
Global Hemodynamic
Local Fluid Mechanics Analyses
Analyses
LV Model
(SI, DS)
Early
Compensated
Early
Compensated
# PIV Planes
Stage AR
Chronic AR
Stage AR Chronic AR
LV #1
N/A
✓
✓
✗
✗
(low, low)
LV #2
(med,
N/A
✓
✓
✗
✗
low)
LV #3
(high,
N/A
✓
✓
✗
✗
low)
LV #4
(low,
N/A
✓
✓
✗
✗
med)
LV #5
(med,
N/A
✓
✓
✗
✗
med)
LV #6
(high,
N/A
✓
✓
✗
✗
med)
LV #7
1
(low,
Central
✓
✓
✗
✓
high)
LVOT
LV #8
1
(med,
Central
✓
✓
✗
✓
high)
LVOT
LV #9
1
(high,
Central
✓
✓
✗
✓
high)
LVOT

Four levels of AR (and a control case) were simulated for this study (Table 6-3),
ranging from trace to moderate according to American Heart Association (AHA)
guidelines (16, 114). This AR range was chosen as it is in this regime that a clinician needs
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to make a judgement call regarding the necessity and/or timing of intervention (4). It is
also in this regime where it is most difficult to accurately quantify (and stratify) AR and its
effect on the LV’s hemodynamic metrics (11, 46).

Table 6-3 Generalized hemodynamic values for all the LV models evaluated. The
standard deviations are based on averages across all the LV models.
Early Stage Chronic AR
2
RF [%]
Piston SW [J]
ROA [mm ] SV [mL]
0
70.2 ± 0.54 5.06 ± 0.67 (closing volume)
1.10 ± 0.10
No AR
0.62
67.6 ± 0.91
9.29 ± 1.0
1.11 ± 0.12
AR1
3.31
62.1 ± 1.07
17.65 ± 0.88
1.05 ± 0.10
AR2
8.07
55 ± 1.03
27.97 ± 0.70
1.00 ± 0.11
AR3
15.98
48.1 ± 1.98
36.65 ± 1.67
1.05 ± 0.11
AR4
Compensated Chronic AR
RF [%]
ROA [mm ] SV [mL]
0
70.2 ± 0.54 5.06 ± 0.67 (closing volume)
No AR
0.62
70.5 ± 0.46
8.97 ± 1.09
AR1
3.31
70.4 ± 0.62
16.76 ± 1.03
AR2
8.07
70.7 ± 0.49
26.72 ± 0.96
AR3
15.98
70.3 ± 0.47
33.46 ± 1.31
AR4
2

Piston SW [J]
1.09 ± 0.10
1.21 ± 0.10
1.36 ± 0.11
1.71 ± 0.12
2.10 ± 0.33

6.2.3.2 Hemodynamic Conditions
Figure 6-7 is an illustration of the multiple LV pathophysiological states simulated. The
top left corner represents a LV with a low LV stiffness and low SI (DS-1_SI-1). Moving
diagonally, (DS-1_SI-1 to DS3_SI-3) is a representation of the temporal progression of the
pathophysiological changes which occur to a LV with chronic AR. Moving horizontally,
(DS-1_SI-1 to DS-3_SI-1) holds SI constant, allowing independent observation of the
effects of stiffness. Moving vertically (DS-1_SI-1 to DS-1_SI-3) holds the DS constant,
allowing independent observations of the effects of SI. It should be noted that the latter two
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do not represent an accurate temporal representation of pathophysiological changes to the
LV in the presence of chronic AR, they just serve to demonstrate the decoupled the effects
of LVDS and LVSI.

Figure 6-7 Schematic of the LV pathophysiological states simulated. Starting at (1,1)
and moving diagonally to (3,3) represents the temporal progression of the
pathophysiological changes which occur in the presence of AR (purple arrow).
Moving horizontally towards (1,3) holds the LV sphericity index constant while
varying the LV diastolic stiffness (red arrow). Moving vertically towards (3,1) holds
the diastolic stiffness constant while varying the sphericity index constant (blue
arrow). The asterisk indicate the LV models in which PIV was acquired.

Five levels of AR were parametrically simulated within all 9 LV (3 by 3 matrix of
LVDS and SI – Figure 6-7) models and tuned to baseline hemodynamic conditions. The
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baseline hemodynamic condition were set at follows: heart rate of 70 beats/min, effective
forward cardiac output (CO = net forward aortic flow) of 5.0 L/min, 120/80 mmHg aortic
pressure, systolic duration of 67% of the cardiac cycle, peak aortic flow rate of 30 L/min,
and diastolic E/A ratio of ~1.1. These baseline conditions were used to mimic a patient’s
systemic circulation attempting to maintain some form of “homeostatic state” as
pathophysiological changes occur (while being chronically afflicted by AR). Once these
conditions were set, the AR channels were sequentially introduced into the system. This
was defined as the “early stage AR” condition. To simulate the compensated chronic AR
condition, the stroke volume of the LV was increased until the effective forward cardiac
output was raised back to 5.0 L/min.

6.2.3.3 Particle Image Velocimetry
PIV allows for the whole-field instantaneous quantitative visualization of flow patterns.
Two-dimensional PIV was performed on the central long-axis plane of the LV, which cuts
through the center of the mitral and AV. This enables the measurement of both the mitral
inflow and the regurgitant aortic jet. For more details on the PIV acquisition, see Section
5.3. Phase-locked PIV data were acquired at select time points (start, peak, and end of Ewave, and peak of A-wave), over the cardiac cycle. At each time point, 200 cardiac cycles
of data were acquired to ensure statistical convergence of the calculated PIV metrics. PIV
data were only acquired (i) for the DS-3 models (see Figure 6-7) due to optical access
limitations in the lower DS models and (ii) for the compensated chronic AR simulations as
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the PIV results for early stage AR simulations have previously been reported in Section
5.4.
The uncertainty in velocity measurements was computed using methods described
in Raffel et al. (138) and in Section 6.3 of this thesis. The total velocity measurement
uncertainty is between 0.01 m/s and 0.04 m/s, which amounts to an uncertainty of ~1% to
~3%, based on the maximum jet velocity of 1.2 m/s.

6.2.3.4 Calculated Metrics
Diastolic Pressure-Time Index: Unlike the AR index which looks at the difference between
the aortic and LV pressures at the beginning and end of diastole (118, 155), the diastolic
pressure-time index (DPTI) accounts for the pressure difference between the aorta and LV
throughout the entire diastolic period of the cardiac cycle. DPTI was calculated based on
the equation
𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷 = �

𝑛𝑛,𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷

𝑖𝑖,𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷

(𝑃𝑃𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 − 𝑃𝑃𝐿𝐿𝐿𝐿 )𝑑𝑑𝑑𝑑

(6.3)

where i to n represents the diastolic period of the cardiac cycle. The DPTI was then
normalized by the aortic systolic blood pressure of each acquisition (DPTI_adj).
Normalization is performed clinically to correct for patients with hypertension. This metric
has been previously correlated to mortality in AR patients (74).

Lost Work Resulting from AR: The lost work due to AR was calculated to account for both
the pressure difference between the aorta and LV and the resulting negative aortic flow
into the LV. It was calculated based on the equation
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𝐴𝐴𝐴𝐴𝐿𝐿𝐿𝐿 = �

𝑛𝑛,𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷

𝑖𝑖,𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷

(𝑃𝑃𝑎𝑎𝑎𝑎𝑟𝑟𝑡𝑡𝑡𝑡 − 𝑃𝑃𝐿𝐿𝐿𝐿 ) ∙ |𝑄𝑄𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 |𝑑𝑑𝑑𝑑

(6.4)

where i to n represents the diastolic period of the cardiac cycle, and 𝑄𝑄𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 is the aortic

flow rate.

Energy Dissipation Rate (EDR): EDR measures the rate of energy loss due to turbulent
flow and is given by the equation
𝜕𝜕𝑢𝑢� 2
𝜕𝜕𝑣𝑣̅ 2
𝜕𝜕𝑢𝑢� 𝜕𝜕𝑣𝑣̅ 2
𝜀𝜀 = 𝜇𝜇 � �� � + � � + 0.5 � + � � 𝑑𝑑𝑑𝑑
𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕 𝜕𝜕𝜕𝜕
𝑉𝑉

(6.5)

where 𝜇𝜇 is the dynamic viscosity of the fluid, and 𝑢𝑢� and 𝑣𝑣̅ are the phase-averaged velocity
components in the 𝑥𝑥 and 𝑦𝑦-directions, respectively, and V is the volume of the LV. EDR

has been shown to correlate with AR severity and has been suggested as a new metric to
be used to more accurately stratify AR (161).

6.2.3.5 Statistical Analyses
A 3-way additive analysis of variance (ANOVA) model of the form
𝑦𝑦𝑖𝑖𝑖𝑖𝑖𝑖 = 𝜇𝜇̂ + 𝛼𝛼𝑖𝑖 + 𝛽𝛽𝑗𝑗 + 𝛾𝛾𝑘𝑘 + 𝜖𝜖𝑖𝑖𝑖𝑖𝑖𝑖

(6.6)

was carried out in MATLAB and used to explore the effects of LVDS and LVSI on the
global hemodynamic parameters calculated in this work. In Equation 6.6, 𝜇𝜇̂ and 𝜖𝜖𝑖𝑖𝑖𝑖𝑖𝑖 are

the grand mean and model error, respectively, while 𝛼𝛼𝑖𝑖 , 𝛽𝛽𝑗𝑗 , and 𝛾𝛾𝑘𝑘 , are the individual
contributions to the mean from LVDS, LVSI, and ROA. It should be noted that the
combined effects of DS and SI, (𝛼𝛼𝛼𝛼)𝑖𝑖𝑖𝑖 , could not be statistically evaluated in this work due

to an inadequate sample size (n = 1 per each combination of levels). It should be noted that
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the standard deviations in the global hemodynamic parameters measured were found to be
<1% of their respective means.
Finally, a multiple regression model of the form
𝑦𝑦 = 𝛽𝛽0 + 𝛽𝛽1 ∙ 𝑋𝑋1 + 𝛽𝛽2 ∙ 𝑋𝑋2 + 𝛽𝛽3 ∙ 𝑋𝑋3

(6.7)

was used to estimate the effect of each of the modeled pathophysiological change, as well
as the disease severity (ROA), on the metric to be measured. In Equation 6.7 above, 𝛽𝛽0

represents the y-intercept of the model, 𝑋𝑋1 , 𝑋𝑋2 , 𝑋𝑋3 represent the DS, SI, and ROA, and
𝛽𝛽1 , 𝛽𝛽2 , 𝛽𝛽3 are their respective coefficients. Please note, the 𝛽𝛽 parameters in the regression

are not the same as those in the ANOVA model.

6.2.4 Results
6.2.4.1 Flow Curves
For all LV models tested, the AR severity increased and the effective CO decreased with
increasing ROA – this was observed for both early stage and compensated chronic AR
(Table 6-3). Figure 6-8 depicts the mitral and aortic flow curves for one of the LV models
tested. During early stage AR, a corresponding 40% decrease in MV flow was observed
(E/A ratio remained constant). The peak aortic forward flow remained constant; however,
the negative flow increased with increasing ROA. In chronic AR, the mitral flow remained
constant; however, the reverse and peak forward aortic flow increased with increasing
ROA. The forward aortic flow was observed to increase as much at 50%.
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Figure 6-8 Representative aortic (top) and mitral (bottom) flow curves during early
stage AR (left column) and compensated (right column) chronic AR.
6.2.4.2 Regurgitant Volume
The percentage increase in RV with EOA was calculated for all LV models from the
respective aortic flow curves (Figure 6-9a). RV was found to increase with increasing ROA
for all LV models (p<0.05). As DS and SI increased concurrently (purple box), the percent
increase in RV varied between all three LV models, with the stiffest and most spherical
model having the least increase in RV. When SI was held constant (red box), similar trends
were observed; however, when DS was held constant (blue box), the percentage of RV did
not change as a function of SI. These trends were observed to be true in both the early stage
and compensated chronic AR simulations, although the overall magnitudes of percentage
increase in RV were found to be 10-30% higher for the compensated chronic AR
simulations (see Figure 6-10).
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Figure 6-9 Percent change in regurgitant volume for the compensated aortic
regurgitation simulations. The purple color represents a concurrent change in
diastolic stiffness and sphericity index. The red color represents a change in diastolic
stiffness while holding the sphericity index constant. The blue color represents a
change in sphericity index while holding the diastolic stiffness constant. The darker
shade of colors indicate a higher intensity case of diastolic stiffness (red), sphericity
index (blue), or both (purple).
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Figure 6-10 Percent change in regurgitant volume for the early stage aortic
regurgitation simulations. The purple color represents a concurrent change in
diastolic stiffness and sphericity index. The red color represents a change in diastolic
stiffness while holding the sphericity index constant. The blue color represents a
change in sphericity index while holding the diastolic stiffness constant. The darker
shade of colors indicate a higher intensity case of diastolic stiffness (red), sphericity
index (blue), or both (purple).

