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SUMMARY  

Transcatheter aortic valve replacement (TAVR) an alternative therapy to standardized 

surgical aortic valve replacement (SAVR) in the treatment of severe symptomatic aortic 

stenosis has evolved greatly in the last decade based on results from successful clinical 

trials. These trials revealed evidence of equivalence or superiority of TAVR to SAVR in 

low, intermediate, or high surgical risk patients, and these results have led to an expansion 

of TAVR guideline recommendations to accommodate more patients.  The long-term 

success of this therapy is however threatened by some complications, one of which is 

leaflet thrombosis. In clinical practice, leaflet thrombosis has reported incidence rates 

ranging from 4.5 to 40% in different study populations. Although its causes are not clearly 

defined, studies indicate a combination of the TAV device, intra-procedural, and patient 

anatomical factors contribute to its occurrence. Mechanistic studies revealed that the 

unique óneo-sinusô created by the device, patient anatomy, and the local flow 

characteristics surrounding the device are critical to the development of thrombosis.  In 

addition, patient-specific flow studies confirmed a predictive link between neo-sinus flow 

stasis and severity of TAV leaflet thrombosis.  

The work presented in this dissertation aims to provide an improved understanding of the 

flow characteristics within the TAV neo-sinus and its surrounding, and elucidate device 

specific factors, and intra-procedural strategies that may contribute to minimizing flow 

stasis and reducing the risk of leaflet thrombosis. The flow phenomena will be quantified 

using two-dimensional particle image velocimetry techniques. Findings will promote the 

development of improved next generation valve replacement devices and provide support 
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for intra-procedural strategies that could minimize flow stasis. Additionally, the 

experimental data will provide a reliable database necessary for verification and validation 

of computational simulations.  
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CHAPTER 1. INTRODUCTION  

The human heart works as a pump sending oxygenated blood and nutrients to the various 

organs in the body. It consists of four valves that maintain uni-directional flow throughout 

the cardiac cycle. The aortic valve (AV) is the gateway between the left ventricle and the 

rest of the body. It opens and closes due to cyclic changes in pressure gradient between the 

left ventricle and aorta. Optimal function of the AV is critical and ensures adequate supply 

of oxygenated blood to the body. The two primary dysfunctions of the AV are aortic 

stenosis (AS) and aortic regurgitation (AR). AS refers to restricted AV opening during 

ventricular ejection, while AR is the failure of the AV to close completely resulting in 

blood leaking from the aorta to the left ventricle. 

AS can be a result of a congenital heart defect but is most caused by age-related calcific 

deposits on the AV leaflets. These calcium deposits result in stiffening of the leaflets and 

narrowing of the AV orifice. These effects increase the resistance to forward blood flow 

and result in a larger pressure drop across the valve91. Ultimately, this leads to increased 

cardiac workload and reduced efficiency as the left ventricle is required to pump harder113.  

Studies report the prevalence of AS due to calcified leaflets to be 2 - 4% in adults over 65 

years of age24, 75. If left untreated, approximately 75% of symptomatic AS patients will be 

deceased within 3 years9. Symptomatic AS patients might present with abnormal heart 

murmurs, chest pain or tightness during activity, heart palpitations, shortness of breath and 

fatigue. When severe, the preferred treatment is aortic valve replacement with an 

engineered heart valve.  



 2 

Surgical aortic valve replacement (SAVR) is the standard of care for symptomatic AS 

patients who meet surgical valve replacement indications with low or intermediate surgical 

risk per the AHA/ACC guidelines73, 74. For very high risk or surgically inoperable patients, 

transcatheter aortic valve replacement (TAVR) was developed as a minimally invasive 

alternative for valve replacement. With positive clinical results and success of TAVR, the 

indications were recently expanded to intermediate risk and low risk patient populations57, 

59, 66, 78. Although TAVR has several advantages (reduced insult to the body, reduced 

procedural, hospitalization and recovery time etc.), little evidence is known of the long-

term safety and effectiveness compared to SAVR2, 87. Short-term patient follow up reports 

indicate occurrence of several complications including leaflet thrombosis and structural 

valve degeneration, which have led to concerns of long-term valve durability10, 14. 

Leaflet thrombosis (LT) is characterized by a layer of thrombus covering the aortic side of 

a transcatheter aortic valve (TAV) leaflets. This has potential to reduce leaflet motion, 

affect valve hemodynamic performance, and thrombus embolization that could lead to 

stroke and eventual death15, 43. Clinical reports show incidence rates of LT ranging from 

4.5 ï 40% in post-TAVR patients16, 30, 65, 95, 112. Conclusive causes of LT are unclear given 

its occurrence has been observed across different TAV devices10, 43, 85.  Nonetheless, studies 

indicate the biomechanical environment surrounding the TAV is critical in the 

development of LT36, 69, 107. This environment can be altered by anatomical, intra-

procedural and TAV device specific factors. This is because during TAV implantation 

procedure, the TAV stent is expanded into the diseased native leaflets causing a separation 

of the aortic sinus into two distinct regions ï i.) a smaller aortic sinus and ii.) a neo-sinus 

which is ñpocket-likeò and bounded by the TAV leaflets and the diseased native aortic 
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valve leaflets. This separation may increase blood residence time on the TAV leaflets, and 

consequently escalate the likelihood of thrombosis44.  

In efforts to overcome these challenges, studies have investigated the suspected 

mechanisms underlying leaflet thrombosis. Fluid mechanics studies have shown regions of 

flow stasis characterized by low velocities, and increased particle residence/washout times 

in the neo-sinus62, 69. Patient-specific flow studies have confirmed a predictive link between 

the neo-sinus flow stasis and the severity of TAV leaflet thrombosis105. This neo-sinus flow 

appears to be complex with spatial and temporal extents of low velocity magnitude81. The 

location and extent of flow stasis may be influenced by anatomical, TAV device type and 

deployment/intra-procedural factors, as well as the patient cardiac output. Complementary 

studies investigated the effects of patient anatomy100, TAV deployment62 and cardiac 

output69 on neo-sinus and sinus flows, but no studies to date focused on the effects of TAV 

device design features in relation to thrombosis risk.  

With the differences that exists in currently available TAV design features, considerations 

for TAV designs that minimize areas of flow stasis could be a proactive strategy to mitigate 

the risk of thrombosis. Previous experience with design optimization studies in surgical 

mechanical heart valves proved relevance to mitigating thrombosis occurrence 21-23, 40, 41, 

54, 55, 98. There is thus a need for understanding the effects of TAV design features on the 

biomechanical environment of the TAV. Additionally, while intra-procedural factors such 

as valve underexpansion, and supra-annular deployment have been shown to support an 

improvement in neo-sinus washout and reduction of flow stasis21, other procedural 

strategies such as native leaflet modification could potentially benefit the neo-sinus and 

aortic sinus washout. 
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The central hypothesis of this thesis was that the biomechanical environment of the neo-

sinus can be altered by the TAV device design, and native leaflet modification, which 

could vary flow characteristics and can reduce or exacerbate prothrombotic 

conditions. This study consisted of developing a greater understanding for the effects of 

TAV design features on the biomechanical environment of the TAV and identifying a 

useful intra-procedural native leaflet modification strategy to minimize flow stasis and 

reduce thrombosis risk.  

In CHAPTER 2, an in-depth literature review is presented, to provide detailed background 

to the thesis and motivation for the work, leading to the hypothesis and two specific aims 

in CHAPTER 3. CHAPTER 4 and CHAPTER 5 will discuss the materials and methods 

respectively used in specific aims 1 and 2. The research findings of specific aims 1 & 2 

will be presented and discussed in CHAPTER 6 & CHAPTER 7 respectively, to understand 

the implications of the results and their limitations. In CHAPTER 8, the conclusions of 

specific aims 1 & 2 will be highlighted and the recommendations for future work will be 

discussed in CHAPTER 9. Lastly, final thoughts arising from discussions with the thesis 

committee during the oral defense are noted in CHAPTER 10. 
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CHAPTER 2. BACKGROUND  

2.1 The Heart 

The heart is a muscular organ that generates pressure to drive blood through the bodyôs 

vessels. It is primarily responsible for transporting deoxygenated blood to the lungs, and 

oxygenated blood from the lungs to the body. A normal human heart consists of four 

chambers (Figure 2-1): the right atrium, right ventricle, left atrium, and left ventricle.  

 

Figure 2-1: Long axis view of the human heart revealing the four chambers. (Image 

adapted from https://www.covenanthealth.com/heart-surgery-guide/your-heart-

surgery/ ) 

The right atrium receives deoxygenated blood through the inferior and superior vena cava 

of the venous system and transfer the blood to the right ventricle, where it is actively 

pumped into the lungs via the pulmonary arteries. After oxygenation in the lungs, the left 

atrium receives the blood via the pulmonary veins and subsequently transfers the fluid to 

the left ventricle. The left ventricle then actively contracts to eject blood into the ascending 

https://www.covenanthealth.com/heart-surgery-guide/your-heart-surgery/
https://www.covenanthealth.com/heart-surgery-guide/your-heart-surgery/
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aorta which carries the oxygenated blood to the rest of the body. To maintain this uni-

directional blood flow (Figure 2-2), four valves separate the cardiac chambers: the 

tricuspid, pulmonary, mitral, and aortic valves. These valves are passive in their function 

and work in response to pressure differences across them.  

 

Figure 2-2: The four cardiac valves ensure uni-directional blood flow in the 

cardiovascular system. 

For the purpose of this thesis investigations, the focus will be primarily on the aortic valve. 

2.2 The Aortic Valve  

The aortic valve (AV) is positioned between the left ventricle and the aorta. Its purpose is 

to ensure uni-directional blood flow from the left ventricle to the aorta. A minimal pressure 

difference is necessary to open and close its leaflets and prevent backflow of blood from 

the aorta into the left ventricle during diastole. 

2.2.1 Aortic Valve Structure 

The AV exists at the base of the aortic root (Figure 2-3). The aortic root consists of three 

sinuses of Valsalva (SOV), two coronary ostia, the aortic annulus, and the sinotubular 

junction (STJ). These components form a crown-like structure located above the left 
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ventricular outflow tract. The aortic root connects to the left ventricle at the aortic annulus 

(ventriculo-aortic junction), and to the ascending aorta at the STJ. 

 

Figure 2-3: The anatomy of the aortic root. Adapted from 11 

The AV leaflets are made of endothelial-lined fibrous tissue and insert into the wall of the 

aortic root in a semi-lunar pattern. Each leaflet has a corresponding SOV, which is believed 

to assist in leaflet closure 4, 58. Two of the SOVôs contain coronary ostia that connect to the 

left and right coronary arteries and supply blood to the heart muscle. The SOVs and their 

corresponding leaflets are named based on the coronary ostium they provide ï left coronary 

cusp (LCC), right coronary cusp (RCC), and non-coronary cusp (NCC). The aortic annulus 

is a virtual plane formed by the basal insertion points of all three aortic valve leaflets. The 

STJ is a virtual ring defining the transition between the SOV and the ascending aorta. 

Swanson et al.  characterized the dimensions of the human aortic root103 as shown in Figure 

2-4. They indicate the axial length of the SOV to be 0.87 times the annulus diameter, and 

the radial width to be 0.73 times the annulus diameter. The length of the open leaflet to be 
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0.7 times the annulus diameter, assuming the leaflet length remains unchanged between 

systole and diastole.  

 

Figure 2-4: Dimensions of the aortic root as measured by Swanson et al. All 

dimensions are scalar factors of the annulus diameter103. 

2.2.2 Aortic Valve Function 

The AV is a highly dynamic structure, with complex interactions between the fluid and 

valve. Flow through the AV is driven by a time-varying pressure gradient across its leaflets 

(Figure 2-5). Initially, the pressure in the aorta exceeds that of the left ventricle (LV). The 

LV then generates pressure with myocardial contraction and once it exceeds that of the 

aorta, the AV opens ejecting blood into the aorta (first pressure crossing) marking the 

beginning of systole. 
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Figure 2-5: Pressure and flow rate characteristics of the left heart for one cardiac 

cycle67 

The time of peak instantaneous flow rate is called peak systole and is typically in the range 

of 25-30 L/min for a healthy adult. As the LV approaches the end of contraction, the 

direction of the pressure gradient reverses. Once the aortic pressure exceeds the LV 

pressure again (second pressure crossing), the AV leaflets begin to close (end of forward 

flow and end of systole). As the valve closes, a small volume of blood travels back into the 

LV (closing volume). The systolic pressure gradient required to accelerate blood through 

a healthy AV is a few millimeters of mercury, however diastolic pressures across the closed 

valve reach approximately 80 mmHg. Overall, these characteristics of pressure and flow 

can be used to understand the valve performance, assess health, and indicate aortic valve 
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disease. Several quantitative metrics such as the mean transvalvular pressure gradient 

(TVPG), effective orifice area (EOA) and closing volume are used. 

The AV leaflet motion has been the subject of several studies. Understanding the leaflet 

kinematic behavior yields relevant insights into the hemodynamic and durability aspects 

of the valve performance 3, 96, 104. The most common way of describing the general leaflet 

kinematics is through the valveôs instantaneous geometric orifice area (GOA) during 

systole. The time-varying nature of the GOA in a surgical bioprosthetic AV is shown in 

Figure 2-6. The normalized GOA ranges from 1 (maximum valve opening) to 0 (fully 

closed valve). The leaflet motion during systole can be split into three distinct time intervals 

58, 104 ï rapid valve opening time (RVOT), slow valve closing time (SVCT), and rapid valve 

closing time (RVCT). The RVOT is the time when the leaflets rapidly open and the valve 

opens to its fullest extent, accelerating blood through the valve. The slow closing phase is 

when the bulk of ejection occurs, and the rapid closing phase occurs during late systole. 

The total time for valve closure might relate to the amount of backflow encountered during 

valve closure. These RVOT, SVCT and RVCT parameters are often used to compare 

performance of valve designs. The slope of the RVOT interval is an indicator of the valveôs 

leaflet inertia, while the slope of the RVCT interval affects the closing volume104. 