6.2.4.3 Diastolic Pressure-Time Index
During early stage AR, for all LV models tested, DPTI_adj decreased with increasing
levels of ROA, ranging from 0.31-0.21 (Figure 6-11, p<0.05). As DS and SI increased
concurrently, DPTI_adj was found to be lower for the most remodeled LV (high SI and
DS). When SI was held constant with increasing DS, similar trends were observed – it
significantly lowered DPTI_adj (p<0.05). When DS was held constant, no significant
variance was observed (p>0.05).
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Figure 6-11 Diastolic pressure-time index adjusted for systolic blood pressure for
Early Stage AR simulations. The purple color represents a concurrent change in
diastolic stiffness and sphericity index. The red color represents a change in diastolic
stiffness while holding the sphericity index constant. The blue color represents a
change in sphericity index while holding the diastolic stiffness constant. The darker
shade of colors indicate a higher intensity case of diastolic stiffness (red), sphericity
index (blue), or both (purple).

Interestingly, for the compensated chronic AR simulations (Figure 6-12), ROA did
not affect DPTI_adj for any of the LV models. It was, however, observed that as DS and
SI increased concurrently, DPTI_adj was found to be lower for the most remodeled LV
(high SI and DS). This observation was again analogous as SI was held constant as DS
increased (p<0.05). When DS was held constant as SI was increased, no observable
difference was detected across LV models.
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Figure 6-12 Diastolic pressure-time index adjusted for systolic blood pressure for
Compensated Chronic AR simulations. The purple color represents a concurrent
change in diastolic stiffness and sphericity index. The red color represents a change
in diastolic stiffness while holding the sphericity index constant. The blue color
represents a change in sphericity index while holding the diastolic stiffness constant.
The darker shade of colors indicate a higher intensity case of diastolic stiffness (red),
sphericity index (blue), or both (purple).
6.2.4.4 Lost Work Results from AR
Figure 6-13 illustrates the effects of the lost work resulting from compensated chronic AR.
The lost work was observed to trend positively with increasing ROA (p<0.05). However,
as DS and SI increased concurrently, the lost work generally reduced. As SI was held
constant with increasing DS, there was a reduction in the lost work (p<0.05). This trend
was not observed as DS was held constant with increasing SI. The values of lost work did
not change as the SI was changed. The trends observed during compensated chronic AR
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were similar to those observed in early stage AR, albeit with lower magnitudes (see Figure
6-14).

Figure 6-13 Lost work resulting from AR for Compensated Chronic AR simulations.
The purple color represents a concurrent change in diastolic stiffness and sphericity
index. The red color represents a change in diastolic stiffness while holding the
sphericity index constant. The blue color represents a change in sphericity index while
holding the diastolic stiffness constant. The darker shade of colors indicate a higher
intensity case of diastolic stiffness (red), sphericity index (blue), or both (purple).
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Figure 6-14 Lost work resulting from AR for Early Stage AR simulations. The purple
color represents a concurrent change in diastolic stiffness and sphericity index. The
red color represents a change in diastolic stiffness while holding the sphericity index
constant. The blue color represents a change in sphericity index while holding the
diastolic stiffness constant. The darker shade of colors indicate a higher intensity case
of diastolic stiffness (red), sphericity index (blue), or both (purple).
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6.2.4.5 Intraventricular Flow Field and Energy Dissipation Rate
In the competent AV case, the intraventricular flow field observed was as expected and
reported in other studies (45, 75). The trans-mitral jet was observed to generate a clockwise
rotating vortical structure which engulfed the entire LV.

Movie 6-1 Central LVOT view of flow field within the LV with a competent aortic
valve. Velocity is measured in m/s.

In the cases of AR, the intraventricular flow field was drastically different (Figure
6-15 – Peak E-wave). The AR jet was observed to partially block the trans-mitral diastolic
jet. As the severity of AR increased, so did the velocity of the AR jet. Similar results were
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also observed during peak A-wave. The AR jet was also observed to strike the inferolateral
wall of the LV.

Movie 6-2 Central LVOT view of flow field within the LV with a regurgitant aortic
valve – AR1 case. Velocity is measured in m/s.
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Figure 6-15 Energy dissipation rate field overlaid with stream traces, calculated from
the 2D velocity measurements at peak E-wave, for the three sphericity index models.
These measurements are for the Compensated Chronic AR cases.

The planar EDR field at the peak of the E-wave was calculated based on Equation
6.5. This field was then averaged over the measured area and reported as a single value for
each SI case at all AR conditions simulated. Figure 6-16 is a representation of the total
EDR field, normalized by LV volume, as a function of ROA and LVSI. As ROA increased,
the magnitude or EDR increased. Although global hemodynamics did not demonstrate any
changes as SI was altered, the local changes within the LV displayed differences as a
function of SI. Interestingly, it was observed that as SI increased, the EDR reduced.
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Figure 6-16 Total energy dissipation rate normalized by LV volume for the
Compensated Chronic aortic regurgitation cases.

Non-dimensionalizing the EDR (Figure 6-17), as defined in Section 5.3.6, caused
a shift in the y-axis scales but did not change the observed trends. This occurred because
for these compensated chronic AR cases, the effective cardiac output was held constant at
5.0 L/min. This result was utilized, however, to observe the effects of SI (shape function)
on AR severity. By holding the Re# constant (constant AR severity), it was observed that
increasing the SI lowered the EDR.
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Figure 6-17 Effect of AR severity and LV sphericity index on the non-dimensional
form for energy dissipation rate for the compensated chronic AR simulations.

6.2.4.6 Multiple Regression Analysis
The models formulated via the regression analyses were able to capture most of the
presented data for the metrics being analyzed – the exception being the DPTI_adj during
the compensated chronic AR simulations. Table 6-4 below lists the regression equations
and the corresponding significance of the varied parameters.
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Table 6-4 Regression equations and the corresponding parameter significance (in this
model) for the AR severity metrics evaluated.
Regression Equations

Early Stage
AR

R2

p-values
DS<0.05,
%∆𝑅𝑅𝑅𝑅 = 102.8 − 59.7 ∙ 𝐷𝐷𝐷𝐷 + 154.9 ∙ 𝑆𝑆𝑆𝑆 + 40.3
0.91 SI>0.05,
∙ 𝑅𝑅𝑅𝑅𝑅𝑅
ROA<0.001
DS<0.001,
𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝑎𝑎𝑎𝑎𝑎𝑎 = 0.37 − 0.01 ∙ 𝐷𝐷𝐷𝐷 − 0.10 ∙ 𝑆𝑆𝑆𝑆 − 0.004
0.85 SI>0.05,
∙ 𝑅𝑅𝑅𝑅𝑅𝑅
ROA<0.001
DS<0.05,
𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐴𝐴𝐴𝐴 = 0.08 − 0.04 ∙ 𝐷𝐷𝐷𝐷 + 0.17 ∙ 𝑆𝑆𝑆𝑆
0.87 SI>0.05,
+ 0.04 ∙ 𝑅𝑅𝑅𝑅𝑅𝑅
ROA<0.001

DS<0.001,
%∆𝑅𝑅𝑅𝑅 = −26.3 − 79.9 ∙ 𝐷𝐷𝐷𝐷 + 420.5 ∙ 𝑆𝑆𝑆𝑆 + 53.3
0.92 SI>0.05,
∙ 𝑅𝑅𝑅𝑅𝑅𝑅
ROA<0.001
DS<0.05,
𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝑎𝑎𝑎𝑎𝑎𝑎 = 0.37 − 0.01 ∙ 𝐷𝐷𝐷𝐷 − 0.09 ∙ 𝑆𝑆𝑆𝑆
Compensated
0.30 SI>0.05,
Chronic AR
− 0.0001 ∙ 𝑅𝑅𝑅𝑅𝑅𝑅
ROA>0.05
DS<0.05,
𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐴𝐴𝐴𝐴 = −0.12 − 0.05 ∙ 𝐷𝐷𝐷𝐷 + 0.53 ∙ 𝑆𝑆𝑆𝑆
0.93 SI>0.05,
+ 0.07 ∙ 𝑅𝑅𝑅𝑅𝑅𝑅
ROA<0.001

6.2.5 Discussion
The difficulty in the management of AR patients stems from the resulting structural and
hemodynamic changes, which vary according to severity and time (66, 100). As the
severity of AR within a patient worsens, the LV attempts to compensate for the lost volume
by remodeling – increasing the LV chamber volume and muscle mass (64). During chronic
AR, the infliction of pressure and volume overload on the LV causes it to remodel and
results in LV eccentric hypertrophy. However, there exists a limit as to how much the LV
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can and will remodel before LV function declines and patient mortality is unavoidable (18,
116).
In this specific aim, the changes in left ventricular pressure and volume, in the
presence of aortic regurgitation, and how these parameters were affected by the
pathophysiological changes that occur to the LV over time (simultaneous increases in SI
and DS), were studied. AR was parametrically varied within each LV model and the
coupled and decoupled effects of SI and DS were evaluated based on hemodynamic and
fluid mechanics metrics (Section 6.2.3).
Quantification of the LV volume overload resulting from AR is clinically measured
by quantifying the aortic regurgitant volume. AR volume into the LV is one of the most
quantified metrics used to stratify AR (56, 132), and is governed by the ROA and pressure
drop across the AV during diastole. As the pressure within the LV equilibrates with the
aortic pressure, during diastole, the regurgitant aortic flowrate reduces (Figure 6-8). In this
specific aim, it was observed that as the LV remodeled (simultaneous increases in LVDS
and LVSI), there was a reduction in the amount of regurgitation into the LV chamber.
These results are similar to the recent findings by Palau-Caballero et al. (123). Decoupling
the changes in stiffness and sphericity revealed that the increase in diastolic stiffness was
significantly more responsible for the reduction in RV. The larger and more spherical LVs
did not seem to have an impact on the RV as the shape did not affect global LV
hemodynamics (pressures and flow rates). These same phenomena were observed in both
early stage and compensated chronic AR, although the regurgitant volume for compensated
chronic AR was much higher. This implies that although the LV compensates for the lost
volume, the volume overload inflicted upon the LV remains significantly large. It is also
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important to note that in patients, the severity of AR does not just increase from early stage
to chronic (as simulated in this work), but also from one level of severity to the next.
The reduction in RV was due to the higher LV diastolic pressures observed in stiffer
LVs (118, 123, 183), resulting in quicker LV-aortic pressure equalization rates, which is
related to the LV myocardium’s ability to stretch during passive and active filling (63, 79,
101). It has previously been demonstrated that in the presence of AR, stiffer LVs are unable
to fill efficiently via the left atrium (118). Therefore, although the increase in LV diastolic
pressures reduces the diastolic pressure drop across the AV (thereby reducing the amount
of backflow into the LV), it does not correspondingly decrease effects of the
pressure/volume load inflicted upon the LV. The increase in diastolic LV pressure also
decreases the pressure drop across the mitral valve, reducing LV filling. As previously
stated in Section 6.1.5, an increase in LV diastolic pressures leads to a corresponding
increase in left atrial pressure and eventually result in congestive heart failure (18, 116).
The increase in pressure load on the LV can be estimated utilizing the diastolic
pressure-time index. The DPTI_adj has previously been applied in the clinical setting and
correlated to patient mortality (74). Unlike the AR index which examines the ratio of the
LV and aortic pressure at the start and end of diastole (155), the DPTI_adj analyzes the
entire diastolic period. The simulation of early stage AR in this work showed the DPTI_adj
ranges from 0.31-0.21, similar to the range found by Höllriegel et al. (74). As the LV
remodels to compensate for leakage volume due to AR, it was observed that the DPTI_adj
remained constant across the different levels of AR (Figure 6-11). Stiffer LVs had lower
DPTI_adj values, whereas a change in the LVSI did not affect the DPTI_adj. This means
that the DPTI_adj would slightly decrease over time as the LV remodels. During
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compensated chronic AR, the LV relaxes further and contracts harder, increasing the
diastolic pressure difference across the AV (8, 53). Because the DPTI_adj is simply a
measure of the diastolic pressure difference across the AV, the utilizing the DPTI_adj could
potentially lead to false negative results for compensated chronic AR patients.
The pressure and volume overload inflicted upon the LV due to AR can be captured
in terms of the lost work. This metric combines flow and pressure loss terms across the AV
to measure the increase in LV pressure and volume overload resulting from AR (148, 167).
In this study, it was observed that the lost work increased as a function of ROA in both the
early stage and compensated chronic AR simulations. It was also observed that the
remodeled LV models (increased LVDS and LVSI) were less sensitive to increasing AR
severity in terms of their lost work. This was because of the increased diastolic stiffness
(Figure 6-13 and 6-14). The decrease in the lost work results from a reduction in the
pressure difference across the AV during diastole and a reduction in the regurgitant
volume. This does not mean stiffer LVs have a lower workload, as it has previously been
demonstrated that stiffer LVs find it more difficult to fill via the MV (118). The lost work
calculated here does not include the amount of work required to fill a stiffer LV via the
MV but rather is a measure of the extra work the LV will need to compensate for. This
metric continuously increased between early-stage AR and compensated chronic AR,
meaning that a patient’s LV could potentially continuously remodel until it accommodates
for this extra load or until LV function failure.
Similar to the regurgitant volume and DPTI_adj, the shape and size of the LV (the
LVSI) did not seem to have a measurable impact on the lost work (at least on the global
scales), since the LVSI did not have an effect on LV pressure or aortic RV. The continuous
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increase in lost work due to AR as a function of the regurgitant orifice area (in both early
stage and compensated chronic AR) points to the idea that this metric could potentially be
used to accurately stratify AR. However, this metric requires invasive pressure
measurements which are typically not possible for AR patients (16, 114). To address this
issue, a noninvasive metric, EDR, was utilized.
Stugaard et al. previously utilized EDR to stratify AR in animals as well as patients
(161). EDR within a LV can be assessed with any imaging methodology capable of
measuring velocity fields, such as echocardiography PIV or phase contrast magnetic
resonance imaging (44, 83). Similar to previous findings, the results from this work show
that EDR increases with increasing AR severity (161) (also see Section 5.4). As mentioned
previously in Section 5.3.6, the non-dimensional form of EDR is a function of the Reynolds
number and the shape function (sphericity index). In Specific Aim 2, the effects of a change
in the Reynolds number on EDR was demonstrated. Here in Specific Aim 3, Figure 6-17
demonstrates that for a constant AR severity, the SI correlates negatively with EDR. As
the SI of the LV increased, there was a corresponding decrease in EDR (Figures 6-16 and
6-17). This decrease in EDR was probably a result of the reduction in the magnitude of the
AR jet striking the inferolateral wall of the LV as the SI increased (Figure 6-15) and a
reduction in flow confinement, leading to reduced velocity gradients. It is believed that the
differences observed on the local scales (Figure 6-15) were too small to be picked up on
larger scales (Figure 6-14).
Figure 6-18 shows that there is a strong correlation between the lost work and the
measured EDR in chronic AR. This demonstrates that EDR could be used as a noninvasive
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surrogate measurement of the lost work resulting from AR, and thus for the overall severity
of the insufficient AV.

Figure 6-18 Correlation of energy dissipation rate to lost work resulting from aortic
regurgitation.
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The multiple regression analyses demonstrated that the ROA and the DS of the
models were the most significant parameters affecting LV hemodynamic parameters in the
presence of AR, and hence, the severity of AR. Although this work generally shows that
the LVDS has a larger impact on LV hemodynamics in the presence of AR, it should be
noted that the change in LVSI also has an important hemodynamic function. The change
in geometry of the LV (eccentric hypertrophy) is a necessity, as the LV needs to
accommodate more blood volume with worsening AR (7, 8, 50) and as shown in Figure 614, also minimizes energy loss (28). This increase in LV volume and SI prevents diastolic
heart failure (104, 163), but potentially leads to systolic heart failure.

6.3 Limitations
While the results of this study have important clinical implications, a few limitations need
to be noted.

(1) The materials utilized to construct the LV models in this work were isotropic in nature,
meaning they were idealized and uniform in terms of stiffness and geometry.

(2) This study was conducted using an idealized in vitro simulator, which does not contain
the multiple disease confounders, which exist in patients undergoing the TAVR
procedure. However, an in vitro model such as this allows for fully controlled
parametric studies to be performed, ensuring that the differences being observed are
only a result of the altered parameter.
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(3) In reference to the first part of this specific aim, central AR (not paravalvular) was
modeled in this study; however, the metrics analyzed resulted from bulk hemodynamic
parameters. Therefore, the results observed in this study should also hold true for
paravalvular AR as well.

(4) Although this work focuses on the effect of LVDS, LVSI, and AR on LV performance,
it should be noted that other factors, such as residual prosthesis stenosis, cardiac output,
LV size, etc., influence how well the patient might tolerate AR post AS.

(5) The LV models used in this work were designed to fully expand and contract by means
of a linear actuator, whereas native left ventricles are designed to both actively and
passively relax (182) and actively contract.
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CHAPTER 7
OVERALL REMARKS

The hemodynamic effects of AR on the LV can be expressed in terms of a pressure and
volume overload (66). Pressure overload results from the increase in LV diastolic pressures
as the high-pressure aorta propels blood into the lower pressure LV. Volume overload
occurs as blood from the aorta is forced into the LV, stretching the LV myocardium, during
diastole. The pressure and volume overload resulting from AR are ultimately responsible
for the inevitable decline of LV function, especially if left untreated (7, 17, 42, 66, 160).
The hypothesis of this work indicates that the implications of these two aforementioned
phenomena need to be taken into account for a full understanding of the effects of AR on
LV performance. To this end, a two-pronged approach was utilized: (i) a local investigation
of the effects AR jet on the fluid dynamics within the LV; and (ii) a global investigation of
the hemodynamic changes (pressure and flow rate parameters) which occur, as a function
of the pathophysiological changes which take place, in the presence of AR.
A LHS which is capable of mimicking various pathophysiological hemodynamic
states – healthy and diseased (specifically AR) was developed. Like most other LHS, the
main principle behind its design was based on a 4-element Windkessel Model. Utilization
of such models have been shown to closely mimic physiological flow and pressure
waveforms (134, 137). The modularity of the system allowed for its capability in
mimicking various stages of the pathophysiological changes which occur during AR – a
critical component for fully understanding AR. Along similar lines, the LHS developed
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was designed to provide optical access within the LV, thereby allowing for a local
investigation of intraventricular flow fields in the presence of AR.
Particle image velocimetry was utilized to investigate the local changes within the
LV in the presence of AR. The control case (competent AV – No AR) showed similar
qualitative and quantitative results which have previously been reported in vivo, in vitro,
and in silico (127, 134, 144, 172). A description of intraventricular flow in the presence of
AR has, however, never been reported. Stugaard et al. recently released a report on AR
within the LV utilizing vector flow mapping, however, focused on the estimation of energy
losses resulting from AR and not the intraventricular flow field (161). The findings of this
dissertation depicted the existence of a “kinematic wall” which: (i) obstructs inflow into
the LV via the mitral valve, and (ii) results in an increase in viscous energy dissipation.
These phenomena were observed in both the early stage and chronic stage AR cases
simulated in this thesis.
The measured viscous dissipation (or energy dissipation rate – EDR) was spatiotemporally averaged over the acquired central (long axis) PIV plane and over the cardiac
cycle period to provide a singular measure of AR severity. This work found that EDR
stratifies AR severity (as defined by regurgitant volume) in a nonlinear manner. The results
found were comparable to those reported by Stugaard et al. in animals and humans (161).
Rather than measuring the regurgitant volume at the aortic valve plane (small field of
view), the viscous dissipation was calculated within the LV, allowing for a larger field of
view for analysis. Generally, EDR can be calculated in the clinical setting via any clinical
imaging modality capable of measuring velocity fields, such as phase contrast magnetic
resonance imaging, or echocardiographic particle image velocimetry (35, 48, 131).
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Volumetric, rather than planar, measurements of EDR would be preferred, as it would
capture the entire 3D phenomena. It should, however, be noted that if this metric is to be
utilized in a clinical setting, a good spatial resolution in necessary, as EDR, by definition,
is a sum of squared velocity derivatives, which tends to amplify measurement noise (35).
To assess the global hemodynamic changes resulting from AR, pressure and flow
data in the LV and aorta were measured. General hemodynamic changes in the presence of
AR were as expected and reported in clinical data (5, 7, 55, 89, 100, 163, 175). During
acute and early stage AR, LV diastolic pressures increased, aortic diastolic pressures
decreased, mitral inflow decreased, and the effective cardiac output also reduced (118). In
compensated chronic AR, LV diastolic and systolic pressures were increased, as well as
aortic pressures. The pathophysiological changes of the LV (increased diastolic stiffness
and sphericity index) affected LV hemodynamic data. Decoupling these changes
demonstrated that the LV stiffness was primarily responsible for these effects. Increased
LV stiffness increased the LV diastolic pressures, which in turn led to a decrease in the
trans-mitral and trans-aortic valve pressure gradients during diastole (123). The increase in
diastolic stiffness was also shown as a potential reason why TAVR patients find it more
difficult to accommodate mild AR (118). On a global scale, the sphericity index did not
seem to have significant effects on LV hemodynamics; however, on the local scale, it was
shown to minimize energy losses.
Various pressure and volume metrics clinically utilized for the stratification of AR,
such as regurgitant volume, AR index, pressure-time index, etc., were quantified as a
function of increasing aortic regurgitant orifice area. The lost work resulting from AR was
used as an estimation of the pressure and volume overload imposed on the LV due to AR.
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This metric showed a continuous linear increase with AR severity (in both early and
compensated chronic AR stages). By accounting for the pressure and volume effects of
AR, the long term effects of AR on the LV could be estimated (7, 66). Unfortunately,
similar to issues in performing a pressure-volume loop analysis on patients, the
measurement of in vivo pressures is a very invasive procedure. Due to this limitation, an
alternative approach to estimate pressure and volume overload, resulting from AR, was
introduced in this work – energy dissipation rate. A strong, linear, correlation between EDR
and pressure-volume overload was observed. As previously mentioned, EDR is a metric
measurable in the clinical setting utilizing imaging modalities such as phase contrast
magnetic resonance imaging and echocardiography. The results from this thesis imply that
EDR could be used as a noninvasive surrogate measurement of the hemodynamic pressure
and volume overload on the LV in the presence of AR.
The clinical implications of the results presented in this dissertation are that: (i) the
pathophysiological changes which affect the LV have an impact on the metrics clinically
used to stratify AR; (ii) a measurement of the pressure-volume overload on the LV in the
presence AR characterizes how much more the LV needs to work as it progresses from
early stage to compensated chronic AR; and (iii) energy dissipation rate is a noninvasive
metric which can be used to assess hemodynamic load in the presence of AR. An
understanding of the hemodynamic load on the LV in the presence of AR (from early stage
to compensated chronic) can: (i) improve the assessment of patients suffering from AR and
(ii) better guide the appropriate timing of clinical interventional strategies for the
optimization of LV performance and improve patient quality of life.
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CHAPTER 8
CONCLUSIONS
8.1 Specific Aim 1
In this specific aim, a novel physical model of the human left heart was developed to be
used in controlled parametric studies of AR. Through multiple sets of experiments, we have
shown that the simulator was able to closely simulate the bulk physiological hemodynamic
environment of the left heart. Specifically, the LHS was able to match the EDV, ESV,
heart rate, inflow rate, outflow rate, systemic pressure and cardiac output to within the
physiological range.
The LHS consists of modular and optically clear atrial, aortic, and LV sections
allowing for the conduction of studies (fluid dynamic or otherwise) on either, native,
diseased or prosthetic heart valves in the aortic or mitral positions. The platform developed
here can be used to develop and test multiple clinical translational applications, including
optimization of novel prosthetic heart valve designs and testing of medical devices (such
as ventricular assist devices and mitral annuloplasty rings) implanted in the left heart
complex.

8.2 Specific Aim 2
This specific aim successfully replicated AR in a bench top in vitro setup and performed a
parametric characterization of LV intra-ventricular flow in the presence of central AR. The
hemodynamic conditions achieved using the novel AR inducing stent closely matched in
vivo observations of patients with AR. The flow structures observed in the LV during
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diastole drastically change in the presence of AR, primarily due to the formation of a
“kinematic wall”, which blocks the trans-mitral jet from generating a coherent vortical
structure. This leads to a dramatic non-linear increase in EDR with AR fraction,
demonstrating that EDR could potentially be used as an alternative metric to evaluate
severity of AR. Additionally, the AR jet impinging the inferolateral wall of the LV could
have significant implications on regional and global cardiac remodeling.
The results presented in this specific aim have a two-fold implication: a) the
accuracy of this flow phantom demonstrates its viability to be used as a testbed to validate
metrics measured using clinical imaging modalities; and b) viscous energy loss could be
used as a metric to grade the severity of AR which could potentially aid in the determination
of clinical interventional timing strategies for patients. Further studies are needed to
validate these results in a clinical setting and to determine if EDR can be used to evaluate
the severity of AR.