Oscillations in GOA observed during the SVCT interval may indicate leaflet flutter and 

could influence the local flow patterns surrounding the AV, and possibly fatigue failure of 

the AV leaflet. Leaflets may experience longer opening and closing times if they have 

calcification or thrombus, thereby reducing the forward flow time of the valve. 
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Figure 2-6: Time-varying normalized geometric orifice area (GOA) from a surgical 

bioprosthetic valve.104 

Upon valve closure in diastole, the leaflets come together and overlap to seal the aorta from 

the left ventricle. In closed state, the transvalvular pressure gradient reaches its cyclic 

maximum, deforming and placing strain on the leaflets. Yap et al. characterized the 

deformational dynamics of the AV leaflets in vitro and showed the average diastolic stretch 

ratio to be 15-18% and 45-54% in the circumferential and radial directions respectively of 

the leaflet base and belly114 (Figure 2-7). Conversely, in systole the valve stretches slightly 

in the radial direction to a lesser extent as that observed in diastole. This stretching is due 

to the forward flow drag forces, but compression was observed in the circumferential 

direction due to Poissonôs effect on the radial stretch. These stretch characteristics of the 

leaflets in diastole are essential to achieving proper coaptation, and the shortening of the 

leaflets during systole reduces obstruction of the SOVs and aorta during ejection of blood.  
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Figure 2-7: Dynamic deformational characteristics of the aortic valve leaflet over 

the cardiac cycle. 114 

2.3 Aortic Valve Disease 

AV disease affects approximately 1% of the US population5. The two main types of AV 

disease are aortic stenosis (AS) and aortic regurgitation (AR). For the purpose of the thesis 

investigations, the subsequent background focus will be on the aortic stenosis. 

AS occurs when the AV fails to open sufficiently and allow ejection of blood from the LV 

to the aorta and rest of the body. It is characterized by narrowing of the aortic valve orifice, 

which causes an obstruction of forward blood flow. AS is mainly a consequence of age-

related calcific deposits on the AV leaflets37 or complications associated with a congenital 

abnormal aortic valve like a calcified bicuspid aortic valve (BAV). AS due to AV leaflet 

calcification has a prevalence of 2-4% in adults over 65 years 24. The calcium build-up 
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results in AV leaflets thickening and reduction in mobility, which then leads to reduced 

valve orifice area and increased pressure gradient across the valve91. A stenosed AV leads 

to increased cardiac workload and reduced efficiency because of the increased resistance 

against which the LV must pump113. If left untreated, approximately 75% of symptomatic 

AS patients will be deceased in three years9, 89. 

AS can present with symptoms including an abnormal heart murmur, chest pain or 

tightness during activity, heart palpitations, shortness of breath and fatigue. If AS is 

suspected, a transthoracic echocardiographic examination is recommended to establish the 

cause of the murmur. Echocardiographic examinations are used to visually observe and 

quantify the severity of AS. AS is then diagnosed based on measurements of the aortic 

valve area (AVA), systolic jet peak velocity (Vmax) and mean pressure gradient (ȹP) across 

the AV.  

AS severity is classified into mild, moderate, and severe by a combination of the patientôs 

symptoms and the hemodynamic metrics assessed from echocardiographic examination. 

Table 2-1 below provides the complete classification system to determine AS severity as 

determined by the American Heart Association (AHA) and American College of 

Cardiology (ACC). 
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Table 2-1: Stages of Aortic Stenosis per guidelines by the AHA/ACC74. 

 

Other imaging modalities including multidetector computed tomography (CT) and 

magnetic resonance imaging (MRI) could also be used to assess AS severity. Figure 2-8 

shows examples of AS severity assessment using echocardiography and computed 

tomography. In the patient with mild AS, mild AV calcification is observed on the CT 

scans. The AVA (1.62 cm2), systolic jet peak velocity (2.08 m/s), and mean gradient (9 

mmHg) indicate mild obstruction of blood flow. For the moderate AS case, more AV 

calcification is observed on the CT scan and AVA (1.21 cm2), systolic jet peak velocity 
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(3.51 m/s) and mean gradient (28 mmHg) were measured. In the severe AS patient case, 

severe obstruction of blood flow is observed with AVA (0.75 cm2), systolic jet peak 

velocity (4.35 m/s) and mean gradient (48 mmHg). 

 

Figure 2-8: Assessment of AS severity using Doppler echocardiography and 

multidetector computed tomography. A) Mild AS, B) Moderate AS, and C) Severe 

AS26. 

2.4 Treatment of Aortic Stenosis 

Aortic valve replacement (AVR) is the only treatment for calcific aortic stenosis. Once a 

diagnosis of symptomatic severe AS is made, the heart team selects a valve replacement 

option based on the risks and potential benefit. Figure 2-9 provides a summary of the valve 

replacement indications provided by the AHA/ACC guidelines73. Class I indicates a strong 

recommendation for the treatment to be performed because the benefits of treatment greatly 

outweigh the risk of the absence of said treatment. Class IIa indicates it is reasonable to 

administer the treatment given the benefits outweighs the risk, and there is high-quality 

evidence for one or more randomized clinical trials to support the treatment. 



 16 

 

Figure 2-9: Guidelines for choosing aortic valve replacement approach in patients 

with severe symptomatic AS73. 

2.4.1 Surgical Approaches of AS Treatment 

Aortic valve replacement via surgery is recognized as the standard of care for symptomatic 

AS patients who meet valve replacement indications with low or intermediate risk per the 

AHA/ACC guidelines74. Over 200,000 surgical aortic valve replacement (SAVR) 

procedures are performed annually worldwide6, with over 85,000 of these in the United 

States alone. SAVR is an open-heart procedure performed on cardiopulmonary bypass in 

which the diseased aortic valve is completely removed and replaced with a mechanical or 

bioprosthetic heart valve.  

Mechanical heart valves are prosthesis manufactured from non-biological tissues. They 

have been used in AVRs for over 40 years and can extend lives for about 10-20 years. They 

are generally reserved for patients younger than 65 years with no contra-indication for 

anticoagulation therapy. These devices come in various forms including mono-leaflet 

tilting disks, ball and cage, and bi-leaflet valves (Figure 2-10). 
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Figure 2-10: Different designs of surgical mechanical valves. A) Medtronic Hall 

mono-leaflet, B) Starr-Edwards ball and cage and C) St Jude Bi-leaflet mechanical 

valves.  

Mechanical valves have been shown to result in blood exposure to high shear stresses 25, 

116. High shear stresses cause platelet activation and blood lysis, which could lead to 

thrombosis ï a blood clot formed on the valve surface. Furthermore, certain mechanical 

valve designs were shown to produce regions of low fluid velocity and recirculation which 

lead to thrombosis8. As such, patients with mechanical valves must maintain life-long 

anticoagulation therapy to prevent the valve from forming blood clots. These devices are 

preferred in younger patients due to their longevity, since the valves rarely need to be 

replaced. 

Bioprosthetic heart valves have increasingly been used for patients who cannot maintain 

life-long anticoagulation therapy or patients over 65 years. These valves are generally 

xenografts manufactured from animal tissues such as excised porcine aortic valve leaflets, 

or bovine and porcine pericardium (Figure 2-11). These valves are aggressively chemically 

treated to prevent host immune rejection of the prosthesis. These prostheses have a shorter 

lifespan compared to mechanical valves and are expected to fail due to structural valve 

degeneration after extended duration wear and tear17. 
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Figure 2-11: Different designs of surgical bioprosthetic valves. A) Stented bovine 

pericardial bioprosthetic valves, B) Stented porcine aortic valve bioprostheses, C) 

Stentless bioprosthetic valves.  

2.4.2 Transcatheter Approaches of AS Treatment 

In certain circumstances, open-heart surgery is not a viable option for the treatment of AS. 

These instances usually involve elderly patients with symptomatic AS along with multiple 

comorbidities and are deemed high surgical risk or inoperable. Transcatheter aortic valve 

replacement (TAVR) was developed as a percutaneous approach of AVR for these patients. 

It was first performed in 2002 and involves the placement of a novel prosthetic AV over 

the native diseased AV13. This prosthetic valve is comprised of a biological valve sutured 

on a crimpable stent frame and delivered with the help of a catheter through a small incision 
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on the surface of the body. Since its conception in 2002, many commercial devices 

featuring this technology have been developed and are available in the global market 

(Figure 2-12).  

 

Figure 2-12: Different designs of transcatheter bioprosthetic valves. Only the 

Edwards SAPIEN 3 and Medtronic CoreValve Evolut are currently US FDA 

approved. 

The delivery mode, design parameters, shape, materials, and interactions with anatomy 

distinctly differ between these devices. Nonetheless, these valves are crimped and loaded 

into a delivery catheter prior to the procedure. Balloon-expanding valves like the Edwards 

SAPIEN 3 valve are expanded by inflation of a saline-filled balloon. The SAPIEN 3 valve 

is short and has lower placed bovine pericardium leaflets that insert approximately 3 mm 

from the bottom of its Cobalt-Chromium stent frame. It also consists of an internal and 

external sealing skirt made of polyethylene terephthalate (PET) to improve sealing against 

paravalvular leak (PVL).  The short devices are held in place by interactions with the aortic 

annulus and diseased aortic valve leaflets. Self-expanding valves such as the Medtronic 

CoreValve Evolut typically have a shape-memory Nitinol frame that expands due to 

residual stress stored during valve crimping. The CoreValve is tall and has higher placed 

leaflets allowing for higher valve positioning above the aortic annulus. Laser-cut porcine 
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pericardium is sewn inside the stent to form three prosthetic aortic valve leaflets, and a 

skirt along the stent frame that functions to improve sealing and minimize PVL.  As a long 

device, it supports itself with the aortic annulus, native diseased aortic valve leaflets and 

the wall of the ascending aorta. 

In comparison to SAVR, procedural insult to the body is substantially reduced with 

implantation of these TAVR devices, however there is limited information available 

regarding the long-term performance and durability of this new technology. As a result, for 

many years TAVR was primarily reserved for older severe symptomatic AS patients 

classified as inoperable or high risk for SAVR. Most recently, indications were expanded 

into intermediate and low risk patients59 after promising outcomes were demonstrated in 

randomized clinical trials. Initial results from the PARTNER 3 trial in low-risk patients 

showed superiority for TAVR vs SAVR for the primary endpoint of death, stroke, or 

rehospitalization at 1 year60. But as the years progress, increasing concerns exist for 

patients outliving the functional lifespan and durability of these valves given some adverse 

outcomes are not uncommon.  

2.5 Adverse Outcomes in TAVR 

As the number of TAVR procedures increase exponentially worldwide, long-term patient 

follow-up data pertaining to TAVR durability is critical. Despite the sizable benefit of 

TAVR (restored valve function, improved symptoms, and reduced mortality rates), adverse 

events present ongoing challenges to clinicians and device designers. Shortïterm patient 

follow-up reports indicate shortcomings relating to bioprosthetic valve dysfunction such as 

leaflet thrombosis10, 65, and structural valve degeneration/failure which threaten TAVR 
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long-term durability17, 18. This concept of valve durability is particularly important in 

younger patients (less than 75 years in age), as their life expectancy is likely to exceed the 

valve durability. A critical step in addressing these challenges is to characterize the 

underlying mechanisms at play, identify risk factors that exacerbate such events and 

develop strategies that could minimize their occurrence. Thus, an improved understanding 

of parameters that contribute to or prevent such failures can inform advancements in future 

TAVR designs, regulatory standards and possibly usage techniques. 

2.5.1 Leaflet Thrombosis 

Leaflet thrombosis has been reported to be a potential deleterious complication resulting 

in fatal consequences84. It is characterized by a layer of blood clot/thrombus (Figure 2-13) 

covering the aortic side of a transcatheter aortic valve (TAV) leaflets, and is a major 

concern due to its potential to reduce leaflet motion, affect valve performance, and for 

thrombus embolization which could lead to stroke and eventually death14, 15, 110. This issue 

was first identified as hypo-attenuated leaflet thickening (HALT) through improved 

imaging protocols that allowed for the detection of reduced leaflet mobility65. Clinical 

reports show incidence rates in patients ranging from less than 5% and up to 40% with 

varied incidence rates amongst currently available commercial TAV devices10, 30, 65, 77. In 

response to this, the US FDA has expressed concerns and called for prompt attention to 

this clinical issue53. This complication is multi-faceted, and reducing its incidence requires 

an understanding of the interactions of the TAV device in use, and the surrounding 

anatomy. 
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Figure 2-13: Computed tomography images of TAV leaflet thrombosis. Thrombus 

found on the aortic surface of two leaflets of a SAPIEN 3 valve. A) Inside the valve, 

B) En-face view of the thrombus, C) Excised TAV with clot on two leaflets.36 

What Risk Factors are Associated with Leaflet Thrombosis? 

The pathophysiological insights to leaflet thrombosis in TAVR currently remain unclear, 

but its impact on TAV durability is of great clinical importance and is the subject of several 

ongoing studies. From a mechanistic standpoint, thrombosis observed in the cardiovascular 

system could be a result of the three main factors described by Virchowôs triad. These 

factors include alterations in the blood fluid dynamics (fluid stasis and/or elevated shear 

stresses), endothelial injury/dysfunction (surface phenomena related to foreign materials), 

and blood hypercoagulability (altered blood chemistry). For example, elderly patients more 

likely to have underlying prothrombotic comorbidities such as cancer, or perhaps some 

factors causing delayed re-endothelialization after TAV implantation may increase risk of 

thrombosis72. Jilaihawi et al. suggest a comprehensive protocol for analyzing stent frame-

related factors such as stent frame expansion, stent frame fracture, depth and symmetry of 

implantation which they hypothesize to be technical complications that can potentially 

contribute to delayed re-endothelialization and increased thrombosis risk38. This 

hypothesis was further supported by clinical data analysis where over-expansion was 
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associated with higher incidence of TAV thrombosis69. These studies suggested that TAV 

stent over-expansion may increase endothelial injury, potentially creating a nidus for 

thrombus formation, while TAV underexpansion may lead to reduced risk of thrombosis. 