8.3 Specific Aim 3
8.3.1 Specific Aim 3a
Specific Aim 3a provided, in an in vitro model, evidence that LVDS affects the
hemodynamic severity of AR. It was shown that increased LVDS substantially increases
the SW requirement to maintain a forward SV of 70 mL/beat in the presence of AR. The
results presented suggest that a TAVR patient’s LVDS significantly impacts their ability
to compensate for post-procedural AR, and has potential to predict TAVR patient
outcomes. Within the limitations of this study, these findings suggest that pre-operative
measurement of LVDS could potentially be used to augment patient-specific assessment
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of TAVR risk. An investigation of this work using animal models would lend more insight
into its potential clinical use.

8.3.2 Specific Aim 3b
Specific Aim 3b demonstrated that the LV pathophysiological changes which occur in the
presence of AR have an impact on the metrics used to evaluate the severity of AR.
Decoupling these pathophysiological changes into diastolic stiffness and sphericity index
demonstrated that the diastolic stiffness of the LV has a larger impact on LV
hemodynamics as it leads to an increase in the LV diastolic pressures. The sphericity index
did not have any effect on the global hemodynamics; however, on local scales, increasing
sphericity index slightly reduced viscous energy losses. As AR progressed from early stage
to compensated chronic AR, volume based metrics for AR stratification increased in
magnitude; however, pressure-based metrics were observed to plateau. The pressure and
volume overload on the LV was able to stratify AR in both the early and compensated
stages; however, clinically, it would require invasive measurement of pressure. The energy
dissipation rate (a non-invasive metric) was shown to correlate linearly with the lost work
and could potentially be used as a surrogate measurement for AR severity.
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CHAPTER 9
RECOMMENDATIONS AND FUTURE WORK
9.1 Specific Aim 1
Though the model developed in Specific Aim 1 is the first of its kind, including very high
design modularity, while simultaneously allowing for clinical imaging access from
echocardiography and magnetic resonance imaging, there is still room for improvement.
The biggest advancement to the system would be the implementation of a geometrically
accurate and functional left atrium. Along the same lines, the inclusion of a native mitral
valve, as well as a contracting mitral annulus, is important. These additions would not only
make the LHS more physiologically accurate but would also open up the possibility of
tackling more clinical issues in cardiac physiology. Examples of studies include but are not
limited to:

1. Effects of mitral regurgitation on the functionality of the left atrium
2. Evaluation of mitral prosthetic devices and procedures such as the transcatheter mitral valve
and the mitral clip
3. Effects of mitral annular contraction and relaxation of LV filling efficiency

Another major advantage of this model is its ability to be used as a validation tool
for computational fluid dynamics models as well as new medical imaging techniques. This
feature should be taken advantage of.
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9.2 Specific Aim 2
The insights derived from the data presented in Specific Aim 2 have important clinical
implications; however, those insights should be supported by a few other studies. Firstly,
the flow within the LV, especially when AR is present, is very three dimensional in nature.
A high speed, volumetric PIV acquisition would aid in fully characterizing the LV flow in
the presence of AR. Secondly, though the flow field in the LV was described, this was only
done for one aorto-mitral angle. This parameter can also be varied to examine how the flow
fields would differ from patient to patient. Finally, to fully claim the fact that EDR can be
utilized as a tool to stratify AR, a parametric study in animal would need to be performed
to fully verify this claim.

9.2 Specific Aim 3
Specific Aim 3 outlined a number of physiological implications resulting from AR as well
as the metrics clinically used for stratification. A larger parameter sweep could be
performed which also includes other comorbidities which exist in some patients, rather
than a generalized pure AR baseline. For example, some patients with AR also have the
following comorbidities: mitral regurgitation, aortic stenosis, increased heart rate, and
increased blood pressure. A parametric sweep over these parameters would lend more
insight into the treatment protocols for patients. As with most in vitro studies, a
complementary animal study to validate the in vitro results would be interesting.
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APPENDIX A: MECHANICAL DRAWINGS OF LHS
Summary
This appendix contains the drawings of the parts used to construct the LHS designed in this
work. Most parts can be made in a machine shop, however, some parts (stents) are 3D
printed, and some are cast and molded (LV model).

Parts Utilized
1. Acrylic: purchased from McMasterCarr’s website
2. Silicone Rubber: provided by VenAir, Barcelona, Spain
3. Polypropylene: provided by Protolabs, Maple Plains, Minnesota
4. Brass screws and inserts: purchased from McMasterCarr’s website

Things to Note:
1. The LV models were cast and molded by VenAir, located in Barcelona, Spain.
2. The valve stents and holders were 3D printed by Protolabs located in Maple Plains,
Minnesota, USA
3. The machining of the parts used to build the simulator was performed by the Chemical
and Biomolecular Engineering machine shop at Georgia Tech.
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A1.1. LV model design with sphericity index of 0.598 (Part 9). The dimensions are based
off clinical data provided in literature. Dimensions in this figure are in inches.
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A1.2. LV with sphericity index of 0.633 (Part 9). As stated previously, the dimensions are
based off clinical data. Dimensions in this figure are in inches.
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A1.3. LV with sphericity index of 0.672 (Part 9). As previously stated, the dimensions for
this model are extracted from clinical data. Dimensions of this figure are in inches.
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A2.1. AV stent frame designed to hold the excised porcine aortic valve in its native
geometry. Dimensions are in inches.
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A2.2. AR stent #1 used to generate trace/mild AR. Dimensions are in inches.
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A2.3. AR stent #2 used to generate mild AR. Dimensions are in inches
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A2.4. AR stent #3 used to generate moderate AR. Dimensions are in inches
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A2.5. AR stent #4 used to generate moderate/severe AR. Dimensions are in inches
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A3.1. Aorta – first piece. The dimensions for the geometry are based on clinical data (165).
Dimensions are in mm.
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A3.2. Aorta – second piece. The dimensions for the geometry are based on clinical data
(165). Dimensions are in mm.
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A3.3. Left Atrium. Dimensions are in inches.
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A4.1. Mounting base of aorta (Part 11). Dimensions are in inches.
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A4.2. Mounting base of idealized atrium (Part 10). Dimensions are in inches.
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A4.3. Top of LHS: Layer 1 – Part 1. Dimensions are in inches.
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A4.4. Top of LHS: Layer 1 – Part 2. Dimensions are in inches.
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A4.5. Top of LHS: Layer 2 – Part 3. Dimensions are in inches.
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A4.6. Top of LHS: Layer 2 – Part 4. Dimensions are in inches.
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A4.7. Left side of LHS – Part 5-1. Dimensions are in inches.
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A4.8. Right side of LHS – Part 5-2. Dimensions are in inches.
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A4.7. Front of LHS – Part 6. Dimensions are in inches.
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A4.10. Back of LHS – Part 7. Dimensions are in inches.

197

A4.11. Bottom of LHS – Part 8. Dimensions are in inches.

198

A4.12. Exploded view of LHS.
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APPENDIX B: HEARTBEATER (LABVIEW) USER INTERFACE
This Appendix covers the mode of utilization of the software, Heartbeater, used to control
the LHS and acquire hemodynamic data. This is the first version of the software. It was
developed in 2014 by Charles Bloodworth and was designed based off its predecessor –
Heartbreaker.
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B.1.1 Set-up tab

The image above is the setup tab for the custom LabView program Heartbeater.
Heartbeater is utilized to control the LHS described in this work. The description of the
items enclosed in the boxes is provided below.
Red: used to link the hardware (DAQ system) to the software (Heartbeater program).
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Green: This switch defines if the Heartbeater program is the master control for all
equipment acquisition or if its recording is externally controlled.
Light Blue: Depending on the experimental set up, the desired pulsatile flow can either be
controlled by a linear actuator or a system of solenoids. This switch is used select how the
setup is to be controlled.
Orange: These options are used to define the cardiac cycle length and the frequency of
acquisition.
Black: This box is used to define the storage location and file name of the current
acquisition.
Purple: The calibration constants for each of the input channels are inserted in this box.
For example, if a pressure transducer is connected to channel 1, the calibration constant for
that transducer is inserted in the first slot.
Yellow: The yellow box is used to define the channels on which calculations (such as
cardiac output, pressure drop, etc.) are to be performed.
Dark Blue: This box defines the parameters of the TTL pulse used to trigger external
equipment. The offset from the master trigger, the amplitude, and the width of the pulse
can be specified.
White: This box defines the waveform which controls the linear actuator (Vivitro
Superpump). The pump can be controlled by an internal sinewave generated by Heartbeater
or by a user defined waveform.
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B.1.2 Acquisition tab

The image above is the acquisition tab for the custom LabView program Heartbeater. The
description of the items enclosed in the boxes is provided below.
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Black: This box is used to define the number of cardiac cycles to be recorded.
Red: This switch is to toggle on/off cursors on the visible plots (purple box). These cursors
are used to measure durations and peaks of different segments of the cardiac cycle.
White: This box is used to initialize the measurement transducers (zeroing).
Orange: This box is used for visualization purposes. The functions enclosed within moves
the plots horizontally.
Green: This box displays the measurements (dt , dy, and integral) obtained via the cursors
on displayed on the plots.
Light Blue: This box displays the results of the calculations performed on a specific
channel defined by the yellow box on the setup page.
Purple: This box displays the plots of the input channels are selected by the dark blue box
on the acquisition page.
Dark Blue: This box enables the toggling on/off of which plots to be displayed on the
purple box.
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APPENDIX C: PIV ACQUISITION PROTOCOL
This section provides a brief summary of the acquisition protocol used to acquire PIV data
within the left ventricle.

1. Set up flow facility in which PIV measurements are to be taken. For example, in
the case of this dissertation – the LHS.
2. Safety: Ensure all PIV safety protocols are in place.
•

Turn on “Laser In Use” Light in the room and pull curtain closed

•

Put all reflective items out of sight (cell phone/watch/ring etc.)

•

ALWAYS stay out of the path of the laser and ALWAYS wear laser safety glasses

3. Turn the laser on to the low power state (internal laser control) and convert the
laser beam to a thin sheet with optics (lenses and mirrors).
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•

Be very careful at this point because the LASER WILL TURN ON

•

Ensure the camera lens is capped and that there are no reflective surfaces in the lab

•

Fire laser #1 by pushing the “Laser 1” button (see Figure below)

•

The laser beam should be directed into the laser arm with light optics (cylindrical lens)
at the end which converts the beam into a sheet

•

The laser sheet should be aligned to the desired plane of acquisition by adjusting the
laser arm.

4. Before acquisition, it is very important that the laser sheet generated is parallel to
the camera lens. Because we are aligning a plane, there are two degrees of freedom
in which the plane can be misaligned.
•

Perform a first pass (coarse) alignment using visual inspection
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•

Using a black sheet of paper, block the laser sheet starting from where it exits the
cylindrical lens, moving slowly towards your ROI. The sheet should collapse into a
line on the sheet.

•

This line should be adjusted via beam steering optics such that it becomes parallel to
the camera lens. The location of the laser line on the sheet should not change as you
move towards your ROI. If it changes, it means the sheet generated is angled towards
or away from the camera lens.

•

Adjust the angle of your optics as required such that this does not happen.

•

Finally adjust the thickness of the laser sheet to about 1mm or less by changing the
type/location of the focusing lens and the type/location of the cylindrical lens.

5. Trigger the PIV system using the TTL pulse from LabView
•

A TTL pulse is should be connected to the trigger port on the PIV computer (back panel
– PTU port) that controls the laser controller.

•

The laser controller should then be set to the high power state. Note that the TTL pulse
from LabView should be locked to the cardiac cycle frequency; this ensures accurate
phase-locked data acquisition.

6. PIV Camera Setup
•

The PIV camera should be set up such that the field of view captured the maximum
diastolic state of the LV geometry. This can be confirmed by running the LHS which
positioning the camera.
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•

The image should be focused on the plane of acquisition and, most importantly, on the
PIV particles. To do this, pulse the laser and capture live images at a high frequency.
Adjust the focus of the camera until particles in the image are sharp.