Despite these observations, not all patients with the same prosthesis experienced leaflet 

thrombosis, nor have significant trends towards abnormal blood chemistry been 

confirmed65.  These suggest that although the foreign materials and patient blood chemistry 

might be confounding factors, the fluid dynamics may play a more critical role in the 

development of leaflet thrombosis. Majority of studies have primarily focused on the 

alterations in blood flow with implantation of a TAV, and suggest that the hemodynamic 

environment in the vicinity of the TAV is important to the development of leaflet 

thrombosis69, 106, 107. The TAV device induces flow environment changes that could 

potentially activate platelets, and if combined with extended periods of flow stagnation or 

recirculation, could lead to platelet deposition and thrombus formation. Unlike in SAVR 

procedures where the native leaflets are removed, in TAVR the stent presses against the 

native leaflets resulting in separation of the native aortic sinus into two distinct regions: 1) 

a smaller aortic sinus and 2) a ópocketô like neo-sinus - the space between the TAV leaflets 

and native leaflets (Figure 2-14). Stagnant flow in the residual aortic sinus or neo-sinus 

may expose any activated platelets for prolonged times, making these regions predisposed 

to thrombus formation. 
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Figure 2-14: Transcatheter aortic valves (TAV) divide the aortic sinus into two 

regions (1) a smaller aortic sinus and (2) a neo-sinus. Adapted from Midha 67  

Midha et. al conducted the first fluid mechanistic investigation into TAVR neo-sinus 

thrombosis69. This study used a combination of clinical data and in-vitro techniques to 

determine risk factors for neo-sinus thrombosis. The clinical findings showed that valve 

intra-procedural factors of TAV expansion and TAV implant depth contributed 

significantly to leaflet thrombosis (Figure 2-15). SAPIEN 3 valves with thrombus were 

10% significantly less expanded than those without thrombus, but the trend was not 

observed in the CoreValve. Also, thrombus volume (a measure of thrombus severity) was 

seen to increase with CoreValve implant depth, but this trend was not observed in the 

SAPIEN 3. This revealed device-specific and procedural factors that influenced the 

occurrence of leaflet thrombosis. 
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Figure 2-15: TAV expansion and implant depth influence leaflet thrombosis 

occurrence and severity. Adapted from Midha et al69 

The in-vitro studies identified that supra-annular leaflet location (due to valve deployment) 

led to reduced neo-sinus flow stasis as measured by flow velocities and particle residence 

times, when compared to intra-annular leaflet location (Figure 2- 16). Other flow studies 

investigating valve deployment showed worsened flow stagnation in the aortic sinus with 

supra-annular TAV implantation33, 68. This was evident with the significant increase in the 

time taken (number of cardiac cycles) for particles to exit the aortic sinus. Additional 

studies using both experimental and computational approaches considered other factors 

relating to the patient anatomy31, 100, 105 (aortic root geometry and effects of coronary flow) 

and cardiac output106. Patient-specific studies confirmed a predictive link between neo-

sinus flow stasis and severity of TAV leaflet thrombosis105, as well as the influence of 

specific aortic root geometric parameters like the sinus diameter and sino-tubular junction 

height100. The presence of coronary flow was observed to significantly influence neo-sinus 

flow only in supra-annular valves in comparison to intra-annular valves possibly reducing 

their likelihood of thrombosis63. 



 26 

 

Figure 2- 16: Neo-sinus and sinus flow stagnation (A) and neo-sinus particle 

residence time (B) results. Adapted from Midha et al. 69 

Each of these studies was pioneering in revealing anatomic and deployment factors that 

affect the local fluid dynamics and could potentially contribute to leaflet thrombosis. 

However, no experimental studies to-date have explored the effects of fundamental device 

design parameters. This is particularly pertinent because studies report varied incidence of 

leaflet thrombosis amongst currently available commercially TAVR devices. With the 

variability that exists in stent and leaflet designs, considerations for TAV designs that 

minimize areas of flow stasis could be a proactive strategy to decrease thrombosis risk and 

improve TAVR outcomes.  
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2.5.2 Coronary Artery Obstruction 

Coronary artery obstruction is a rare but life-threatening complication of TAVR procedures 

with a 0.7% overall incidence and 30-day mortality rate of 41%88. It occurs when the TAV 

is expanded into the native leaflet, and a partial or complete blockage of the coronary 

arteries occur either due to a low-lying coronary ostia, or a shallow aortic sinus width 45, 

preventing blood flow into coronaries and eventually the heart muscle. Treatment of this 

obstruction requires a bail-out percutaneous coronary intervention, which might be 

challenging due to the leaflet obstructing the coronary artery. Khan et. al. have proposed a 

novel intra-procedural solution which uses focused radio-frequency energy directed by 

catheters and guide wires to split the diseased aortic valve leaflets immediately before TAV 

device implantation, which will prevent coronary artery obstruction47.  This technique 

(BASILICA procedure) has been demonstrated in early feasibility trials to have acceptable 

safety and effectiveness in splitting the leaflets away from the coronary ostia, allowing 

blood flow across the split leaflets into the coronary artery thereby preventing 

obstruction48. Although further studies are necessary, adoption of this technique in clinical 

practice could increase TAVR usage as it provides a solution to patients who were 

previously excluded for TAVR procedures due to high risk of coronary obstruction.  

With the promise of these early results, ongoing studies are investigating the potential for 

such intra-procedural techniques to provide benefits to obstacles that extend beyond 

coronary obstruction and further transcatheter therapies. Some of these studies include the 

use of a BASILICA-like technique to prevent left ventricular outflow tract obstruction after 

transcatheter mitral valve replacement49, as well as to modify bicuspid aortic leaflets and 

enhance TAV circularity and improve TAVR outcomes for bicuspid aortic valve (BAV) 
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patients42. With other intra-procedural factors such as valve underexpansion, and supra-

annular deployment reporting an improvement in neo-sinus washout, and reduction of flow 

stasis21, procedural strategies such as native leaflet modification could potentially benefit 

the neo-sinus and aortic sinus washout. Hatoum et al. evaluated the potential of washout 

benefits with BASILICA, and demonstrated its potential in improving neo-sinus washout 

for valve-in-valve TAVs34. An effective native leaflet modification strategy as this might 

be beneficial to minimizing neo-sinus and aortic sinus flow stasis in high thrombosis risk 

patients and could be implemented intra-procedurally.   

2.5.3 Structural Valve Degeneration 

Structural valve degeneration is a known mode of failure in surgical bioprosthetic heart 

valves (Figure 2-17) that has also been identified in TAVRs46. This mode of failure consists 

of deterioration of the leaflets or supporting structures resulting in thickening, calcification, 

tearing or disruption of the valve material17. This deterioration may result in hemodynamic 

dysfunction, which can manifest as recurrent valve stenosis or regurgitation. Follow-up 

data for TAVR patients 10 years after implantation revealed that the estimated SVD rate 

in year 8 was approximately 50%17.  The unique aspects of TAVR technology such as 

device crimping, asymmetric valve expansion, leaflet/tissue characteristics and valve 

design factors may play a role in the valve structural damage and affect long-term 

durability. 
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Figure 2-17: Examples of structural valve degeneration in surgical bioprosthetic 

valves. A) Leaflet tear on aortic side, B) Leaflet calcification, C) Leaflet restriction 

and calcification and D) Leaflet tear on ventricular side.17 

What Risk Factors are Associated With Structural Valve Degeneration? 

Even with advances in heart valve technology, the TAV is a mechanical device and is prone 

to wear and tear. Learning from the experience in surgical bioprosthetic valves, regions of 

tearing correlate with regions of high tensile and bending stresses. Stress and strain 

concentrations within the leaflet can directly accelerate tissue structural fatigue damage or 

initiate calcification by causing structural disintegration, enabling multiple calcification 

pathways that could lead to valve failure102, 108, 111. Asymmetric expansion of a TAV in a 

heavily calcified native AV leads to eccentric stent distortion. This could negatively affect 

the pericardial tissue leaflets of the TAV, and the leaflet distortion could eventually lead to 

strain concentrations at the commissures of the leaflet and cause incorrect valve closure. 

Gunning et. al used in-vitro benchtop methods to reveal that eccentric distortion of a TAVR 

stent induced deleterious bending of the leaflet and increased commissure strains compared 
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to leaflets in a circular deployed valve for both normotensive and hypertensive pressure 

conditions28 (Figure 2-18). Increased deformations at these commissural regions could 

potentially have long-term detrimental effects on the leaflet fatigue durability, and strain 

concentrations will lead to structural failure of the leaflet. 

 

Figure 2-18: Peak major principal leaflet strain in the commissures in circular and 

eccentric expanded TAVs under normotensive and hypertensive conditions28. 

Egbe et al. demonstrated that valve thrombosis lead to earlier valve failure when compared 

to structural valve deterioration20, and although these findings need to be further confirmed 

with more clinical trials, studies that provide approaches to mitigate the incidence of leaflet 

thrombosis are vital.  In this present work, the fluid mechanics of the TAV will be explored 

in efforts to improve neo-sinus and aortic sinus flow conditions and reduce prothrombotic 

conditions surrounding a TAV. First, TAV device design features will be varied 

parametrically to understand the effects of valve design on the neo-sinus geometry and 
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flow conditions. Secondly, several strategies for native leaflet modification will be tested 

by varying the native leaflet modification geometry, and the cusp for modification to 

improve the neo-sinus and aortic sinus flow.  The ability to identify design characteristics 

and an optimized native leaflet modification strategy that minimizes flow stasis will 

significantly contribute to the development of future TAVR devices and improvement of 

patient outcomes. 
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CHAPTER 3. HYPOTHESIS AND SPECIFIC AIMS  

In the past decade, transcatheter aortic valve replacement (TAVR) emerged as an 

alternative to surgical replacement and was primarily reserved for severe symptomatic AS 

patients deemed intermediate to high risk 56, 79, 101. However, the Food and Drug 

Administration (FDA) recently expanded indications of TAVR to low risk patients 59. 

Short-term patient follow-up reports indicate occurrence of several complications post 

TAVR which threaten long-term durability of TAVR. Of these, leaflet thrombosis is a 

deleterious complication resulting in fatal consequences15, 43. This complication is multi-

faceted, and reducing its incidence requires meticulous understanding of the interactions 

of the transcatheter aortic valve (TAV) device, and its surrounding anatomy 44, 97. Fluid 

mechanics studies have confirmed a predictive link between neo-sinus flow stasis and 

severity of leaflet thrombosis105. The influence of device and intra-procedural related 

factors on the biomechanical environment surrounding the neo-sinus is currently limited, 

hence the central hypothesis of this thesis is that the biomechanical environment of the 

neo-sinus can be altered by the TAV device design, and native leaflet modification, 

which could vary flow characteristics and can reduce or exacerbate prothrombotic 

conditions. 

To aid the development of next generation TAVR devices that could potentially minimize 

the risk of leaflet thrombosis, an understanding of device design features which may 

contribute to this phenomenon is critical. Learning from the experience of prosthetic 

mechanical valves, outcomes relating to thrombosis may be improved prospectively by 

device design optimization studies21, 22, 40, 54 . The TAV leaflet features have an essential 
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role in the neo-sinus geometry and leaflet dynamics, which influence the local flow patterns 

in the neo-sinus thereby altering the extent of flow stasis in TAVs. Additionally, while 

procedural factors such as valve underexpansion, and supra-annular deployment have been 

shown to support an improvement in neo-sinus washout and reduction of flow stasis21, 

other intra-procedural strategies such as native leaflet modification could potentially 

benefit the TAV neo-sinus and residual aortic sinus flow. This study consisted of 

developing a greater understanding for the effects of TAV leaflet design features on the 

biomechanical environment of the TAV and identifying an effective intra-procedural 

native leaflet modification strategy to reduce thrombosis risk. 

To this end, the following specific aims were formulated:  

Specific Aim 1: Parametric investigation of the effects of transcatheter aortic valve 

leaflet material, insertion height and length on valve hemodynamics.  

TAV leaflet design features such as leaflet material, insertion height and length are 

anticipated to affect valve functionality and neo-sinus flow stasis. To evaluate this, 

Eight TAV models (n=3 valves per model) were created using bovine or porcine pericardial 

leaflets and a parametric variation of leaflet insertion height (0, 7 and 12mm) and leaflet 

length (12 and 15mm) from the dynamic range in current commercial TAV designs. These 

models were mounted in an idealized simplified aortic geometry (rigid, uni-lobed, and 

axisymmetric) that enabled optical access of the neo-sinus when tested in a physiologic left 

heart simulator. Each valveôs hydrodynamic performance was assessed in terms of 

transvalvular pressure gradients (TVPG), and effective orifice area (EOA). Leaflet 

kinematics were quantified in terms of geometric orifice area (GOA), leaflet opening and 

closing times. Velocity fields in the neo-sinus and aortic sinus were evaluated via two-
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dimensional Particle Image Velocimetry (PIV) and used to discern regions of flow 

stagnation in the neo-sinus. Comparison across different models revealed the degree of 

contribution of each design parameter(s) to flow stasis. The work presented in this aim will 

provide insights of TAVR leaflet design features that contribute to reduced thrombosis risk. 

Specific Aim 2: Evaluate varied native leaflet geometry modifications to improve neo-

sinus and aortic hemodynamics.   

Native leaflet modification is anticipated to enhance flow interaction between the neo-sinus 

and aortic sinus and minimize flow stasis. To test this, 

First the standard neo-sinus and aortic sinus flow surrounding a surgical aortic valve (SAV) 

with no native leaflet, and an intra-annular TAV with intact native leaflet were 

characterized with two-dimensional PIV. These devices - 23 mm Magna Ease SAV and 

26mm SAPIEN 3 TAV were mounted in an idealized patient averaged aortic geometry 

(rigid, tri-lobed, with left coronary artery) that enabled optical access of the neo-sinus when 

tested in a physiologic left heart simulator at nominal (5 LPM) and low (2.5 LPM) cardiac 

output conditions. Flow patterns in the non-coronary and left coronary cusps (NCC and 

LCC respectively), and corresponding TAV neo-sinus were analyzed.  The flow patterns 

and metrics including velocity fields and magnitudes were evaluated and used to discern 

flow stagnation. Using these data as references, a parametric assessment of the effect of 

native leaflet modification geometry after TAV implantation was conducted in the NCC 

only. Native leaflet modification via triangular splaying was systematically varied (narrow, 

medium and wide splay areas), and the resulting neo-sinus and aortic sinus hemodynamics 

were analyzed. Lastly, the wide splay native leaflet modification was simulated in the NCC 

and LCC independently, and the flow characteristics in the NCC and LCC were measured 
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simultaneously for each case. The work presented in this aim will provide insight into the 

impact of native leaflet modification on flow stasis in the neo-sinus and aortic sinus, and 

thrombosis risk.   
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CHAPTER 4. MATERIALS  

In this section, all equipment, supplies, and materials used in this thesis are described. The 

valve models, aortic root models, flow loop and particle image velocimetry (PIV) systems 

for SA 1 and SA 2 are described. 

4.1 SA 1 Materials  

4.1.1 Custom Transcatheter Aortic Valves Models (GT-TAV)  

The GT-TAV models of SA 1 were manufactured using the supplier materials listed in 

Table 4-1. 

Table 4-1: Materials used for manufacturing GT -TAV  

 Supplier Item 

1 ZLazr on Ebay (online vendors) 1/32ò acrylic sheet 

2 Animal Technologies Fresh bovine pericardium sheets 

3 Animal Technologies Fresh porcine pericardium sheets 

4 VWR Glutaraldehyde solution 

5 VWR Phosphate buffer saline (PBS) 

6 McMaster Carr 23 mm Aluminum rod 

7 McMaster Carr 316L stainless steel wire 

8 McMaster Carr Stainless steel pins 

9 McMaster Carr Rubber sheet 

10 eSutures (online vendor) CV-23 Black sofsilk sutures 
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4.1.2 In-vitro Aortic Root Model 

Each GT-TAV was mounted into an idealized and axisymmetric aortic root model (Figure 

4- 1) designed to mimic adult patient-averaged anatomical measurements86. This modelôs 

dimensions were in good agreement the range of patients who have undergone a valve 

replacement procedure50, 86. 

 

Figure 4- 1: Axisymmetric aortic root chamber used for Specific Aim 1 experiments. 

The aortic root dimensions are as given in Table 4-2, and detailed engineering drawings of 

the chamber is given in Appendix B.  

Table 4-2: Aortic root dimensions for axisymmetric aortic flow chamber. 

Aortic root parameter  Dimension (mm) 

Annulus diameter 23.00 

LVOT diameter 25.40 

Ascending Aorta diameter 25.40 

Sinus diameter 34.60 

STJ height 23.87 

STJ diameter 25.40 
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4.1.3 Georgia Tech Left Heart Simulator  

All SA1 studies were performed using the extensively studied27, 63, 90, 92 Georgia Tech Left 

Heart Simulator (GTLHS). The GTLHS comprises of a closed-loop pulsatile system that 

simulates physiological hemodynamic conditions of the heart63, 115. This experimental 

setup conformed to ISO 5840-3 testing guidelines for transcatheter aortic valves76. 

For all testing, the working fluid had a density of 1060 kg/m3 and was a 36% glycerin-

water mixture to match the kinematic viscosity of blood and preserve in vivo flow 

characteristics. The viscosity of the mixture was measured using a size-75 ASTM Canon-

Fenske kinematic viscometer (ASTM International, West Conshohocken PA). At room 

temperature, 6.8 mL of the water-glycerin mixture was pipetted into the viscometer and 

suctioned across the u-tube such that the bottom of the meniscus crossed the first marker 

(Figure 4- 2). A stopwatch was used to measure the time taken for the meniscus of the fluid 

to travel from the first marker to the second marker. This time in seconds, was multiplied 

by a calibration constant of the viscometer (0.0072975 cSt/s) to obtain the kinematic 

viscosity. This resulted in kinematic viscosity of approximately 3.5 cSt (the viscosity of 

blood). 
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Figure 4- 2: Schematic of U-tube viscometer used to measure the working fluid 

kinematic viscosity. 

Fluid flow within the GTLHS (Figure 4-3) was driven by a piston pump (ViVitro Labs Inc. 

Victoria, Canada). A bi-leaflet mechanical valve upstream of the piston pump acted as the 

mitral valve. An inline ultrasonic flow probe (ME 25 PXN, Transonic Systems Inc, Ithaca, 

NY) was used to measure flow rates and compute the cardiac output. The subject GT-TAV 

under study was mounted into the aortic root model described in Section 4.1.2 and placed 

downstream of the piston pump as the test section.  Wall tapped pressure transducers 

(Deltran DPT-200, Utah Medical Products Inc. Midvale, UT) were placed in the left 

ventricle approximately 6 cm upstream of the annulus of the aortic valve, and in the 

ascending aorta approximately 10 cm downstream of the annulus of the aortic valve. A 

compliance chamber and resistance clamp simulated the compliance and resistance of the 

cardiovascular system and were placed downstream of the aortic valve. By controlling the 

volume of air in the compliance chamber, the level of compliance in the loop could be 
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controlled. The resistance clamp consisted of a pinch clamp and could be controlled to 

obtain the appropriate pressure waveforms. 

 

Figure 4-3: Schematic of the Georgia Tech Left Heart Simulator (GTLHS). The PIV 

system (camera, laser system) is shown as well to highlight PIV data acquisition. 

The outputs of the pressure transducers and flow probes were connected to a data 

acquisition system (DAQ, National Instruments, Austin, TX). The data acquisition system 

consisted of a modular compact system, equipped with two analog input modules (NI-9239 

and NI-9215) for pressure and flow monitoring and recording, and two channel analog 

output modules (NI-9263) for communication with the external hardware such as the piston 

pump and trigger imaging connections to the PIV system. The DAQ system was controlled 

by a custom written LabVIEW (National Instruments, Austin, TX) program. 
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4.1.4 Leaflet Kinematics Materials 

Leaflet kinematics were assessed through en-face high-speed imaging with a CMOS 

camera (Phantom VEO-340L; Vision Research Inc, Wayne, NJ) camera fitted to a Nikon 

Micro-Nikkor macro lens system (Nikon, Melville, NY). 

4.1.5 Particle Image Velocimetry Materials 

Particle Image Velocimetry (PIV) is an instantaneous, non-intrusive, whole field, optical 

flow visualization and quantitative technique used to observe and quantify the temporal 

and spatial evolution of fluid structures in a region of interest by measuring velocity fields. 

This velocity field measurement is a result of the motion of individual tracer particles from 

two images taken with a small time delay80.  Fluid mechanics metrics such as turbulence 

and shear stress fields can be derived using this velocity field information82. In SA1, two-

dimensional (2D), two-component (2C) velocity measurements were obtained using planar 

PIV methods. Two different 2D PIV systems were used due to assessments in two different 

regions of interest, and the accompanying spatial and temporal resolution needed. A 

detailed description of the methods can be found in Section 5.1.4. 

4.1.5.1 Working Fluid Particle Seeding 

The working fluid mixture in the flow loop for PIV testing was seeded with fluorescent 

polymeric Rhodamine-B particles (Dantec Dynamics, Denmark) with a mean diameter of 

~10 µm. 
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4.1.5.2 Phase-locked PIV System 

The phase-locked PIV system is a low-repetition rate system where the data acquisition is 

at frequencies much lower than the dominant temporal frequency of the flow field83. The 

phase-locked PIV system was synchronized with the GTLHS to allow for data acquisition 

at specific time points of the cardiac cycle. This phase-locked PIV system consisted of a 

pair of pulsed Nd:YAG lasers (ESI Inc., Portland, OR; 17 mJ energy, 532 nm wavelength) 

used with a combination of spherical and cylindrical lenses and mirrors to create a 1 mm 

thick laser sheet which illuminated the central plane of the valve assembly. The particles 

were imaged using a PIV CCD camera (LaVision, Germany, Imager Pro, 1600 x 1200 px) 

with a Nikon Micro-Nikkor 60 mm macro lens. The green PIV laser light excites seeded 

particles in the working fluid, and they are emitted as orange light (590 nm). As such, a 

long pass filter (NT48-086, Edmund Optics Inc., Barrington, NJ) was fitted to the camera 

to ensure filtering of light not emitted by the PIV particles, and improve the signal to noise 

ratio of the PIV data. LaVision Davis 8.4 software was used to acquire and process the PIV 

data. 

4.1.5.3 High-Speed PIV System 

The high-speed PIV system is a high-repetition rate system which allowed for measuring 

the relevant temporal characteristics of the flow instantaneously during one cardiac cycle. 

The high-speed system consisted of a continuous wave solid-state laser beam (Shenzhen 

Optlaser, 2 W, 532 nm China) used as a light source, and converted to a high frequency 

pulsed laser sheet by a scanning mirror setup (LaVision, Göttingen, Germany). The 

illuminated particles were captured with a CMOS camera (Phantom VEO-340L; Vision 
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Research Inc, Wayne, NJ) in the plane of interest. The camera was fitted with a Nikon 

Micro-Nikkor macro lens system of focal length 60 mm with the aperture set at f/4. A band-

pass filter (wavelength of 580 nm) was used to improve the signal to noise ratio and 

minimize laser reflections from the region of interest. LaVision Davis 8.4 software was 

used to acquire the PIV data. 

4.2 SA 2 Materials 

4.2.1 Surgical Aortic Valve (SAV) 

A 23 mm Carpentier-Edwards Magna Ease (Edwards LifeSciences, Irvine, CA) was used 

as the representative SAV for control experiments without a native leaflet because it is 

among the most commonly encountered SAV devices in clinical practice19. 

4.2.2 Transcatheter Aortic Valve (TAV) 

All SA 2 test experiments were conducted using a balloon expandable 26 mm SAPIEN 3 

valve (Edwards LifeSciences, Irvine, CA), given it is the most widely used FDA-approved 

intra-annular device and the size was selected based on the aortic root model.  

4.2.3 In-vitro Aortic Root Model 

The SAV and TAV were mounted into a rigid, transparent 3D printed aortic root model 

made of SLA ClearVue (Cideas, Crystal Lake, IL). This aortic root model simulated the 

aortic sinuses which featured three sinus lobes and the left coronary artery (LCA) outlet, 

and the ascending aorta (Figure 4-4). The aortic root dimensions of the chamber were 
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derived from an average of patientsô anatomical measurements post-TAVR61 and are given 

in Table 4-3. Detailed engineering drawings of the chamber are given in Appendix C.  

 

Figure 4-4: Aortic root chamber with coronary outlet used for Specific Aim 2 

experiments. 

Table 4-3: Aortic root dimensions for patient-derived aortic flow chamber with 

coronary outlet. 

Aortic root parameter  Dimensions (mm) 

Annulus diameter 25.00 

LVOT diameter 25.61 

Ascending Aorta diameter 28.00 

Sinus diameter 33.09 

STJ height 20.00 

STJ diameter 27.89 

LCA height 13.68 

4.2.4 In-vitro Flow Loop 

The GTLHS in SA 1 (Section 4.1.3) was modified for investigations in SA 2. To 

accommodate the complex tri-lobed aortic root with left coronary (henceforth called 

coronary chamber), modifications were made to the GTLHS apparatus to account for left 

coronary artery flow64.  A secondary piston pump (Vivitro Labs, Victoria, BC, Canada), 
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check valves, secondary flow meter and a variable resistance were attached to the coronary 

artery and integrated with the GTLHS (Figure 4-5). 

 

Figure 4-5: Schematic of the GTLHS with modifications for coronary flow . The PIV 

system (camera, laser system) is shown as well to highlight PIV data acquisition. 

4.2.5 PIV System 

The phase-locked PIV system used in SA 1 as described in section 4.1.5 were used in SA 

2 experiments.   
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CHAPTER 5. METHODS 

In this section, all experimental methods, statistical and data analysis used in this thesis are 

described. 

5.1 SA 1 Methods 

5.1.1 SA 1 Study Design 

In specific aim 1, the effects of transcatheter aortic valve (TAV) device design on the neo-

sinus flow were investigated. The key TAV design features that affect neo-sinus flow 

include leaflet material, length, and insertion height71. These features can be controlled and 

were parameterized to cover the design space of currently available TAVs (Figure 5-1). 

 

Figure 5-1: Currently available TAVs highlighting differences in stent and leaflet 

designs. 

Generally when a TAV is deployed in-vivo, the native leaflet, TAV stent, skirt, and leaflets 

enclose the neo-sinus space69, however in-vitro characterization of fluid stasis in this region 

required adequate optical access. Therefore, custom transcatheter aortic valve models (GT-
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TAV) with transparent housing were developed and validated as geometric representatives 

of a generic TAV deployed in a native aortic valve69.  

Across commercial devices, bovine and porcine pericardial tissues are the most common 

leaflet materials, while the ranges of TAV leaflet lengths were observed to be 12 ï 15 mm 

and leaflet insertion heights from 0 - 12 mm71. For SA 1, eight 23 mm custom GT-TAVs 

(Table 5-1) were created by changing the leaflet material (bovine pericardium (BP) and 

porcine pericardium (PP)), and parametrically varying the leaflet length (12 mm - SL and 

15 mm - LL) and leaflet insertion height (0 mm - low, 7 mm - mid and 12 mm -high). These 

leaflet lengths and insertion heights were chosen to span the design space of currently 

available TAVs, while deliberately varying the neo-sinus geometric size and volume 

(Figure 5-2). 

Table 5-1: GT-TAV model design parameters for Specific Aim 1 investigations 

Model 

# 

GT-TAV 

ID  
Leaflet material 

Leaflet length 

(mm) 

Leaflet 

insertion height  

(mm) 

1 BP-Low-LL Bovine pericardium 15 0 

2 BP-Low-SL Bovine pericardium 12 0 

3 PP-Low-LL Porcine pericardium 15 0 

4 BP-Mid-LL Bovine pericardium 15 7 

5 BP-Mid-SL Bovine pericardium 12 7 

6 PP-Mid-LL Porcine pericardium 15 7 

7 BP-High-LL Bovine pericardium 15 12 

8 PP-High-LL Porcine pericardium 15 12 
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These GT-TAV models were not intended to replicate any specific commercially available 

TAV designs, but rather isolate the contributions of each parameter to the neo-sinus 

geometry and flow dynamics. 

 

Figure 5-2: GT-TAVs models with varied leaflet length and leaflet insertion height 

highlighting the varied neo-sinus size. Low/Mid/High, represent 0/7/12 mm leaflet 

insertion respectively and SL/LL represent shorter (12mm) /longer (15mm) leaflet 

lengths. 

SolidWorks (Dassault Systems, Waltham, MA) was used to design the stent and leaflet 

patterns for each GT-TAV. Schematics of the stent frames for the GT-TAV models with 

pre-defined suture locations for leaflet attachment are given in Figure 5-3. The stent and 

native leaflets were modeled as acrylic cylinders. Given the GT-TAVs were modeled for a 

23 mm annulus, the native leaflets were 16.1 mm in length (70% of the annulus 

diameter)103. The GT-TAV leaflet insertion height was defined as the axial distance 

between the native annulus location and the TAV leaflet insertion position. 



 49 

 

Figure 5-3: Schematic drawings of GT-TAV stent frames. These acrylic frames 

modeled the stent and native leaflets. 