Note:
For stiffer LVs, stretching the LV model requires a large negative pressure in the outer
chamber. This magnitude of pressure causes tiny bubbles to seep into the external chamber.
The bubbles then attach to the exterior of the LV model, leading to imaging difficulties
(poor optical access and reflection of the laser beam). If the bubbles are minimal, a band
pass filter attached to the camera does a good job in filtering out the reflected laser beam
from real data. If the bubbles are too many, the external portion of loop will need to be
drained and refilled.
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APPENDIX D: PIV ERROR ANALYSES
This appendix goes into the detailed calculations of the different errors which could have
potentially affected the PIV data acquired for this dissertation.

D1.1 Uncertainty Due to Phase-Locking
The uncertainty due to phase-locking was estimated by assessing the fluctuation of the apex
(single point which oscillates at the same frequency and phase of the cardiac cycle) of the
LV model across the 200 acquisitions at a phase-locked time point. The phase where there
exists the largest LV motion within a phase-locked time point was selected for this analysis.
In ideal conditions, at a phase-locked time point, the apex should not move across all 200
acquisitions. By observation, it was determined that the apex of the LV moved ~0.5 to 1
pixels within the single phase-locked time point.
The pixel motion was converted to time by observing the motion of the LV apex
between the analyzed time point and the sequential phase-locked time. The time between
each phase-locked acquisition was 25 ms. In 25 ms, the LV apex moved ~15 pixels
resulting in a motion of ~0.6 pixels/ms. Using this conversion, the uncertainty of phaselocking estimated by the image processing was determined to be less than ~1 ms.

D1.2 Error Due to Refractive Index Mismatch
The error due to a refractive index mismatch was estimated using Snell’s Law. Figure D-1
is a representation of the light path from the seeded PIV particles to the camera sensor. A
worst case of scenario of ϴ2 = 25° was assumed. This is the maximum angle the LV bag
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would make with a plane parallel to the PIV camera sensor. ϴ1 was then be calculated
using the equation
𝜂𝜂1
𝑠𝑠𝑠𝑠𝑠𝑠𝜃𝜃2
=
𝜂𝜂2 sin(𝜃𝜃1 + 𝜃𝜃3 )

(D.1)

where 𝜂𝜂1 and 𝜂𝜂1 are the refractive index of the water-glycerin solution (1.41) and the LV

wall (1.405 – made from silicone rubber). (ϴ1 + ϴ3) was calculated to be 45.10°; therefore,
ϴ1 was found to be 0.10°. Utilizing trigonometry, the apparent particle displacement
resulting from optical refraction was calculated to be less than 0.01 mm. Dividing this value
by the shortest dt used for particle displacement (150 μs), the uncertainty of velocity
measurement due to refractive index mismatch 𝜖𝜖𝑅𝑅𝑅𝑅 was estimated to be around 0.025 m/s
(2.5 cm/s). Note that the acrylic wall refractive index was not considered for this

calculation because the position of the PIV camera was adjusted such that the image sensor
was parallel to the acrylic wall.

Figure D-1 Depiction of the path of a light ray from the PIV particle to the camera.
The dashed arrows are a representation of the light path. η1, η2, h, and t are the
refractive index of the water-glycerin solution, the refractive index of the LV wall
(made out of silicone), the apparent displacement of the PIV particle, and the
thickness of the LV wall, respectively. The light path through the acrylic wall is
assumed not to change direction as it is passing orthogonal to the wall.
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Table D-1 Refractive index of materials used in this dissertation
Material
Refractive Index
Acrylic

1.49

Silicone Rubber

1.405

Water-Glycerin

1.41

D1.3 Bias Error
Bias error was determined by plotting the probability density histograms of the
instantaneous velocity data (Figure D-2). Peak-locking (particle diameter is lower than a
pixel unit) bias error (𝜖𝜖𝑏𝑏 ) due to sub-pixel interpolation was of the order of a thirteenth of

a pixel. This was then converted to mm based on the calibration information and finally
divided by the corresponding time between the two frames (dt) to get velocity. This resulted
in an uncertainty in velocity between 0.003 m/s and 0.01 m/s.
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Figure D-2 Sample probability density histogram of an instantaneous velocity field
acquired.

D1.4 Particle Lag Error
The lag error was estimated by considering the relaxation time of the seed particles (1 – 20
microns in diameter) to step changes in velocity. The characteristic time defined as the time
available for the seed particle to respond to rapid changes in the flow, was an order of
magnitude greater than the relaxation time. This indicated that the uncertainty of velocity
measurement due to particle lag error was insignificant (≈ 0).

D1.5 Random Error
The random error (an error in measurement caused by factors that vary from one
measurement to another) was computed using Equation D.2 below
𝜖𝜖𝑟𝑟 = 𝑐𝑐 ∙ 𝑑𝑑𝑃𝑃
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(D.2)

where 𝜖𝜖𝑟𝑟 is the random error, 𝑑𝑑𝑃𝑃 is the particle image diameter and c is the empirical

constant that usually lies between 0.05 and 0.10 (138). Thus for these set of experiments
the random error ranged from 0.108 pixels (0.05 × 2.15 pixels) to 0.215 pixels (0.1 × 2.15
pixels). This resulted in a velocity measurement uncertainty between 0.006 m/s and 0.011
m/s.
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APPENDIX E: SPECIFIC AIM 2 SUPPLEMENTAL DATA

Movie E-1 Central LVOT plane particle flow visualization of flow into the LV with
a competent aortic valve. (See Figure 5-6)
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Movie E-2 Central LVOT plane PIV measurement of flow into the LV with a
competent aortic valve. The color map represents the magnitude of the velocity in
m/s. The black lines are stream traces which depict the flow structures. (See Figure
5-7)
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Movie E-3 Off-short axis plane particle flow visualization of flow into the LV with a
regurgitant aortic valve – AR2 case. (See Figure 5-9)
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Movie E-4 Central LVOT plane PIV measurement of flow into the LV with a
regurgitant aortic valve – AR2 condition. The color map represents the magnitude of
the velocity in m/s. The black lines are stream traces which depict the flow structures.
(See Figure 5-10)
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Movie E-5 Central LVOT plane particle flow visualization of flow into the LV with
a regurgitant aortic valve – AR2 case. (See Figure 5-10)
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Movie E-6 Central LVOT plane Color Doppler via echocardiography of flow into the
LV with a regurgitant aortic valve in a patient. (See Figure 5-10)
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Movie E-7 Orthogonal LVOT plane PIV measurement of flow into the LV with a
regurgitant aortic valve – AR2 condition. The color map represents the magnitude of
the velocity in m/s. The black lines are stream traces which depict the flow structures.
(See Figure 5-11)
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Movie E-8 PIV measurements on 5 mm off the central LVOT plane to visualize flow
into the LV with a regurgitant aortic valve – AR2 case. (See Figure 5-12)
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Movie E-9 5 mm off the central LVOT plane particle flow visualization of flow into
the LV with a regurgitant aortic valve – AR2 case. (See Figure 5-12)
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Movie E-10 Central LVOT plane PIV measurement of flow into the LV with a
regurgitant aortic valve – AR1 condition. The color map represents the magnitude of
the velocity in m/s. The black lines are stream traces which depict the flow structures.
(See Figure 5-13)
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Movie E-11 Central LVOT plane PIV measurement of flow into the LV with a
regurgitant aortic valve – AR3 condition. The color map represents the magnitude of
the velocity in m/s. The black lines are stream traces which depict the flow structures.
(See Figure 5-13)
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Movie E-12 Central LVOT plane RSS measurement of LV field with a regurgitant
aortic valve – AR1 condition. The color map represents the magnitude of the RSS in
N/m2. (See Figure 5-14)
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Movie E-13 Central LVOT plane RSS measurement of LV field with a regurgitant
aortic valve – AR2 condition. The color map represents the magnitude of the RSS in
N/m2. (See Figure 5-14)
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Movie E-14 Central LVOT plane RSS measurement of LV field with a regurgitant
aortic valve – AR3 condition. The color map represents the magnitude of the RSS in
N/m2. (See Figure 5-14)
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Movie E-15 Central LVOT plane EDR measurement of LV field with a regurgitant
aortic valve – AR1 condition. The color map represents the magnitude of the EDR in
W/m3. (See Figure 5-15)
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Movie E-16 Central LVOT plane EDR measurement of LV field with a regurgitant
aortic valve – AR2 condition. The color map represents the magnitude of the EDR in
W/m3. (See Figure 5-15)
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Movie E-17 Central LVOT plane EDR measurement of LV field with a regurgitant
aortic valve – AR3 condition. The color map represents the magnitude of the EDR in
W/m3. (See Figure 5-15)
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E.2 Specific Aim 2 Raw Data
Table E-1 Spatial-Temporal average of the energy dissipation rate per unit volume for the
central LVOT plane. See Figure 5-18
EDR [W/m3]
Control

0.1755

AR1

0.2945

AR2

0.7355

AR3

0.8845

Table E-2 Effect of AR severity (or Reynolds number) on the non-dimensional form for
energy dissipation rate. See Figure 5-19.
EDR (1E10)
Control

0.0876

AR1

0.1951

AR2

0.6195

AR3

1.2874
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APPENDIX F: SPECIFIC AIM 3A RAW DATA
Table F-1 Percent reduction in LV filling from through the mitral valve (MV) as
functions of AR severity and LV diastolic stiffness. See Figure 6-2.
LV Stiffness
DS-1

DS-2

DS-3

Control

0

0

0

AR 1

3.42

9.02

12.24

AR2

8.08

14.67

21.65

AR3

23.01

27.73

34.15

AR4

35.75

45.76

51.67

Table F-2 Increase in LV diastolic pressure as a function of AR severity and LV diastolic
stiffness. See Figure 6-3.
LV Stiffness
DS-1

DS-2

DS-3

Control

0

0

0

AR1

0.58

1.53

4.30

AR2

1.67

3.11

5.71

AR3

4.08

4.68

7.12

AR4

5.19

6.47

9.47
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Table F-3 AR Index as a function of AR severity and LV diastolic stiffness. See Figure 64
LV Stiffness
DS-1

DS-2

DS-3

Control

42.44

38.00

33.85

AR1

37.67

33.02

27.50

AR2

34.92

31.01

22.74

AR3

29.55

26.80

19.23

AR4

24.26

21.26

14.47

Table F-4 Percent additional SW required to increase the FSV back to 70 mL/beat as a
function of ROA. See Figure 6-5.
LV Stiffness
DS-1

DS-2

DS-3

Control

0

0

0

AR1

13.55

16.65

10.84

AR2

37.43

34.40

26.92

AR3

58.97

80.04

68.92

AR4

86.65

88.20

104.07
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APPENDIX G: SPECIFIC AIM 3B RAW & SUPPLEMENTAL DATA
Table G-1 Percent change in regurgitant volume for the compensated aortic regurgitation
simulations. See Figure 6-9.
Δ Regurgitant Volume (%)

DS-1

DS-2

DS-3

Control

AR1

AR2

AR3

AR4

SI-1

0

69.49

306.59

681.81

970.04

SI-2

0

103.99

355.69

681.89

979.06

SI-3

0

96.67

365.76

655.15

947.32

SI-1

0

64.59

269.75

546.26

758.48

SI-2

0

69.40

277.45

643.44

851.62

SI-3

0

101.94

294.88

656.14

949.89

SI-1

0

49.38

236.54

468.47

633.53

SI-2

0

64.11

191.40

430.81

642.57

SI-3

0

64.22

190.97

426.84

745.66
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Table F-6 Percent change in regurgitant volume for the early stage aortic regurgitation
simulations. See Figure 6-10.
Δ Regurgitant Volume (%)

DS-1

DS-2

DS-3

Control

AR1

AR2

AR3

AR4

SI-1

0

74.90

271.60

525.75

749.70

SI-2

0

110.50

336.32

525.26

723.44

SI-3

0

140.02

318.45

538.45

725.30

SI-1

0

74.04

232.60

429.94

594.94

SI-2

0

63.91

249.53

487.77

678.38

SI-3

0

80.06

249.41

483.82

671.42

SI-1

0

55.10

209.60

357.06

542.58

SI-2

0

66.44

190.91

375.04

535.45

SI-3

0

66.27

190.16

371.53

532.49
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Table F-7 Diastolic pressure-time index adjusted for systolic blood pressure for Early
Stage AR simulations. See Figure 6-11.
DPTI_adj