5.1.2 GT-TAV Manufacturing Process 

5.1.2.1 GT-TAV Leaflet Material Characterization 

Fresh bovine and porcine pericardium sheets (Animal Technologies, Tyler, TX) were 

treated using a standard fixation protocol as reported in previous studies7, 69. Tissue samples 

were flattened, and the edges pinned unto a rubber sheet (McMaster Carr, Elmhurst, IL). 

The rubber sheet was immersed in a 0.625% glutaraldehyde in phosphate buffered saline 

(PBS) solution and stored at 4°C for 36 hours. The tissue samples were then rinsed in saline 

and stored in 0.2% glutaraldehyde in PBS. Fixed bovine and porcine pericardium sheets 

were then laser cut (Universal Laser Systems, VLS660) according to a custom-made dog-

bone stencil. This stencil was designed in SolidWorks (Dassault Systems, Waltham, MA)  

to have a total length of 40 mm with a gauge length of 20 mm and width of 5 mm. Tissue 

thickness were measured at 3 different locations along each sample using a Mitutoyo 7301 

rotating thickness gage (Aurora, IL) with an accuracy of ± 0.01 mm. 20 samples (10 

samples each) total were uniaxially tested for bovine and porcine pericardium. 
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Dog bone samples were tested (Figure 5-4) on an ElectroForce 3200 uniaxial tester (Bose 

Corporation, Eden Prairie, MN) with an in-line 22 lbf load cell (SMT1-22; Interface, 

Scottsdale, AZ) and custom holders. First the sample was mechanically preconditioned by 

means of 15 loading-unloading cycles at 1Hz to remove the initial stress relaxation effect 

and yield a stable response. The samples were then loaded until failure at a rate of 50 

mm/min. The tensile modulus (E), ultimate tensile strength (UTS) and ultimate tensile 

strain (UTE) were determined.  The processing code for these data can be found in 

Appendix E. 

 

Figure 5-4: Material characterization of bovine pericardium (BP) sample. Sample at 

beginning of testing, and sample at failure. 

5.1.2.2 GT-TAV Model Manufacturing 

The GT-TAV models were manufactured using 10 items ( Table 4-1) and 6 steps. The steps 

to fabricate these GT-TAV devices were as follows: 



 51 

Step 1: Bovine/Porcine pericardium tissue fixation. Fresh bovine and porcine pericardium 

tissue samples were treated as described in Section 5.1.2.1. The fixated pericardium 

samples were laser cut and used as the leaflets for the GT-TAV. 

Step 2: Stent design and fabrication. A stent pattern for each GT-TAV model was designed 

in Solidworks as described in Section 5.1.1. This stent pattern was embedded unto an 

acrylic planar sheet via laser cutting (Figure 5-5). Protocols for laser cutting the acrylic 

stents with the Universal Laser Systems, VLS660  can be found in Appendix D. 

 

Figure 5-5: GT-TAV Low -SL sample acrylic stent with pattern embedded via laser 

cutting. 

The level of the native annulus, basal leaflet insertion point, and commissures were 

different for each stent according to the GT-TAV model it represented. The Low-LL/SL 

models were created such that their basal leaflet insertion points coincided with the native 

annulus, while the Mid-LL/SL and High-LL GT-TAVs had their basal leaflet insertion 

points 7mm and 12mm higher than the native annulus respectively (Figure 5-3). The tip of 

the commissures differed based on the leaflet length associated with the GT-TAV model.  

The planar stents were needed to be rolled into cylindrical shape of 23 mm diameter for 

fabrication of the full valve. To facilitate this process, a 23 mm (outer diameter) aluminum 

mandrel was machined. Then, an oven was heated to 150°C with the mandrel and acrylic 



 52 

stents inside. Given the melting point of the acrylic was approximately 160°C, once the 

oven reached 150°C the stent was relatively malleable and was removed from the oven 

such that it could be carefully wrapped around the mandrel to create the cylinder (Figure 

5-6). This process should happen quickly and precisely to create a perfect cylinder. 

 

Figure 5-6: GT-TAV Lo w-SL sample acrylic stent which has been oven rolled to 

create a cylinder. 

Step 3: Leaflet design and fabrication. For each GT-TAV model stent, a corresponding 

leaflet template was designed such that it mimicked the stent and ensured repeatable 

suturing pattern when attaching the leaflet to the stent. This was done by modifying the 

stent design to increase its width by 2 mm such that the leaflet width was 72.95 mm and 

allowed for slack in the leaflets after suturing. Additionally, the suture holes on the stent 

design were significantly reduced for the leaflet template (Figure 5-7) to minimize areas of 

potential leak while allowing a corresponding pattern for leaflet attachment to the stent. 

Each GT-TAVôs model corresponding leaflet template was used for laser cutting 

(Universal Laser Systems, VLS660) of the glutaraldehyde fixed bovine and porcine 

pericardial tissue samples. Protocols for laser cutting the leaflets can be found in Appendix 

D. 
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Figure 5-7: GT-TAV Low -LL sample leaflet with pattern embedded via laser 

cutting. 

Step 4: Valve Assembly. The laser cut pericardium leaflet was then inserted into the rolled 

stent, making sure to align the edges of the tissue to that of the stent. A single suture packet 

was used to start suturing from the middle leaflet to attach the leaflet to the stent. Following 

the suturing holes, suturing evolved from the right commissure through the middle leaflet 

until the left commissure, and then following the suture holes unto the left leaflet. Using a 

different suture packet, the right leaflet was also attached to the stent from the right 

commissure following the suturing holes in the opposite direction than that previously 

described.  The suture technique to attach the leaflet to the stent featured a back stitch. A 

running stitch could also work, however a back stitch provided better seal against leakage 

spots between the stent and leaflet. The valve was completed by joining the ends of the 

stent pattern with both sutures, with a crisscross suturing pattern as shown in Figure 5- 8. 

The valve was continuously hydrated with saline during suturing to prevent tissue 

dehydration.  
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Figure 5- 8: GT-TAV Low -LL sample valve assembly highlighting the crisscross 

suturing technique to join both ends of the valve and leaflet stent. 

Step 5: Retaining ring fabrication. This was to ensure the GT-TAVs modeled the opening 

of commercial valves where the leaflets are attached perpendicularly to the walls of the 

stent, and the leaflets did not touch the stent walls completely during opening. A mold was 

designed in Solidworks and 3D printed (Figure 5-9) such that a stainless-steel wire could 

be compressed into this mold to create a retaining ring.  

 

Figure 5-9: Retaining ring mold and stainless-steel retaining ring created to force 

GT-TAV leaflets into desired perpendicular conformation. 

Step 6: Final assembly and storage. The retaining ring was finally inserted over the leaflets 

in the valve assembly to create the complete GT-TAV model (Figure 5- 10). Manufactured 

GT-TAVs were preserved by storing in 0.2% glutaraldehyde solution in the fridge and 

rinsing with saline after every test in the GTLHS.  
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Figure 5- 10: Complete assembly of a GT-TAV, highlighting the side and en-face 

views. 

Given the manual aspect of valve manufacturing, a single person manufactured all valves 

in this study to minimize differences between valves. For each GT-TAV model, multiple 

prototypes of valves were manufactured. The best three valves from visual inspection 

(Figure 5-11) were selected for hydrodynamics and leaflet kinematics assessment, and one 

of these valves was selected for further PIV testing. 

 

Figure 5-11: Three samples of BP-Low-LL GT -TAV model. Top image 

demonstrates a side view of the valve, and bottom image demonstrates a top view of 

the valve. 

 

5.1.3 GT-TAV Hydrodynamics Assessment and Leaflet Kinematics Testing 
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Each GT-TAV (n= 24) was tested in the GTLHS to assess its hydrodynamic performance 

and leaflet kinematics. The GTLHS was tuned to population averaged nominal left heart 

hemodynamics of 70 beats/minute, 5 L/min cardiac output, a systolic duration of 35%, 

cardiac cycle length of 856 ms, and a mean aortic pressure of 100 mmHg (Figure 5-12).  

The working fluid in the loop was a 3.5 cSt water-glycerin mixture that was maintained at 

37°C. 

 

Figure 5-12: Representative flow and pressure waveforms used for all SA 1 

experiments. 

Three sets of 50 cardiac cycles (n=150) of hydrodynamic data (aortic pressure, ventricular 

pressure, and flow rate) were collected for each test condition and averaged for 

hydrodynamic analysis. The processing code for hydrodynamic analysis can be found in 

Appendix F. 
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Leaflet kinematics for each GT-TAV were determined through en-face high-speed imaging 

(Phantom VEO-340L; Vision Research Inc, Wayne, NJ). Five cardiac cycles of data were 

acquired at 30 and 200 frames per second, and the leaflet motion was assessed for valve 

opening and closure. The images were manually segmented to track the leaflet orifice 

(Figure 5- 13) using an in-house MATLAB code to determine the time varying geometric 

orifice area (GOA) over each cardiac cycle. The processing code can be found in Appendix 

G. 

 

Figure 5- 13: Measurement of geometric orifice area for leaflet kinematics analysis. 

To assess the potential magnitude of inter-user differences for manually segmenting the 

GOA, a pilot study was conducted by having two observers quantify the GOA for 2 valve 

cases. The inter-user variation in GOA quantification was observed to be ± 5%. Based on 

this finding, a single user quantified GOA for all GT-TAV experiments.   

5.1.4 Particle Image Velocimetry Methods 

Two different 2D PIV systems and methods were used in SA 1 due to assessments in two 

different regions of interest, and the accompanying spatial and temporal resolution needed. 

The same flow and loop tuning conditions as described in Section 5.1.3 were used for all 
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PIV experiments in SA 1. The PIV experimental methods used in SA 1 have been 

previously established and extensively discussed in literature63, 68, 69, 92, 93. 

5.1.4.1 Phase-locked PIV methods 

The dominant main jet flow structures downstream from each GT-TAV model were 

evaluated using a phase-locked PIV system. This was performed to compare any 

differences in the downstream global fluid flow fields between the GT-TAV models. The 

PIV camera was positioned (Figure 5- 14) to view the region of interest (Figure 5- 15) 

normal to the 1 mm thick laser illuminated plane. Velocity measurements were acquired 

along the central axis of the axisymmetric chamber and valve assembly such that one 

commissure post and line of coaptation was aligned with the imaging plane and laser sheet.  

 

Figure 5- 14: Schematic of the camera and laser orientation for 2D phase-locked 

PIV. 
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Figure 5- 15: Phase locked PIV was performed on the central plane of the 

axisymmetric chamber, and the region of interest (highlighted in red) was the 

downstream flow in the aorta. 

The resolution of the images taken was 35 µm/pixel, with the particle images occupying 

between 3-5 pixels. Data was acquired at 12 phases through the cardiac cycle (8 during 

systole, and 4 in diastole). Time spacing (ȹt) between laser pulses and image acquisition 

was optimized at each phase to ensure optimal dynamic range for the velocities observed 

throughout the cardiac cycle. This ȹt varied between 100 - 2800 µs depending on the phase 

of the cardiac cycle. The average particle displacement between image pairs was 

approximately 25% of the final interrogation window size. For each phase, 200 image pairs 

were acquired to enable ensemble averaging of the flow fields to capture the most dominant 

features in the flow fields and obtain turbulence measurements.   

LaVision DaVis 8.4 software was used to acquired and analyze the PIV images. PIV spatial 

cross-correlation vectors were computed with an initial pass of 64 x 64 pixel interrogation 

windows with a 50% overlap, and then reduced to a 32 x 32 pixel final pass of interrogation 
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windows with a 50% overlap. These settings yielded a velocity vector resolution of ~ 0.6 

mm. A median filter was applied to remove and iteratively replace any vector fields outside 

of 3 standard deviations of their neighbors. Data were further post-processed in Tecplot 

360 Ex 2019 for derived quantities.  

5.1.4.2 High-speed PIV methods 

The local neo-sinus and aortic sinus flows were characterized by measuring time-resolved 

velocity fields using a 2D-2C high-speed PIV system. The 2D-2C velocity measurements 

were used for comparisons between GT-TAVs to assess instantaneous flow patterns and 

infer relative risk of thrombosis induced by flow stagnation. A single GT-TAV neo-sinus 

and its corresponding sinus like the non-coronary cusp (NCC) were imaged. The PIV 

camera was positioned perpendicular to the region of interest and 2D data for three planes 

of interest (Figure 5- 16) were acquired. Plane A coincided with the center plane of the 

neo-sinus, which is typically chosen to give a clear representation of the neo-sinus flow 

fields. However, given asymmetric opening and closing of the valve may influence the 

local flow patterns99, two parallel planes B and C which were laterally offset by ±3 mm 

from plane A (above and below the center plane respectively) were acquired. The data 

obtained from these planes provide insights into the three dimensional and asymmetric 

extent of flow in the neo-sinus and aortic sinus. 
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Figure 5- 16: Schematic of the camera and laser orientation for 2D high speed PIV 

and the region of interest (highlighted in red) was the neo-sinus and aortic sinus. 

The resolution of the images taken was approximately 30 µm/pixel, with the particle 

images occupying between 2-4 pixels. Data was acquired at 450Hz through the entire 

cardiac cycle for 45 cardiac cycles. The images were acquired as a time-series rather than 

the traditional image pairs obtained in the phase-locked PIV experiments. LaVision DaVis 

8.4 software was used for data acquisition and DaVis 10 software for data processing. 

Background subtraction and dynamic masking steps were performed to improve particle 

contrast and reduce background noise/reflections in the regions of interest (ROI) before 

vector field processing. Velocities were calculated from time-series cross-correlation, with 

a multi-pass processing scheme of reducing interrogation window sizes 64 x 64 pixels 

(overlap of 50%) and 32 x 32 pixels (overlap of 75%), to increase the signal-to-noise ratio 

of the correlation peak. Light smoothing and median filtering were used as post-processing 

steps to remove spurious velocity vectors and smoothen the velocity fields83. All processed 

data sets were further post-processed in MATLAB 2017a by bin averaging with a bin width 

of three frame increments to reduce noise and eliminate gaps in the instantaneous flow 

fields. The bin averaging code can be found in Appendix H.  
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The maximum velocity at each grid location within the ROI was computed as a means for 

identifying regions of flow stasis. The processing code can be found in Appendix I. The 

velocity fields were further utilized in a Langragian particle tracking scheme to 

computationally seed particles (Figure 5-17) and analyze the residence time of particles 

within the regions of interest67-69. Appendix J provides the custom code developed to 

analyze particle paths and extract the particle residence curve.  