DS-1

DS-2

DS-3

Control

AR1

AR2

AR3

AR4

SI-1

0.31

0.30

0.28

0.26

0.24

SI-2

0.30

0.30

0.28

0.26

0.24

SI-3

0.30

0.30

0.28

0.26

0.24

SI-1

0.30

0.29

0.27

0.25

0.23

SI-2

0.29

0.29

0.27

0.25

0.23

SI-3

0.30

0.29

0.28

0.25

0.22

SI-1

0.28

0.26

0.25

0.24

0.21

SI-2

0.29

0.28

0.26

0.25

0.21

SI-3

0.27

0.26

0.25

0.24

0.21
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Table F-8 Diastolic pressure-time index adjusted for systolic blood pressure for
Compensated Chronic AR simulations. See Figure 6-12.
DPTI_adj

DS-1

DS-2

DS-3

Control

AR1

AR2

AR3

AR4

SI-1

0.31

0.30

0.30

0.31

0.30

SI-2

0.30

0.31

0.30

0.30

0.30

SI-3

.030

0.31

0.31

0.30

0.30

SI-1

0.30

0.29

0.29

0.30

0.28

SI-2

0.29

0.29

0.29

0.28

0.28

SI-3

0.30

0.29

0.29

0.28

0.28

SI-1

0.28

0.29

0.27

0.27

0.27

SI-2

0.29

0.30

0.31

0.30

0.27

SI-3

0.27

0.27

0.26

0.26

0.27
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Table F-9 Lost work resulting from AR for Compensated Chronic AR simulations. See
Figure 6-13.
AR_Lost Work (J)

DS-1

DS-2

DS-3

Control

AR1

AR2

AR3

AR4

SI-1

0

0.0916

0.4146

0.9472

1.3171

SI-2

0

0.0944

0.4348

0.9590

1.3065

SI-3

0

0.1019

0.4320

0.9432

1.3114

SI-1

0

0.0780

0.3933

0.8564

1.1268

SI-2

0

0.0921

0.3744

0.8511

1.1057

SI-3

0

0.1367

0.4116

0.8778

1.2665

SI-1

0

0.0680

0.3363

0.7568

1.0301

SI-2

0

0.1299

0.3788

0.7856

1.0615

SI-3

0

0.0674

0.2991

0.6692

1.0278
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Table F-10 Lost work resulting from AR for Early Stage AR simulations. See Figure 614.
AR_Lost Work (J)

DS-1

DS-2

DS-3

Control

AR1

AR2

AR3

AR4

SI-1

0

0.0971

0.3385

0.5914

0.7847

SI-2

0

0.0952

0.3863

0.5806

0.7980

SI-3

0

0.1168

0.3852

0.6031

0.7875

SI-1

0

0.1103

0.3251

0.5401

0.6801

SI-2

0

0.0831

0.3054

0.5449

0.7067

SI-3

0

0.1088

0.3209

0.5612

0.6911

SI-1

0

0.0760

0.3031

0.4916

0.6480

SI-2

0

0.1064

0.2825

0.5159

0.6505

SI-3

0

0.0943

0.2711

0.5056

0.6325
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Table F-11 Total energy dissipation rate normalized by LV volume for the Compensated
Chronic aortic regurgitation cases. See Figure 6-16.
EDR (× 10-10 J/s)

DS-3

Control

AR1

AR2

AR3

AR4

SI-1

0.658

0.847

1.19

2.29

2.79

SI-2

0.528

0.757

1.04

2.20

2.70

SI-3

0.434

0.708

0.959

2.08

2.67

Table F-12 Effect of AR severity and LV sphericity index on the non-dimensional form
for energy dissipation rate for the compensated chronic AR simulations. See Figure 6-17.
EDR

DS-3

Control

AR1

AR2

AR3

AR4

SI-1

0.329

0.423

0.596

1.14

1.39

SI-2

0.263

0.378

0.517

1.10

1.35

SI-3

0.217

0.353

0.479

1.04

1.33
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G.2 Statistical Analyses for Specific Aim 3B
The following data are the raw results from the statistical analyses carried out of Specific
Aim 3B. MATLAB was utilized to perform a multi-way Analysis of Variance (ANOVA)
and also a multiple regression analysis.

G.2.1 Statistical Analysis Raw Data – Regurgitant Volume – Early Stage AR
ANOVA

The coefficients for the ANOVA model were as follows
𝜇𝜇 = {285.0671,50.9095,1.3203}; 𝛼𝛼𝑖𝑖 = {−52.2298, −10.5519,4.4629}; 𝛽𝛽𝑗𝑗
= {6.0890, −285.0671, −203.8253}; 𝛾𝛾𝑘𝑘
= {−35.2248,169.8845,354.2326}
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Multiple comparison of population marginal means – Diastolic Stiffness

Multiple comparison of population marginal means – Regurgitant Orifice Area
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Multiple comparison of population marginal means – Sphericity Index

Normality Histogram
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G.2.2 Statistical Analysis Raw Data – Regurgitant Volume – Compensated Chronic Stage
AR
ANOVA

The coefficients for the ANOVA model were as follows
𝜇𝜇 = {352.0407,62.1910,13.5483}; 𝛼𝛼𝑖𝑖 = {−75.7393, −15.0452,0.7226}; 𝛽𝛽𝑗𝑗
= {14.3226, −352.0407, −276.0625}; 𝛾𝛾𝑘𝑘
= {−75.4814,224.7167,478.8679}

Multiple comparison of population marginal means – Diastolic Stiffness
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Multiple comparison of population marginal means – Regurgitant Orifice Area

Multiple comparison of population marginal means – Sphericity Index
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Normality Histogram
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G.2.3 Statistical Analysis Raw Data – Adjusted Diastolic Pressure Time Index – Early
Stage AR
ANOVA

The coefficients for the ANOVA model were as follows
𝜇𝜇 = {0.2643,0.0123,0.0023}; 𝛼𝛼𝑖𝑖 = {−0.0146,0.0006,0.0008}; 𝛽𝛽𝑗𝑗

= {−0.0015,0.0290,0.0200}; 𝛾𝛾𝑘𝑘 = {0.0057, −0.0162, −0.0385}

Multiple comparison of population marginal means – Diastolic Stiffness
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Multiple comparison of population marginal means – Regurgitant Orifice Area

Multiple comparison of population marginal means – Sphericity Index
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Normality Histogram
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G.2.4 Statistical Analysis Raw Data – Adjusted Diastolic Pressure Time Index –
Compensated Chronic AR
ANOVA

The coefficients for the ANOVA model were as follows
𝜇𝜇 = {0.2900,0.0127, −0.0018} 𝛼𝛼𝑖𝑖 = {−0.0109,0.0000,0.0037}; 𝛽𝛽𝑗𝑗

= {−0.0037,0.0033,0.0038}; 𝛾𝛾𝑘𝑘 = {0.0005, −0.0017, −0.0059}

Multiple comparison of population marginal means – Diastolic Stiffness
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Multiple comparison of population marginal means – Regurgitant Orifice Area

Multiple comparison of population marginal means – Sphericity Index
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Normality Histogram
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G.2.5 Statistical Analysis Raw Data – Lost Work Due to AR – Early Stage AR
ANOVA

The coefficients for the ANOVA model were as follows
𝜇𝜇 = {0.3360,0.0350, −0.0041}; 𝛼𝛼𝑖𝑖 = {−0.0308, −0.0036,0.0010}; 𝛽𝛽𝑗𝑗

= {0.0025, −0.3360, −0.2373}; 𝛾𝛾𝑘𝑘 = {−0.0118,0.2123,0.3729}

Multiple comparison of population marginal means – Diastolic Stiffness
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Multiple comparison of population marginal means – Regurgitant Orifice Area

Multiple comparison of population marginal means – Sphericity Index
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Normality Histogram
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G.2.6 Statistical Analysis Raw Data – Lost Work Due to AR – Compensated Chronic AR
ANOVA

The coefficients for the ANOVA model were as follows
𝜇𝜇 = {0.5008, 0.0562, 0.0039}; 𝛼𝛼𝑖𝑖 = {−0.0601, −0.0064, 0.0042}; 𝛽𝛽𝑗𝑗

= {0.0022, −0.5008, −0.4052}; 𝛾𝛾𝑘𝑘 = {−0.1147, 0.3488, 0.6718}

Multiple comparison of population marginal means – Diastolic Stiffness
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Multiple comparison of population marginal means – Regurgitant Orifice Area

Multiple comparison of population marginal means – Sphericity Index

257

Normality Histogram
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APPENDIX H: CODES
H.1.1 Hemodynamic Data Processing – MATLAB 2015a
The code below was utilized to process multiple cycles of hemodynamic data acquired
from LabView. It cycle-averages waveforms as well as calculates metrics: stroke volume,
cardiac output, regurgitant volumes, transvalvular pressure gradients, Reynolds numbers,
LV stroke work, and theoretical vortex formation numbers.
Please note that the green text are comments which the reader can utilize to understand the
code.

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%%%
% MASTER PROGRAM TO USE FOR HEMODYNAMIC CYCLE AVERAGING AND ANALYSIS
% CURRENT AS OF 04/01/2015
% CREATED BY IKAY OKAFOR
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%%%
clear all;
close all; clc
%%
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
filepath='L:\Experiments\Chronic AR Hemodynamics\LV_1_LongAxis';
cd(filepath)
Name_of_file = 'EandA_absPress_chronic_AR4_raw_28.txt';
Number_of_channels = 10;
Number_of_acquisitions = 200;%189;
Cardiac_cycle = 856; %milliseconds
Acquisition_Rate = 2; %in KHz
systolic_duration = 0.4; %percent out of 1
Ventricular_Pressure_Channel = 3;
Aortic_Pressure_Channel = 4;
Mitral_Flow_Channel = 5;
Aortic_Flow_Channel = 6;
Trigger_Channel = 8;
Outer_Ventricle_Pressure = 7;
% PTU_trigger = 5;
Initial_Volume = 130; %milliliters
% Heart_Rate = 70; %beats per minute
Pressure_transducer_height_difference = 0.13;% 0.13; % aortic and
ventricular pressure transducer height difference in meters (use
ventricular transducer as reference)
mitral_orifice_diameter = 19.6; % diameter of mitral valve in mm
aortic_orifice_diameter = 21; % diameter of aortic valve in mm
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rho = 1087.0; %density of fluid kg/m3
nu = 3.5E-6; % Kinematic viscosity in m2/s
outfile = '3_17_2015__1';
%%
pressure_correction =
1100*9.8*Pressure_transducer_height_difference/133.322;%
1100*9.8*Pressure_transducer_height_difference/133.322; %in mmHg
%%
% Read file and visually adjust hemodynamics plots
fid = fopen(sprintf(Name_of_file));
A = fscanf(fid,'%f');
A = reshape(A,Number_of_channels+1,[]);
C = reshape(A,Number_of_channels+1,[],Number_of_acquisitions);
C1 = permute(C,[2 1 3]);
% root_mean_error = rms(C1,3);
std_dev = std(C1,0,3);
C2 = mean(C1,3);
A = transpose(A);
B = zeros(Cardiac_cycle*Acquisition_Rate,Number_of_channels+1);
for i = 1:Number_of_acquisitions
B(1:Cardiac_cycle*Acquisition_Rate,:) =
B(1:Cardiac_cycle*Acquisition_Rate,:) +
A(1+Cardiac_cycle*Acquisition_Rate*(i1):i*(Cardiac_cycle*Acquisition_Rate),:);
end
B = B./Number_of_acquisitions;
B(:,Ventricular_Pressure_Channel+1) =
B(:,Ventricular_Pressure_Channel+1) - pressure_correction;
%%
% Shift the data to start from Mitral Inflow
% Uncomment the method you wish to shift your data by
%
% Manually input shift value
% x_shift = 88;
%
% Shift based on minimum mitral flow (min of closing vol) - best if no
MR
% [x_shift,y_shift] = find(B(:,Mitral_Flow_Channel+1) ==
min(B(:,Mitral_Flow_Channel+1)));
%
% Shift based on graphical selection
figure(1)
hold on, box on
plot(1000*B(:,1),B(:,Mitral_Flow_Channel+1),'g','LineWidth',3)
plot(1000*B(:,1),B(:,Aortic_Flow_Channel+1),'b','LineWidth',3)
ylabel('Flow [L/min]','FontSize',36,'FontWeight','bold'),xlabel('Time
[ms]','FontSize',36,'FontWeight','bold')
set(gca,'YTick',-250:5:250);
% hold on, box on
%
plot(1000*B(:,1),B(:,Ventricular_Pressure_Channel+1),'k','LineWidth',3)
% plot(1000*B(:,1),B(:,Aortic_Pressure_Channel+1),'r','LineWidth',3)
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% ylabel('Pressure
[mmHg]','FontSize',36,'FontWeight','bold'),xlabel('Time
[ms]','FontSize',36,'FontWeight','bold')
% set(gca,'YTick',-250:20:250);
hold off
fprintf('Select location you want to shift to zero\n')
[x_shift,y_shift] = ginput(1);
close all
x_shift=round(x_shift*Acquisition_Rate);
B_time = B(:,1);
B1 = B((x_shift:Cardiac_cycle*Acquisition_Rate),:);
B2 = B((1:x_shift-1),:);
B = [B1;B2];
B(:,1) = B_time(:,1);