 

Figure 5-17: Langragian tracking of computationally seeded particles in the ROI. 

5.1.5 SA 1 Experimental Matrix, Endpoints and Statistical Analysis 

The experiments in SA1 could be divided into hydrodynamics and leaflet kinematics 

assessment (n=24 experiments), and detailed PIV flow characterization (n=32 

experiments). 

5.1.5.1 SA 1 Experimental Matrix 

A total of 56 independent experiments were conducted. All in vitro testing in SA1 was 

conducted in the axisymmetric aortic root model and using the GTLHS. The flow loop was 

tuned for adult nominal left heart conditions (cardiac output 5 L/min, mean aortic pressure 

of 100 mmHg, 35% systolic duration), and with similar working fluid (3.5cSt water-

glycerin mixture maintained at 37°C) across all testing. 
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Table 5-2: SA 1 experimental matrix for hydrodynamics and leaflet kinematics 

assessment 

Experiment 

No. 
GT-TAV ID  Model # Valve # 

1 

BP-Low-LL 1 

Valve 1-1 

2 Valve 1-2 

3 Valve 1-3 

4 

BP-Low-SL 2 

Valve 2-1 

5 Valve 2-2 

6 Valve 2-3 

7 

PP-Low-LL 3 

Valve 3-1 

8 Valve 3-2 

9 Valve 3-3 

10 

BP-Mid-LL 4 

Valve 4-1 

11 Valve 4-2 

12 Valve 4-3 

13 

BP-Mid-SL 5 

Valve 5-1 

14 Valve 5-2 

15 Valve 5-3 

16 

PP-Mid-LL 6 

Valve 6-1 

17 Valve 6-2 

18 Valve 6-3 

19 

BP-High-LL 7 

Valve 7-1 

20 Valve 7-2 

21 Valve 7-3 

22 

BP-High-LL 8 

Valve 8-1 

23 Valve 8-2 

24 Valve 8-3 
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Table 5-3: SA 1 experimental matrix for detailed PIV flow characterization 

Experiment No GT-TAV ID  Region of interest Acquisition plane 

25 

BP-Low-LL 

Downstream Center 

26 
Neo-sinus and aortic 

sinus 

Center 

27 Above center 

28 Below center 

29 

BP-Low-SL 

Downstream Center 

30 
Neo-sinus and aortic 

sinus 

Center 

31 Above center 

32 Below center 

33 

PP-Low-LL 

Downstream Center 

34 
Neo-sinus and aortic 

sinus 

Center 

35 Above center 

36 Below center 

37 

BP-Mid-LL 

Downstream Center 

38 
Neo-sinus and aortic 

sinus 

Center 

39 Above center 

40 Below center 

41 

BP-Mid-SL 

Downstream Center 

42 
Neo-sinus and aortic 

sinus 

Center 

43 Above center 

44 Below center 

45 

PP-Mid-LL 

Downstream Center 

46 
Neo-sinus and aortic 

sinus 

Center 

47 Above center 

48 Below center 
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Table 5-3 contôd: SA 1 experimental matrix for detailed PIV flow characterization 

49 

BP-High-LL 

Downstream Center 

50 
Neo-sinus and aortic 

sinus 

Center 

51 Above center 

52 Below center 

53 

PP-High-LL 

Downstream Center 

54 
Neo-sinus and aortic 

sinus 

Center 

55 Above center 

56 Below center 

5.1.5.2 SA 1 Experimental Endpoints 

¶ Hydrodynamic and leaflet kinematics assessment 

The primary endpoints for hydrodynamic assessment were the mean transvalvular pressure 

gradient (mean TVPG) and the effective orifice area (EOA). Mean TVPG was computed 

as the time-averaged mean of the pressure difference across the aortic valve during systole. 

EOA was computed using the root mean square flow rate (Qrms) expressed in ml/s, density 

of the fluid (ɟ) and mean pressure gradient in mmHg (ȹPmean).  
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Where t1 and t2 correspond to the start and end of systole, respectively. 
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The primary endpoints for the leaflet kinematics testing were the maximum GOA and GOA 

integral (GOAint).  GOA curves were analyzed to obtain the GOA integral (GOAint) over 

the systolic period, which was used to evaluate each GT-TAVôs resistance to flow. Higher 

GOAint signified reduced resistance to flow. Furthermore to obtain secondary endpoints, 

GOA curves were by divided into three distinct phases: rapid valve opening, slow valve 

closing and rapid valve closing104, 109. The rapid valve opening time (RVOT) was defined 

as the time interval of early systole until reaching 90% of the maximum GOA, rapid valve 

closing time (RVCT) was the time interval of late systole falling below 90% of the 

maximum GOA until time of closure of the valve51, and the slow valve closing time 

(SVCT) was the time interval when the valve is fully opened and GOA is greater than 90% 

of the maximum GOA. The slopes of the GOA curve during the RVOT and RVCT time 

intervals were called the rapid valve opening/closing velocity index (RVOVI and RVCVI 

respectively) and were used as measures of the leaflet opening and closing velocities. These 

RVOT, SVCT and RVCT were compared between valve models to assess GT-TAV leaflet 

kinematics and performance. 

Additionally, the neo-sinus volume (Vneo [cm3]) was estimated for each GT-TAV model 

based on the average neo-sinus volume when the valve is fully-closed in diastole (Vdiastole 

[cm3]) and the valve is fully open in systole (Vsystole [cm3]). For estimates of the volumes, 

known geometric parameters including the valve diameter (D [cm]), native leaflet length 

(nLL [cm]), GT-TAV leaflet insertion height (LIH [cm]), and neo-sinus height (h [cm]) 

were used. The neo-sinus height (h [cm]) was estimated based on the native leaflet length 

and the GT-TAV leaflet length (LL [cm]) and leaflet insertion height (LIH [cm]).  
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For the low leaflet insertion valves with nLL greater than the GT-TAV LL, h [cm] 

corresponded to LL. For the mid and high leaflet insertion valves, the h [cm]) was estimated 

as the difference of  nLL and LIH. Additionally, for each GT-TAV the maximum geometric 

orifice area (GOA [cm2] obtained from leaflet kinematics analysis was used. For a single 

neo-sinus, the formulas below were used. 
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¶ Detailed PIV flow characterization 

The primary endpoint for the phase-locked PIV testing was the velocity magnitudes and 

vector fields. The 200 velocity fields were ensemble averaged to obtain the instantaneous 

velocity u and v in the x and y directions.  
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Secondary endpoints were obtained based on calculations from the PIV velocity field. 

a) Out of plane vorticity (ɤ): This is used as an indicator of regions of high shear in 

the flow field. This metric was calculated for the center plane as 
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Where u and v are the phase-averaged velocity components in the x and y directions 

respectively, and ᾀ is the out of plane unit vector. This vorticity may inform on regions 

where blood may experience high shear rates, which could potentially cause hemolysis or 

activation of platelets83. 

b) Shear stress: This has been reported to correlate with blood cell damage and can 

serve as a predictor of potential areas where platelet activation, or hemolysis may 

occur12, 92. The Reynolds Shear Stress (RSS) is a measure of the average momentum 

flux in the flow field due to temporal variations in the velocity field which arise 

from cycle-to-cycle variations as well as fluctuations in turbulent flow. The Viscous 

Shear Stress (VSS) is the viscous shear force per unit area experienced by fluid 

elements and can be related to the physical force exerted on blood cells from the 

blood plasma. This RSS and VSS were computed from the fluctuating velocity 

component, and velocity gradients respectively as 
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Where ” and ‘ are the density and dynamic viscosity of the fluid, and όand ὺ are the 

fluctuating components of the velocity in the x and y direction. 

c) 2D Turbulent Kinetic Energy (TKE): This is the kinetic energy of any eddies in 

the fluid volume, and can be used as a measure of the level of turbulence 

intensity93. Turbulent flow combined with extended exposure of cells to elevated 
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shear stresses can result in rupture of cell contents and lead to platelet activation 

and thrombotic events. The TKE was computed as  
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From the 2D high-speed PIV testing, the primary endpoint was the neo-sinus and aortic 

sinus velocity magnitude and flow fields. Velocity fields were analyzed at key time points 

within the cardiac cycle. These time points were chosen to capture flow characteristics 

during leaflet opening, when the valve was fully open, leaflet closing and when the valve 

was fully closed. Regions of the flow field with velocity magnitude lower than 0.05m/s 

were characterized as flow stasis.  

The maximum velocity for each spatial location in the GT-TAV neo-sinus throughout the 

cardiac cycle (Velmax) was plotted, and regions with Velmax < 0.05 m/s were considered the 

zones of flow stasis and stagnation. Additionally, the neo-sinus and aortic sinus particle 

residence were independently analyzed to obtain particle residence times (PRT). The PRT 

was defined as the number of cardiac cycles necessary for 95% of particles to be removed 

from each ROI. This PRT reflects the duration for which particles remain in the ROI, and 

thus a lower PRT is representative of faster particle washout and consequently reduced 

flow stagnation. 

5.1.5.3 SA 1 Statistical Analysis 
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All data were analyzed in SPSS Statistics (Version 24, IBM Corp, Armonk, NY) and 

MATLAB R2017a (MathWorks, Natick, MA). Data are presented as mean ± standard 

deviation, and normality was assessed with Shapiro-Wilk test. To determine effects of 

design features, independent samples two-tailed t-test, and analysis of variance (ANOVA) 

models with Tukeyôs HSD correction were used to compare means of normally distributed 

variables or Mann-Whitney U test for non-normally distributed variables. Statistically 

significance threshold was defined at p < 0.05. 

5.2 SA 2 Methods 

5.2.1 SA 2 Study Design 

In Specific Aim 2, the impact of native leaflet modification was investigated to assess its 

influence on neo-sinus and aortic flow hemodynamics. The aim of the study was to evaluate 

varied native leaflet modification geometries and identify an effective native leaflet 

modification strategy that will improve neo-sinus and aortic sinus flow stasis.  The study 

was designed based on the following study questions: 

1. What are the basic flow features in the non-coronary cusp (NCC) and left coronary 

cusp (LCC) in the absence and presence of a native leaflet?  

2. Will native leaflet modification change the extent of flow stasis in the TAV neo-

sinus and aortic sinus? In addition, how much native leaflet modification is 

necessary to minimize aortic sinus and TAV neo-sinus flow stasis? 

3. Can native leaflet modification be an effective strategy to reduce flow stasis in low 

cardiac output patients (cardiac output 2.5 LPM)? 
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4. Does native leaflet modification in one aortic sinus cusp non-coronary or left 

coronary (NCC or LCC), reduce flow stasis in adjacent cusps (LCC or NCC), and 

in with aortic sinus cusp does native leaflet modification provide the greatest effect 

to reduce flow stasis? 

These study questions were investigated using two-dimensional PIV experimental 

techniques. First, two control experiments were conducted in the non-coronary and left 

coronary cusps (NCC and LCC respectively) to gain understanding of the basic flow 

characteristics of a SAV without a native leaflet, and a TAV implanted in an intact native 

leaflet. The presence or absence of the native leaflet corresponded to the worst- or best-

case scenarios for sinus flow stasis, respectively.  Next, varied levels of native leaflet 

modification were simulated in the NCC only, by splaying the native leaflet to open 

previously covered cells of the TAV, and parametrically varying the leaflet modification 

geometry (narrow, medium, wide splay area). Lastly, native leaflet modification was 

simulated in either the native leaflet adjacent to the NCC or LCC independently to assess 

the effect in both the NCC and LCC simultaneously.   For each experimental scenario, two 

cardiac outputs: 5 L/min (nominal) and 2.5 L/min (low) were simulated, and flow 

interactions between the TAV neo-sinus, aortic sinus, and coronary artery (where 

applicable) were analyzed using the detailed velocity fields. 

5.2.2 Valve Selection and Aortic Root Model 

An important consideration was to ensure the valves and aortic root geometry under study 

were as clinically relevant as possible. For a representative surgical valve, the commonly 

used CE Magna Ease valve was used as the SAV for control experiments. A 26 mm 
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balloon-expandable SAPIEN 3 (Edwards, Lifesciences, Irvine, CA) was used as the TAV 

given previous studies suggest higher risk of leaflet thrombosis in intra-annular valves63, 85 

and greater neo-sinus flow stasis was observed in low leaflet insertion height TAVs63, 71. 

The test section for the aortic chamber simulated the left coronary cusp (LCC) and non-

coronary cusps (NCC). Given optical access into the regions of interest (TAV neo-sinus 

and aortic sinus) is incredibly vital for PIV studies, optical distortions caused by curvature 

and surface imperfections were minimized by using an idealized aortic root chamber. The 

aortic chamber featured a patient-averaged aortic geometry (three sinus lobes and left 

coronary outlet) with anatomical dimensions derived from post TAVR patients (Section 

4.2.2). The native leaflets around the TAV were modeled by a transparent film which 

allowed direct optical access to the TAV neo-sinus (Figure 5-18b). 
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Figure 5-18: Schematic highlighting (a) the key regions of interest (neo-sinus and 

aortic sinus) and demonstrating how optical clarity was achieved in experiments (b) 

Edwards SAPIEN 3 valve with transparent native leaflet wrapped around stent and 

(c) TAV deployed into transparent aortic root geometry. 

5.2.3 Development of Native Leaflet Modification Strategy 

Native leaflet modification is a technique that has been extensively used in the surgical 

repair of heart valves. In this thesis, a triangular splay technique was used to modify the 

native leaflet surrounding the TAV and expose the TAV stent cells thereby increasing flow 

interactions between the neo-sinus and aortic sinus (Figure 5-19).  
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Figure 5-19: Native leaflet modification geometry and schematic of splay area and 

splay angle. 

The leaflet modification geometry was controlled by systematically changing the splay 

angle and leaflet tip splay. 

Table 5-4: Native leaflet modification geometry parameters for Specific Aim 2 

investigations 

Modification 

Geometry 

Leaflet Tip 

Splay (mm) 

Splay Angle 

(°) 

Splay Area 

(mm²) 

Number of 

cells exposed 

Narrow 5 12 47.5 0.75 

Medium 10 24 95 1.75 

Wide 20 48 190 2.75 

Three varied levels of native leaflet modification (narrow, medium and wide) were 

simulated based on the 26 mm SAPIEN 3 TAV, and tested to understand how much leaflet 

modification may be necessary to minimize TAV neo-sinus and aortic sinus flow stasis 

(Table 5-4). These leaflet splays were chosen to deliberately vary the number of cells that 

will be opened to improve flow interactions between the neo-sinus and aortic sinus (Figure 

5-20). Due to the polyethylene terephthalate (PET) fabric skirt sewn unto the bottom cells 
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of the SAPIEN 3 stent, only the top cells of the stent were open to allow flow 

communication between the neo-sinus and aortic sinus. 