%%
% Calculation of Pressure Drop Across Aortic Valve
figure(1)
hold on, box on
plot(1000*B(:,1),B(:,Ventricular_Pressure_Channel+1),'k','LineWidth',3)
plot(1000*B(:,1),B(:,Aortic_Pressure_Channel+1),'r','LineWidth',3)
ylabel('Pressure
[mmHg]','FontSize',36,'FontWeight','bold'),xlabel('Time
[ms]','FontSize',36,'FontWeight','bold')
set(gca,'YTick',-250:20:250);
hold off
fprintf('Select location of first crossing between aortic and
ventricular pressure\n')
[x1,y1] = ginput(1);
x1 = x1*Acquisition_Rate;
y1 = y1*Acquisition_Rate;
close all
figure(2)
hold on, box on
plot(1000*B(:,1),B(:,Mitral_Flow_Channel+1),'g','LineWidth',3)
plot(1000*B(:,1),B(:,Aortic_Flow_Channel+1),'b','LineWidth',3)
%
plot(1000*B(:,1),B(:,Ventricular_Pressure_Channel+1),'k','LineWidth',3)
% plot(1000*B(:,1),B(:,Aortic_Pressure_Channel+1),'r','LineWidth',3)
ylabel('Flow [L/min]','FontSize',36,'FontWeight','bold'),xlabel('Time
[ms]','FontSize',36,'FontWeight','bold')
set(gca,'YTick',-250:5:250);
hold off
fprintf('Select location of second zero crossing of aortic flow
curve\n')
[x2,y2] = ginput(1);
x2 = x2*Acquisition_Rate;
y2 = y2*Acquisition_Rate;
close all
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transvalve_pressure = B(round(x1:x2),Ventricular_Pressure_Channel+1) B(round(x1:x2),Aortic_Pressure_Channel+1);
mean_transvalve_pressure = mean(transvalve_pressure);
max_transvalve_pressure = max(transvalve_pressure);
clc
fprintf('The mean transvalvular pressure is %0.4f mmHg\n',
mean_transvalve_pressure)
fprintf('The maximum transvalvular pressure is %0.4f mmHg\n',
max_transvalve_pressure)
%%
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%%%%%%%%%%
% Calculation of Regurgitation from Aortic and Mitral Flow
% [row1,col1] = find(B(:,Mitral_Flow_Channel+1) ==
min(B(:,Mitral_Flow_Channel+1)));
mitral_regurg_vol_cum = cumsum(B(round(1:x2),Mitral_Flow_Channel+1));
mitral_regurg_vol = mitral_regurg_vol_cum(end)/(60*Acquisition_Rate);
% [row2,col2] = find(B(:,Aortic_Flow_Channel+1) ==
min(B(:,Aortic_Flow_Channel+1)));
aortic_regurg_vol_cum =
cumsum(B(round(x2:Cardiac_cycle*Acquisition_Rate),Aortic_Flow_Channel+1
));
aortic_regurg_vol = aortic_regurg_vol_cum(end)/(60*Acquisition_Rate);
fprintf('The aortic valve regurgitant volume is %0.4f mL\n',
abs(aortic_regurg_vol))
fprintf('The mitral valve regurgitant volume is %0.4f mL\n',
abs(mitral_regurg_vol))
%%
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%%%%%%%%%%%%%
% Calculation of Stroke Work
mitral_vol = cumtrapz(B(:,1)/(60),B(:,Mitral_Flow_Channel+1));
aortic_vol = cumtrapz(B(:,1)/(60),B(:,Aortic_Flow_Channel+1));
tot_vol_change = -aortic_vol(:) + mitral_vol(:);

aortic_vol_incorrect = 1000*aortic_vol(end) + abs(aortic_regurg_vol);
fprintf('The incorrect stroke volume is %0.4f mL/beat\n',
aortic_vol_incorrect)
fprintf('The stroke volume is %0.4f mL/beat\n', 1000*aortic_vol(end))
Heart_Rate = (1/Cardiac_cycle)*(1000)*(60);
CO = Heart_Rate*aortic_vol(end);
fprintf('The Cardiac Output is %0.4f L/min\n', CO)
v = Initial_Volume+1000*tot_vol_change(:);
p= B(:,Ventricular_Pressure_Channel+1);
B(:,end+1) = p;
B(:,end+1) = v;
area = abs(1/2*sum((1*10^-6).*v.*133.3223684211.*p([2:end,1])133.3223684211.*p.*(1*10^-6).*v([2:end,1]))); % Stroke work calculation
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% area2 = 1/2*sum(1.0e-6*v.*p([2:end,1])*133.322368133.322368*p.*v([2:end,1])*1.0e-6); % Stroke work calculation sanity
check
% area_again = polyarea(v*1.0e-6,p*133.322368); % Stroke work
calculation sanity check again
fprintf('The Stroke Work is %0.4f Joules\n', area)
%%
% Stroke work based on outer ventricle pressure
p2 = B(:,Outer_Ventricle_Pressure+1);
SW_OuterVentPres = polyarea(v*1.0e-6,p2*133.322368);
fprintf('The Stroke Work based on outer ventricle pressure is %0.4f
Joules\n', SW_OuterVentPres)
vals = [abs(aortic_regurg_vol), 1000*aortic_vol(end), CO, area,
SW_OuterVentPres, mean_transvalve_pressure];
%%
%Calculation of Reynolds Number
Re_Aortic =
(aortic_orifice_diameter*0.001.*B(:,Aortic_Flow_Channel+1)*1.66666667E5)/(nu*(pi*((aortic_orifice_diameter*0.001)^2)/4));
Re_Mitral =
(mitral_orifice_diameter*0.001.*B(:,Mitral_Flow_Channel+1)*1.66666667E5)/(nu*(pi*((mitral_orifice_diameter*0.001)^2)/4));
%%
% Calculation of Theoretical Formation Number
mitral_vel = (B(:,Mitral_Flow_Channel+1)*1.66666667E5)/(pi.*((mitral_orifice_diameter/2).*0.001).^2);
FN =
((cumsum(mitral_vel)./(1:length(mitral_vel))').*B(:,1))/(mitral_orifice
_diameter*0.001);
%%
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%%%%%%%
hold on, box on
plot(1000*B(:,1),B(:,Ventricular_Pressure_Channel+1),'k','LineWidth',3)
plot(1000*B(:,1),B(:,Aortic_Pressure_Channel+1),'r','LineWidth',3)
ylabel('Pressure
[mmHg]','FontSize',36,'FontWeight','bold'),xlabel('Time
[ms]','FontSize',36,'FontWeight','bold')
set(gca,'YTick',-250:20:250);
hold off
figure(2)
hold on, box on
plot(1000*B(:,1),B(:,Mitral_Flow_Channel+1),'g','LineWidth',3)
plot(1000*B(:,1),B(:,Aortic_Flow_Channel+1),'b','LineWidth',3)
ylabel('Flow [L/min]','FontSize',36,'FontWeight','bold'),xlabel('Time
[ms]','FontSize',36,'FontWeight','bold')
set(gca,'YTick',-250:5:250);
hold off
% figure(3)
% hold on, box on
% plot(1000*B(:,1),B(:,Mitral_Flow_Channel+1),'g','LineWidth',3)
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% plot(1000*B(:,1),B(:,Trigger_Channel+1),'k','LineWidth',3)
% plot(1000*B(:,1),B(:,PTU_trigger+1)/100,'k','LineWidth',3)
% ylabel('Flow [L/min]','FontSize',36,'FontWeight','bold'),xlabel('Time
[ms]','FontSize',36,'FontWeight','bold')
% set(gca,'YTick',-250:5:250);
% hold off
figure(4)
hold on, box on
plot(1000*B(:,1),B(:,Outer_Ventricle_Pressure+1),'r','LineWidth',3)
ylabel('Pressure
[mmHg]','FontSize',36,'FontWeight','bold'),xlabel('Time
[ms]','FontSize',36,'FontWeight','bold')
set(gca,'YTick',-250:50:250);
hold off
figure(5)
plot(v(1:Cardiac_cycle*Acquisition_Rate),p(1:Cardiac_cycle*Acquisition_
Rate),'k','LineWidth',3)
ylabel('LV Pressure
[mmHg]','FontSize',36,'FontWeight','bold'),xlabel('LV Volume
[mL]','FontSize',36,'FontWeight','bold')
figure(6)
plot(1000*B(:,1),v,'k','LineWidth',3)
ylabel('LV Volume [mL]','FontSize',36,'FontWeight','bold'),xlabel('Time
[sec]','FontSize',36,'FontWeight','bold')
%%
% Export Data to Text File
% if (outtxt_flag == 1)
% % Create Output text file name
%
outtxt = strcat(infnam(1:length(infnam)-4),'_results.txt');
%
fid = fopen(outtxt,'w');
%
fprintf(fid,'%s\n','%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%%%%%%');
%
fprintf(fid,'%s\n','TIMING RESULTS:');
%
fprintf(fid,'%s %6.2f %s\n','Start of systole:
',t_pr_cross_1,'ms');
%
fprintf(fid,'%s %6.2f %s\n','End of systole: ',t_flow_end,'ms');
%
fprintf(fid,'%s %6.2f %s\n','Total systolic duration:
',t_flow_end-t_pr_cross_1,'ms');
%
fprintf(fid,'%s %6.2f %s\n','Systole as percentage of total cycle
duration: ',sys,'%');
%
fprintf(fid,'%s\n','PRESSURE RESULTS:');
%
fprintf(fid,'%s %6.2f %s\n','Peak systolic transvalvular pressure
gradient: ',peakdp,'mmHg');
%
fprintf(fid,'%s %6.2f %s\n','Mean systolic transvalvular pressure
gradient: ',meandp,'mmHg');
%
fprintf(fid,'%s %6.2f %s\n','Minimum systolic aortic pressure
(Early Systole): ',min(ao_pr_avg_filt_sys),'mmHg');
%
fprintf(fid,'%s %6.2f %s\n','Maximum systolic aortic pressure
(Peak Systole): ',max(ao_pr_avg_filt_sys),'mmHg');
%
fprintf(fid,'%s\n','FLOW RESULTS:');
%
fprintf(fid,'%s %6.2f %s\n','Cardiac Output:
',flow_rate,'L/min');
%
fprintf(fid,'%s %6.2f %s\n','Regurgitant volume: ',regurg,'ml');
%
fprintf(fid,'%s %6.2f %s\n','Regurgitant fraction:
',regurg_frac,'%');
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%
fprintf(fid,'%s %6.2f %s\n','Peak flow rate:
',flow_avg_filt(ind_flow_max),'L/min');
%
fprintf(fid,'%s %6.2f %s\n','Q_rms: ',Qrms,'L/min');
%
fprintf(fid,'%s %6.2f %s\n','EOA: ',EOA,'cm2');
%
fprintf(fid,'%s\n','%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%%%%%%');
%
fclose(fid);
% % Create Output of data in text file format
%
csvwrite(sprintf('%s\\%s_processed',filepath,outfile),B)
% end
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H.2.1 PIV Data Processing – MATLAB 2015a
The code below was utilized for cycle-averaged PIV data exported from DaVis (of .dat
format). The data exported form DaVis is the instantaneous flow field at each time point
acquired. This code was also used to calculate the cycle-to-cycle fluctuations in the PIV
data, thereby allowing for the calculation of Reynolds shear stress and turbulent energy
dissipation. All other required parameters can be calculated directly on Tecplot.
Note: The green text are comments which the reader can use to understand the code.