 

Figure 5-20: Native leaflet modification with varied geometry highlighting the 

number of stent cells that are exposed. 

5.2.4 In-vitro Flow Loop 

The GTLHS used in SA 1 was modified for investigations in SA 2 to include coronary 

flow. A secondary piston pump was attached to the left coronary and integrated with the 

GTLHS as described in Section 4.2.3. For these experiments, the GTLHS LabVIEW virtual 

instrument was modified to send a driving waveform to the secondary piston pump to 

obtain a characteristic left coronary waveform. The coronary flow waveform simulated 

(Figure 5-21) consisted of two peaks, a smaller peak during flow acceleration during 

ventricular systole and a larger peak in diastole. The first peak was passively obtained due 

to systolic fluid ejection and the compliance and resistance of the flow loop, while the 

second peak was obtained due to the prescribed motion of the coronary piston pump. 



 76 

 

Figure 5-21: Representative main and coronary flow waveforms used in SA 2 

experiments at 5L/min cardiac output. 

Overall, the coronary flow rate is approximately 5% of the cardiac output29, while the left 

coronary flow is 80% of the overall coronary flows94. Given the flow loop and aortic root 

geometry in SA 2 simulated the left coronary outlet alone, the coronary flow rate was set 

at 0.2 L/min or 0.1 L/min for cardiac outputs of 5 L/min and 2.5 L/min respectively. The 

loop was tuned for peak systolic and diastolic pressures of 120/130 mmHg and 80/70 

mmHg such that the mean aortic pressure was 100 mmHg, and a heart rate of 70 beats per 

minute. The working fluid for all experiments was a 3.5 cSt water-glycerin solution to 

match the kinematic viscosity of blood (approximately 36% glycerin). 
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5.2.5 Particle Image Velocimetry Methods 

Similar 2D phase-locked PIV methods as used in SA 1 described in Section 5.1.4 were 

used for SA 2 investigations. Phase-locked PIV was conducted to obtain detailed spatial 

resolution of flow at specific time points of the cardiac cycle. The regions of interest were 

the TAV neo-sinus and corresponding aortic sinus (either LCC or NCC). The PIV camera 

was positioned perpendicular to the region of interest and a single plane (center plane) was 

imaged to give a clear representation of the neo-sinus and aortic sinus (LCC or NCC) flow 

fields (Figure 5-22). Data acquisition and processing protocols in Lavision Davis 8.4 

software as described for SA 1 were used with slight modifications. For SA 2 phase-locked 

PIV experiments, 200 image pairs per phase were acquired for 26 phases through the 

cardiac cycle (10 during systole, and 16 in diastole). Image pairs were ensemble averaged 

to assess flow fields and compare between test conditions.  Data were post processed in 

Tecplot 360 Ex 2019 and MATLAB 2020a. Similar pre-processing protocols of 

background subtraction and dynamic masking to reduce background noise/reflections and 

improve particle contrast were used. All other processing and post-processing protocols as 

used in SA 1 were followed.  
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Figure 5-22: Schematic of the camera and laser orientation for SA 2 PIV 

experiments. (a) Imaging in the left coronary cusp (LCC) and (b) imaging in the 

non-coronary cusp (NCC) 

5.2.6 SA 2 Experimental Matrix, Endpoints and Data Analysis 

5.2.6.1 SA 2 Experimental Matrix 

The experiments in SA 2 could be grouped based on the study questions.  

Study Question 1. What are the basic flow features in the NCC and LCC in the absence 

and presence of a native leaflet? 

The fluid flow characteristics in the non-coronary and left coronary cusps (NCC and LCC 

respectively) of a surgical aortic valve (SAV) without a native leaflet, and transcatheter 

aortic valve with an intact native leaflet around (TAV full native leaflet), were assessed at 

nominal (5 LPM) and low (2.5 LPM) cardiac output conditions (Table 5-5). Phase-locked 

PIV experiments were acquired at the center plane of the neo-sinus. 
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Table 5-5: SA 2 experimental matrix for control studies. 

Experimental 

condition 

Native leaflet 

status 
Valve type Imaging cusp 

Cardiac 

Output  (LPM)  

Control 
No native 

leaflet 
SAV 

NCC 
5 

2.5 

LCC 
5 

2.5 

Control 
Intact native 

leaflet 
TAV 

NCC 
5 

2.5 

LCC 
5 

2.5 

Study Question 2: Will native leaflet modification change the extent of flow stasis in an 

intra-annular TAV neo-sinus and aortic sinus? In addition, how much native leaflet 

modification is necessary to minimize aortic sinus and intra-annular TAV neo-sinus flow 

stasis? (A comparison of the effects of leaflet modification geometry).  

The non-coronary cusp (Figure 5-22b) was imaged for different test native leaflet 

modification geometric conditions. The 26mm SAPIEN 3 TAV was deployed with 

complete commissural alignment to the commissures of the coronary chamber, and the 

flow simulator was tuned for normotensive flow conditions (5 L/min cardiac output). 

Phase-locked PIV experiments were acquired at the center plane of the neo-sinus. 

Table 5-6: SA 2 experimental matrix for effect of native leaflet modification 

geometry studies at 5 LPM . 

Experimental 

condition 

Native leaflet 

status 
Valve type Imaging cusp 

Cardiac 

Output (LPM)  

Test 

Narrow splay 

TAV NCC 5 Medium splay 

Wide splay 
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Study Question 3. Can native leaflet modification be an effective strategy to reduce flow 

stasis in low cardiac output patients (cardiac output 2.5 LPM)? 

Previous studies have highlighted increased neo-sinus flow stasis with decreased cardiac 

output69. Native leaflet modification could potentially serve as a strategy to improve neo-

sinus flow and reduce flow stasis thereby reducing risk of thrombosis for these patients.  

Table 5-7: SA 2 experimental matrix for effect of native leaflet modification 

geometry studies at 2.5 LPM.  

Experimental 

condition 

Native leaflet 

status 
Valve type Imaging cusp 

Cardiac 

Output (LPM)  

Test 

Narrow splay 

TAV NCC 2.5 Medium splay 

Wide splay 

Study Question 4. Does native leaflet modification in one aortic sinus cusp non-coronary 

or left coronary (NCC or LCC), reduce flow stasis in adjacent cusps (LCC or NCC), and 

in with aortic sinus cusp does native leaflet modification provide the greatest effect to 

reduce flow stasis? 

Coronary flow has been previously demonstrated to have an effect on the aortic sinus flow, 

and neo-sinus flow stasis in supra-annular TAVs, but no effect was observed in the intra-

annular TAV neo-sinus63. The combined influence of native leaflet modification and 

presence of coronary flow may lead to augmented flow patterns and result in decrease in 

TAV neo-sinus flow stasis. Native leaflet modification was simulated in one cusp (either 

NCC or LCC) at a time, and the flow fields were compared to the control case without 

leaflet modification. Additionally, the adjacent cusp to that which was modified was 
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imaged to explore if modification in one cusp allows more flow communication between 

spaces surrounding the TAV to the extent of influencing flow in the adjacent sinus.  

Table 5-8: SA 2 experimental matrix for effect of cusp selected for native leaflet 

modification at 2.5 and 5 LPM. 

Experimental 

condition 

Native leaflet 

status 
Valve type Imaging cusp 

Cardiac 

Output (LPM)  

Test 
Wide NCC 

splay 
TAV 

NCC 
2.5 

5 

 
2.5 

5 

Test 
Wide LCC 

splay 
TAV 

NCC 
2.5 

5 

LCC 
2.5 

5 

 

5.2.6.2 SA 2 Experimental endpoints and Data Analysis 

The primary endpoints for the PIV experiments were the velocity magnitudes and vector 

fields. The 200 velocity fields were ensemble averaged to obtain the instantaneous velocity 

u and v in the x and y directions, respectively.  

ὠὩὰέὧὭὸώ άὥὫὲὭὸόὨὩό ὺ 

The velocity fields were analyzed for maximum and minimum values at different time 

points of the cardiac cycle. Regions of the flow field with velocity magnitude lower than 

0.05m/s were characterized as flow stasis. The necessary Matlab codes for this data 

processing are presented in Appendix N and O. The timepoints at which the maximum 
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velocity occurred were also observed to indicate systolic or diastolic washout. Flow 

streamlines were also computed and analyzed to highlight flow patterns and interactions 

between the TAV neo-sinus and aortic sinus.  
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CHAPTER 6. RESULTS & DISCUSSION - SPECIFIC AIM 1  

The results and discussion from SA 1 will be presented in this chapter. SA 1 focused on 

the parametric investigation of the effects of transcatheter aortic valve leaflet material, 

insertion height and length on the valve performance and hemodynamics. 

First the results from individual experiments (Section 6.1) - assessment of GT-TAV leaflet 

material properties and manufacturing, hydrodynamic performance, leaflet kinematics and 

flow fields are presented. To ease the readerôs understanding, description of the leaflet 

kinematics and PIV results for each one of the eight GT-TAV models will follow the same 

scheme: a description of the GT-TAV leaflet opening and closing, an overview of the flow 

structures and turbulence metrics downstream of each GT-TAV, followed by a thorough 

description of the neo-sinus hemodynamics throughout the cardiac cycle. The results at 

four main phases of the cardiac cycle will be highlighted and will be presented in the order: 

1) Acceleration - the leaflet opening phase, 2) Peak systole - the fully opened leaflet phase, 

3) Deceleration - the leaflet closing phase, and 4) Diastole ï the fully closed leaflet phase.  

Secondly, comparisons of results between GT-TAV models (Section 6.2) will be presented 

to provide understanding on the individual effects of leaflet design features specifically 

leaflet material (Section 6.2.1), leaflet length (Section 6.2.2), and leaflet insertion height 

(Section 6.2.3) on the fluid dynamics of TAVs.  

Finally, the results of SA1 will be discussed (Section 6.3) in the context how individual 

and combined leaflet design features influenced the TAV performance and thrombosis risk. 



 84 

The study impact and limitations of SA 1 will also be discussed in Section 6.4 and 6.5, 

respectively. 

6.1 SA 1 Results ï Individual Experiments 

6.1.1 GT-TAV Manufacturing Assessment 

6.1.1.1 GT-TAV Leaflet Material Characterization 

The bovine and porcine pericardium (BP and PP respectively) tissues used in GT-TAV 

manufacturing were characterized by uniaxial testing as described in Section 5.1.2. Porcine 

pericardium was observed to be significantly thinner than bovine pericardium (0.21 ± 0.042 

mm vs 0.40 ± 0.085 mm, p<0.05). Characteristic stress-strain profiles comprising of a toe 

region followed by a linear stress-strain relationship, and a rupturing point typical of 

viscoelastic biological tissues was observed for all samples (Figure 6-1 and Figure 6-2).   
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Figure 6-1: Stress-strain curves for uniaxial loading to failure of bovine pericardium 

samples (n=10). 

 

Figure 6-2: Stress-strain curves for uniaxial loading to failure of porcine 

pericardium samples (n=10). 

Generally, all BP samples were able to sustain up to 12% strain without failure, but PP 

were observed to fail sooner. The summary data for this material characterization is 

presented in Table 6-1, and all data are presented in Appendix K. Variability in material 

properties was observed across samples as seen in the stress-strain plots and standard 

deviation of end-point parameters.  Despite these variability, overall BP samples were 

observed to have significantly higher (p<0.05) ultimate tensile strength (UTS), tensile 

modulus (E) and stiffness than PP samples. Additionally, the ultimate tensile strain (UTE) 

was found to be higher for BP samples although not significantly detected (p=0.149). 
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Table 6-1: Material properties of GT-TAV leaflet from uniaxial testing of BP and 

PP (n=20). BP and PP represent bovine and porcine pericardium respectively; UTS, 

UTE, and E represent the ultimate tensile strength, ultimate tensile strain, and 

tensile modulus, respectively. 

Endpoint 

Material  type 

(n=10 

samples/material) 

Mean ± Standard 

Deviation 
p - value 

Thickness 

(mm) 

BP 0.40 ± 0.085 
<0.0001 

PP 0.21 ± 0.042 

UTS (MPa) 
BP 13.8 ± 2.97 

0.003 
PP 9.5 ± 2.51 

UTE (%) 
BP 15.9 ± 2.49 

0.149 
PP 14.2 ± 2.31 

E (MPa) 
BP 110.7 ± 16.2 

0.001 
PP 79.82 ± 19.3 

Stiffness 

(kN/m) 

BP 8.6 ± 2.13 
<0.001 

PP 3.0 ± 1.20 

6.1.1.2 Evaluation of GT-TAV Manufacturing 

Visual comparison of each of the three valves per GT-TAV model showed that the GT-

TAV model geometry was successfully replicated in manufacturing (Figure 6-3). 

Quantitatively, the hydrodynamics and leaflet kinematics for all 24 valves (3 valves/model 

x 8 GT-TAV models) revealed that among multiple copies of a given GT-TAV model, the 

mean TVPG, EOA, and max GOA exhibited average coefficient of variation (standard 

deviation/mean) less than 20% (13%, 9%, and 6% respectively). Summary results of the 

hydrodynamics and leaflet kinematics testing are provided in Table 6-2. 
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Figure 6-3: Representative three samples of BP-Low-LL GT -TAV model showing 

successful replication of TAV manufacturing. 

 

Table 6-2: Hydrodynamics and leaflet kinematics assessment summary of 

manufactured valves (n=24). 

Endpoint GT-TAV ID 

(n=3 

valves/model) 

Mean ± 

Standard 

Deviation 

Coefficient of 

variation (%)  

Mean TVPG 

(mmHg) 

BP-Low-LL 13.4 ± 2.02 15 

BP-Low-SL 13.4 ± 1.85 14 

PP-Low-LL 13.9 ± 2.50 18 

BP-Mid-LL 14.7 ± 1.81 12 

BP-Mid-SL 12.8 ± 2.41 19 

PP-Mid-LL 9.6 ± 0.24 3 

BP-High-LL 15.1 ± 1.68 11 

PP-High-LL 12.7 ± 2.04 16 
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Table 6-3 contôd: Hydrodynamics and leaflet kinematics assessment summary of 

manufactured valves (n=24). 