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%%%
% MASTER PROGRAM TO USE FOR PROCESSING PIV DATA OUTPUT BY DAVIS
% CURRENT AS OF 07/01/2016
% CREATED BY IKAY OKAFOR
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%%%
clear all
%**************CHANGE FILE PATH FOR EACH EXPERIMENT!*******************
%
*
file_path='I:\AR_Jet_new';
%
*
%**********************************************************************
flag1 = 2; %change the value of flag1 to 1 if want to manually input
the time points, then edit the time points vector below
timepoints = [4 6 7 8 9 10 15 20 21 22 23 24 33];
%Do not change anything below this line unless you know what you are
doing
%%
if isempty(dir(sprintf('%s\\Averaged',file_path)))==0
%if the
directory doesn't exist, make it
error('Folder named Averaged already exists; please delete and run
this code again. Also ensure the only contents of this directory are
folders directly exported from DaVis containing .dat files')
end
listing1 = dir(file_path);
filenames1 = {listing1.name};
if flag1 == 1
time_points = timepoints; %use this if data is not sequential. List
names of files in the vector in the desired order
else
time_points = 1:1:(length(filenames1)-2);
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end
for i = 3:length(filenames1) %loop through all time points
dummy1 = char(cellstr(filenames1(i)));
listing2 = dir(sprintf('%s\\%s',file_path,dummy1));
filenames2 = {listing2.name};
dat1 = [];
for j = 3:length(filenames2) %loop through all phase locked images
dummy2 = char(cellstr(filenames2(j)));
fid1 =
fopen(sprintf('%s\\%s\\%s',file_path,dummy1,dummy2),'r');
head = fgetl(fid1);
fgetl(fid1);
tem = fgetl(fid1);
sz = sscanf(tem,['ZONE T="Frame 0", I=','%d',', J=','%d'],[1
Inf]);
dat1(:,:,j-2) = fscanf(fid1,'%f %f %f %f\n',[4 inf]);
fclose(fid1);
end
[temp1, temp2, temp3] = size(dat1);
%
X
Y
U
V

=
=
=
=

RESHAPING DATA
reshape(dat1(1,:),sz(1),sz(2),temp3)./1000;
reshape(dat1(2,:),sz(1),sz(2),temp3)./1000;
reshape(dat1(3,:),sz(1),sz(2),temp3);
reshape(dat1(4,:),sz(1),sz(2),temp3);

dx = (X(2,1,1)-X(1,1,1));
dy = (Y(1,1,1)-Y(1,2,1));
[var1, var2, var3] = size(dat1);
dat2 = zeros(var1,var2);
dat2(:,:,1) = nanmean(dat1,3); %average velocities
dat2(:,:,2) = rms(dat1,3); %rms values
dat2(1:2,:,:) = dat2(1:2,:,:)./1000; %change mm to m for the axis
dat3 = zeros(2,var2,var3);
for k = 1:var3
dat3(:,:,k) = dat1(3:4,:,k) - dat2(3:4,:,1); %calculate
fluctuating components of velocity
end
U_prime = reshape(dat3(1,:),sz(1),sz(2),temp3);
V_prime = reshape(dat3(2,:),sz(1),sz(2),temp3);

clear dat4;
dat4(:,:,:) = dat3(:,:,:).*dat3(:,:,:); %U_prime_squared
dat4(3,:,:) = dat3(1,:,:).*dat3(2,:,:); %U_prime_V_prime_squared
%
dat4(4,:,:) = sqrt(dat1(3,:,:).^2 + dat1(4,:,:).^2); %VelMag
dat5(:,:) = nanmean(dat4,3); % mean of U and V prime_squared and
VelMag
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dU_prime_dx
dU_prime_dy
dV_prime_dx
dV_prime_dy

=
=
=
=

zeros(sz(1),sz(2),temp3);
zeros(sz(1),sz(2),temp3);
zeros(sz(1),sz(2),temp3);
zeros(sz(1),sz(2),temp3);

for j=2:sz(1)-1
for k=2:sz(2)-1
dU_prime_dx(j,k,:) = (U_prime(j+1,k,:)-U_prime(j1,k,:))./(X(j+1,k,:)-X(j-1,k,:));
dU_prime_dy(j,k,:) = (U_prime(j,k+1,:)-U_prime(j,k1,:))./(Y(j,k+1,:)-Y(j,k-1,:));
dV_prime_dx(j,k,:) = (V_prime(j+1,k,:)-V_prime(j1,k,:))./(X(j+1,k,:)-X(j-1,k,:));
dV_prime_dy(j,k,:) = (V_prime(j,k+1,:)-V_prime(j,k1,:))./(Y(j,k+1,:)-Y(j,k-1,:));
end
end
turb_energy_diss = dV_prime_dx.*(dU_prime_dy + dV_prime_dx);
turb_energy_diss_final =
reshape(nanmean(turb_energy_diss,3),1,temp2);
%need to multiply the correct derivative,
%then average, and reshape again, and output

%%
% Write to .dat file
if isempty(dir(sprintf('%s\\Averaged',file_path)))
directory doesn't exist, make it
mkdir(sprintf('%s\\Averaged',file_path));
end

%if the

fid2 =
fopen(sprintf('%s\\Averaged\\T=%d.dat',file_path,time_points(i2)),'w');
fprintf(fid2,'%s %s %s\n','TITLE = "T =
',sprintf('%04d',time_points(i-2)),'ms"');
fprintf(fid2,'%s\n','VARIABLES = "X (m)", "Y (m)", "U_avg (m/s)",
"V_avg (m/s)", "Uprime_squared_mean (m<sup>2</sup>/s<sup>2</sup>)",
"Vprime_squared_mean (m<sup>2</sup>/s<sup>2</sup>)","Uprime_Vprime_mean
(m<sup>2</sup>/s<sup>2</sup>)","Turbulent_Energy_Diss"');
fprintf(fid2,'%s %s %s %d %s %d\n','ZONE T=" T =
',sprintf('%04d',time_points(i-2)),'ms", I=',sz(1), 'J=',sz(2));
tot = sz(1)*sz(2);
for l = 1:tot
fprintf(fid2,'%8.4f %8.4f %8.4f %8.4f %8.4f %8.4f %8.4f
%8.4f\n',dat2(1,l,1),dat2(2,l,1),dat2(3,l,1),dat2(4,l,1),dat5(1,l),dat5
(2,l),dat5(3,l),turb_energy_diss_final(1,l));
end
fclose(fid2);
end
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H.3.1 Export Figure – Tecplot
The code below was used to export multiple figures from Tecplot (for example, time series
data). By running this macro, each frame in Tecplot will be exported with the specified
dimensions and file format. This function does not exist in the current user interface of
Tecplot version 2016. The file format for Tecplot macros are .mcr.
#!MC 1410
$!VarSet |MFBD| = 'C:\Users\Ikay\Dropbox\AR_PIV_fluids
paper\Data\PIV_Tecplot\AR_control_redo_02122015_processed'
$!Loop 35
$!VarSet |time| = ((|loop|-1)*25)
$!GLOBALTIME SOLUTIONTIME = |time|
$!EXPORTSETUP EXPORTREGION = ALLFRAMES
$!EXPORTSETUP IMAGEWIDTH = 1200
$!EXPORTSETUP EXPORTFNAME =
'C:\Users\Ikay\Desktop\tecplotexport\|loop|.tiff'
$!EXPORT
EXPORTREGION = ALLFRAMES

$!EndLoop
$!RemoveVar |MFBD|
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H.3.2 Formatting of Data and Visualization – Tecplot
The code below was used to format the figures in Tecplot such that they were consistent
across all cases being examined. It loads the exported data from MATLAB (Appendix G1)
and applies a general image format to all time points and conditions.
#!MC 1410
$!VarSet |MFBD| = 'C:\Program Files\Tecplot\Tecplot 360 EX
2015 R1'
$!EXTENDEDCOMMAND
COMMANDPROCESSORID = 'Strand Editor'
COMMAND = 'ZoneSet=135;AssignStrands=TRUE;StrandValue=1;AssignSolutionTime=TRUE
;TimeValue=0;TimeOption=ConstantDelta;DeltaValue=25;'
$!FIELDLAYERS SHOWSHADE = NO
$!GLOBALTWODVECTOR UVAR = 3
$!GLOBALTWODVECTOR VVAR = 4
$!RESETVECTORLENGTH
$!FIELDLAYERS SHOWVECTOR = YES
$!REDRAWALL
$!EXTENDEDCOMMAND
COMMANDPROCESSORID = 'CFDAnalyzer4'
COMMAND = 'SetFieldVariables
ConvectionVarsAreMomentum=\'F\' UVar=3 VVar=4 WVar=0
ID1=\'NotUsed\' Variable1=0 ID2=\'NotUsed\' Variable2=0'
$!EXTENDEDCOMMAND
COMMANDPROCESSORID = 'CFDAnalyzer4'
COMMAND = 'Calculate Function=\'CELLVOLUME\'
Normalization=\'None\' ValueLocation=\'CellCentered\'
CalculateOnDemand=\'T\'
UseMorePointsForFEGradientCalculations=\'F\''
$!EXTENDEDCOMMAND
COMMANDPROCESSORID = 'CFDAnalyzer4'
COMMAND = 'Calculate Function=\'KINETICENERGY\'
Normalization=\'None\' ValueLocation=\'Nodal\'
CalculateOnDemand=\'T\'
UseMorePointsForFEGradientCalculations=\'F\''
$!EXTENDEDCOMMAND
COMMANDPROCESSORID = 'CFDAnalyzer4'
COMMAND = 'Calculate Function=\'VELOCITYMAG\'
Normalization=\'None\' ValueLocation=\'Nodal\'
CalculateOnDemand=\'T\'
UseMorePointsForFEGradientCalculations=\'F\''
$!EXTENDEDCOMMAND
COMMANDPROCESSORID = 'CFDAnalyzer4'
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COMMAND = 'Calculate Function=\'ZVORTICITY\'
Normalization=\'None\' ValueLocation=\'Nodal\'
CalculateOnDemand=\'T\'
UseMorePointsForFEGradientCalculations=\'F\''
$!EXTENDEDCOMMAND
COMMANDPROCESSORID = 'CFDAnalyzer4'
COMMAND = 'Calculate Function=\'DIVERGENCEOFVELOCITY\'
Normalization=\'None\' ValueLocation=\'Nodal\'
CalculateOnDemand=\'T\'
UseMorePointsForFEGradientCalculations=\'F\''
$!BLANKING VALUE{INCLUDE = YES}
$!BLANKING VALUE{CONSTRAINT 1 {INCLUDE = YES}}
$!BLANKING VALUE{CONSTRAINT 1 {VARA = 10}}
$!BLANKING VALUE{CONSTRAINT 1 {CONSTRAINTOP2MODE = USEVAR}}
$!BLANKING VALUE{CONSTRAINT 1 {CONSTRAINTOP2MODE =
USECONSTANT}}
$!EXTENDEDCOMMAND
COMMANDPROCESSORID = 'CFDAnalyzer4'
COMMAND = 'Calculate Function=\'VELOCITYGRADIENT\'
Normalization=\'None\' ValueLocation=\'Nodal\'
CalculateOnDemand=\'T\'
UseMorePointsForFEGradientCalculations=\'F\''
$!SETCONTOURVAR
VAR = 3
CONTOURGROUP = 1
LEVELINITMODE = RESETTONICE
$!SETCONTOURVAR
VAR = 10
CONTOURGROUP = 1
LEVELINITMODE = RESETTONICE
$!GLOBALRGB REDCHANNELVAR = 3
$!GLOBALRGB GREENCHANNELVAR = 3
$!GLOBALRGB BLUECHANNELVAR = 3
$!SETCONTOURVAR
VAR = 3
CONTOURGROUP = 2
LEVELINITMODE = RESETTONICE
$!SETCONTOURVAR
VAR = 4
CONTOURGROUP = 3
LEVELINITMODE = RESETTONICE
$!SETCONTOURVAR
VAR = 5
CONTOURGROUP = 4
LEVELINITMODE = RESETTONICE
$!SETCONTOURVAR
VAR = 6
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CONTOURGROUP = 5
LEVELINITMODE = RESETTONICE
$!SETCONTOURVAR
VAR = 7
CONTOURGROUP = 6
LEVELINITMODE = RESETTONICE
$!SETCONTOURVAR
VAR = 8
CONTOURGROUP = 7
LEVELINITMODE = RESETTONICE
$!SETCONTOURVAR
VAR = 9
CONTOURGROUP = 8
LEVELINITMODE = RESETTONICE
$!FIELDLAYERS SHOWCONTOUR = YES
$!REDRAWALL
$!ANIMATETIME
STARTTIME = 0
ENDTIME = 850
SKIP = 1
CREATEMOVIEFILE = NO
LIMITSCREENSPEED = NO
MAXSCREENSPEED = 12
$!ANIMATETIME
STARTTIME = 0
ENDTIME = 850
SKIP = 1
CREATEMOVIEFILE = NO
LIMITSCREENSPEED = NO
MAXSCREENSPEED = 12
$!RemoveVar |MFBD|
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