EOA (cm2) 

BP-Low-LL 1.65 ± 0.14 8 

BP-Low-SL 1.71 ± 0.16 9 

PP-Low-LL 1.74 ± 0.24 14 

BP-Mid-LL 1.62 ± 0.14 9 

BP-Mid-SL 1.90 ± 0.18 9 

PP-Mid-LL 2.09 ± 0.22 11 

BP-High-LL 1.74 ± 0.09 5 

PP-High-LL 1.98 ± 0.19 10 

Max GOA (cm2) 

BP-Low-LL 2.48 ± 0.17 7 

BP-Low-SL 2.81 ± 0.10 3 

PP-Low-LL 2.81 ± 0.27 10 

BP-Mid-LL 2.62 ± 0.08 3 

BP-Mid-SL 2.62 ± 0.18 7 

PP-Mid-LL 3.10 ± 0.16 5 

BP-High-LL 2.59 ± 0.12 5 

PP-High-LL 2.44 ± 0.21 9 

All manufactured GT-TAVs met the targeted values for the mean pressure gradient and 

EOA (<20 mmHg, EOA > 1.2 cm2). One valve representative of each GT-TAV model was 

selected for detailed analysis of leaflet kinematics, and PIV testing to allow for 

comparisons between models to understand the effects of design features. 

6.1.2. Leaflet Kinematics Assessment and PIV Measurements on the Eight GT-TAV 

Models 

The videos used to obtain leaflet kinematic parameters, as well as the phase averaged 

velocity magnitude, vorticity, turbulent kinetic energy, Reynolds, and viscous shear stress 

contour plots for all GT-TAV models can be found in Appendix L. The PIV results are 
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based on phase averaged velocity fields. The flow fields downstream of each GT-TAV 

model measured in the center plane of the aortic chamber will be described, then the flow 

fields in the neo-sinus and aortic sinus measured in the plane A - center plane, plane B - 

center plane + 3 mm plane (above center plane), and plane C - center -3 mm (below center 

plane) will be presented. The reader is referred to Figure 5- 14, Figure 5- 15 and Figure 5- 

16 for the position and orientation of measurement planes and schematics of the regions of 

interest. The direction of forward flow is from left to right.  

6.1.2.1. GT-TAV With Bovine Pericardium Leaflet Material, 0 mm Leaflet Insertion 

Height, and 15 mm Leaflet Length (BP-Low-LL)  

Leaflet Kinematics Assessment 

Appendix L Video 1.0 shows the leaflet opening and closing for this valve. Representative 

en-face images at 4 phases of the cardiac cycle are highlighted in Figure 6-4. The onset of 

leaflet opening, and closure was asymmetric starting with 1 leaflet (bottom left leaflet) 

followed by the other two. 

 

Figure 6-4: En-face imaging of BP-Low-LL GT -TAV at different phases of the 

cardiac cycle. 

Figure 6-5 shows the averaged geometric orifice area (GOA) curve throughout the cardiac 

cycle. The leaflet opening motion was a rapid event taking approximately 66 ± 4.18 ms 
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with an opening velocity of 12.47 ± 0.54 cm2/s and reaching a maximum GOA of 2.35 ± 

0.047 cm2 when fully opened. Leaflet closing took a longer time of 89 ± 13.87 ms with a 

leaflet closing velocity of 9.03 ± 1.19 cm2/s. The valve was fully opened for 155 ± 15.81 

ms. 

 

Figure 6-5: Geometric Orifice Area curve for BP-Low-LL GT -TAV.  

Detailed Description of Downstream Flow Features 

Appendix L Videos 1.1-1.5 show the velocity magnitude, vorticity, RSS, VSS and TKE 

contour plots for this GT-TAV model. Figure 6-6 illustrates the temporal evolution of the 

flow features downstream of the valve. A central orifice jet of 2.27 m/s exited from the 

valve orifice in acceleration (t=0.05 s). The central orifice flow reached a maximum 

velocity magnitude of 3.48 m/s at peak systole (t=0.15 s) and the location of maximum 

velocity was observed to be approximately 8.8 mm from the valve outflow (23.3 mm from 

native annulus). The central orifice jet had a diameter of approximately 16.4 mm, which 

was 65% of the sino-tubular junction (STJ) diameter. This central jet had a flat profile 
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exiting the valve outflow but became parabolic approximately 45 mm downstream of the 

valve annulus. (Figure 6-7). 

 

Figure 6-6: Velocity fields at center plane of BP-Low-LL GT -TAV at different 

phases of the cardiac cycle. Acceleration, Peak systole, Deceleration and Diastole 

correspond to t=0.05, 0.15, 0.25, 0.45 s respectively. 

Systolic deceleration flow was like peak systole but with lower velocity magnitude and 

regions of flow recirculation within the boundary layer of the top aortic wall. Pressure 

reversal from the aorta reduced the central jet velocity from 3.48 m/s in peak systole to 

1.87 m/s in mid deceleration (t=0.25 s). The velocity in the recirculation zones trailing the 

central jet and in sinus were less than 0.05 m/s. The flow throughout diastole was mostly 

quiescent with velocities less than 0.3 m/s.  
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Figure 6-7: Velocity profile at 7 downstream locations from the valve outflow of BP-

Low-LL at peak systole (t=0.15 s) 

Figure 6-8 illustrates the vorticity contours at 4 timepoints throughout the cardiac cycle. 

The dark streaks of red and blue vorticity contours correspond to the jet boundaries where 

the velocity gradient is high. Shear layers appeared prominently throughout systole and 

diffused laterally along the flow direction in peak systole and deceleration. The peak 

vorticity was calculated to be 1722 s-1 in peak systole.  

The RSS, VSS and TKE contours (Appendix L, video 1.3-1.5) reflect the shear stress and 

turbulence intensity between fluid layers. Figure 6-9 highlights the principal RSS, VSS and 

TKE fields at peak systole for GT-TAV BP-Low-LL. Highest RSS and TKE were 

concentrated in the edge of the systolic jet while the VSS plots mirrored the vorticity 

contour plot. Peak RSS, VSS and TKE were observed to be 571 Pa, 6.51 Pa and 367 Pa 

respectively.  
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Figure 6-8: Out of plane vorticity at center plane of BP-Low-LL GT -TAV at 

different phases of the cardiac cycle. Acceleration, Peak systole, Deceleration and 

Diastole correspond to t=0.05, 0.15, 0.25, 0.45 s respectively. 

 

 

Figure 6-9: Principal RSS, VSS and TKE fields of BP-Low-LL  at peak systole 

(t=0.15 s) 
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Detailed Description of Neo-sinus and Aortic Sinus Flow Features 

Figure 6- 10 illustrates the temporal evolution of the velocity field in the neo-sinus and 

aortic sinus of this valve for the center plane. 

 

Figure 6- 10: Neo-sinus and aortic sinus velocity magnitude and streamlines of BP-

Low-LL GT -TAV at different phases of the cardiac cycle for plane A - center plane. 

Acceleration, Peak systole, Deceleration and Diastole correspond to t=0.05, 0.16, 

0.275, 0.55 s respectively. 

When the valve leaflets start opening, neo-sinus velocities increased as flow accelerated 

from the neo-sinus. This was indicated by the streamlines showing fluid moving from the 

neo-sinus towards the STJ to join the main jet flow and little interaction with the aortic 

sinus. At mid-acceleration (t=0.05 s), a forward flow pattern with peak velocity magnitude 

of 0.07 m/s was observed throughout the neo-sinus region, while the aortic sinus was 

characterized by recirculating flow of velocity magnitudes less than 0.05 m/s. As 

acceleration persisted, fluid motion out of the neo-sinus decelerated as the leaflets opened 

fully, and fluid slowly exited the sinus to join the main jet. At peak systole (t= 0.16 s) when 
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the leaflet was fully open, the neo-sinus and aortic sinus were characterized by quiescent 

flow and velocities less than 0.05 m/s. With pressure reversal in the aorta during systolic 

deceleration, streamlines indicated a reversed flow pattern highlighting the return of fluid 

into the aortic sinus and neo-sinus, and the valve leaflets began to close. Recirculating flow 

developed towards the tip of the native leaflet in the sinus at t= 0.214 s, and persisted until 

t=0.267 s. At mid-deceleration (t=0.275 s), flow injection into the neo-sinus washed deeper 

into the base of the neo-sinus. Flow from the aortic sinus interacted with the neo-sinus to 

close the valve leaflets at the end of systole (t= 0.03 s) and throughout valve closure. In 

diastole (t=0.55 s), streamlines indicated flow into the neo-sinus and aortic sinus from the 

STJ. Low velocities and recirculating flow characterized the aortic sinus and neo-sinus 

regions throughout diastole.  

Generally, similar flow behavior to plane A were observed for planes B and C (above and 

below center plane respectively), however there were apparent differences in the velocity 

magnitudes, spatial location, and intensity of recirculating flow. Asymmetric leaflet 

opening and closure caused varied neo-sinus geometry and varied local flow patterns 

across the 3 planes. Figure 6-11 illustrates the temporal evolution of the velocity field in 

the neo-sinus and aortic sinus of this valve for all measured planes.  
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Figure 6-11: Neo-sinus and aortic sinus velocity magnitude and streamlines of BP-

Low-LL GT -TAV at different phases of the cardiac cycle for 3 measured planes. 

Acceleration, Peak systole, Deceleration and Diastole correspond to t=0.05, 0.16, 

0.275, 0.55 s respectively. 

6.1.2.2. GT-TAV With Bovine Pericardium Leaflet Material, 0 mm Leaflet Insertion 

Height and 12 mm Leaflet Length (BP-Low-SL) 

Leaflet Kinematics Assessment 

Appendix L Video 2.0 shows the opening and closing for this GT-TAV model. 

Representative en-face images at 4 phases of the cardiac cycle are highlighted in Figure 6-

12. The leaflet opening motion was fast taking approximately 53 ± 2.74 ms with an opening 

velocity of 17.98 ± 0.38 cm2/s and reaching a maximum GOA of 2.73 ± 0.029 cm2 when 

fully opened. The valve stayed fully opened for 178 ± 4.47 ms. Leaflet closing lasted for 

74 ± 4.18 ms with a leaflet closing velocity of 11.35 ± 0.97 cm2/s. The averaged GOA 

curve throughout the cardiac cycle is provided in Figure 6-13. 
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Figure 6-12: En-face imaging of BP-Low-SL GT-TAV at different phases of the 

cardiac cycle. 

 

 

Figure 6-13: Geometric Orifice Area curve for BP-Low-SL GT-TAV.  

Detailed Description of Downstream Flow Features 

Appendix L Videos 2.0-2.5 show the velocity magnitude, vorticity, RSS, VSS and TKE 

contour plots for this GT-TAV model. Figure 6-14 illustrates the temporal evolution of the 

flow features downstream of the valve. A central orifice jet of 1.17 m/s exited from the 
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orifice of the valve in acceleration (t=0.05 s). The flow reached a maximum velocity 

magnitude of 2.69 m/s at peak systole (t=0.15 s) and the location of maximum velocity was 

observed to be approximately 9.5 mm from the valve outflow (23.4 mm from native 

annulus). 

 

Figure 6-14: Velocity fields at center plane of BP-Low-SL GT-TAV at different 

phases of the cardiac cycle. Acceleration, Peak systole, Deceleration and Diastole 

correspond to t=0.05, 0.15, 0.25, 0.45 s respectively. 

The orifice jet had a diameter of approximately 15.2 mm, which was 60% of the sino-

tubular junction (STJ) diameter. This jet had a flat velocity profile exiting the valve outflow 

but became parabolic approximately 40 mm downstream of the valve annulus (Figure 6-

15). The jet flow was skewed slightly towards the top side of the aortic wall, while a 

recirculation zone developed towards the bottom side of the aortic wall. 
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Figure 6-15: Velocity profile at 7 downstream locations from the valve outflow of 

BP-Low-SL at peak systole (t=0.15 s) 

Systolic deceleration flow was like peak systole but with lower velocity magnitudes and 

larger region of flow recirculation in the bottom aortic wall and aortic sinus. Pressure 

reversal from the aorta reduced the central jet velocity from 2.69 m/s in peak systole to 

1.54 m/s in mid deceleration (t=0.25 s). The velocity in the recirculation zones trailing the 

central jet and in sinus were less than 0.1 m/s. The flow throughout diastole was mostly 

quiescent with velocities less than 0.3 m/s. 

Figure 6-16 illustrates the vorticity contours at 4 timepoints throughout the cardiac cycle. 

Shear layers diffused laterally along the flow direction in peak systole and deceleration. 

The peak vorticity was calculated to be 824 s-1 in peak systole. The contours of RSS, VSS 

and TKE mirror the shear layer structures (Appendix L, videos 2.3-2.5). Figure 6-17 shows 

the principal RSS, VSS and TKE fields at peak systole for GT-TAV BP-Low-SL. Highest 

RSS and TKE were concentrated in the bottom edge of the systolic jet while the VSS plots 

mirrored the vorticity contour plot. Peak RSS, VSS and TKE were observed to be 184 Pa, 

4.31 Pa and 123 Pa respectively.  
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Figure 6-16: Out of plane vorticity at center plane of BP-Low-SL GT-TAV at 

different phases of the cardiac cycle. Acceleration, Peak systole, Deceleration and 

Diastole correspond to t=0.05, 0.15, 0.25, 0.45 s respectively. 

 

 

Figure 6-17: Principal RSS, VSS and TKE fields of BP-Low-SL at peak systole 

(t=0.15 s) 
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Detailed Description of Neo-sinus and Aortic Sinus Flow Features 

Figure 6-18 illustrates the temporal evolution of the velocity field in the neo-sinus and 

aortic sinus of this valve for the center plane. 

 

Figure 6-18: Neo-sinus and aortic sinus velocity magnitude and streamlines of BP-

Low-SL GT-TAV at different phases of the cardiac cycle for plane A - center plane. 

Acceleration, Peak systole, Deceleration and Diastole correspond to t=0.05, 0.16, 

0.275, 0.55 s respectively. 

As the valve leaflets start opening, neo-sinus flow accelerated reaching velocity magnitude 

of 0.13 m/s at t= 0.05 s. Streamlines showed fluid moving from the neo-sinus towards the 

STJ to join the main jet flow while the aortic sinus was characterized by quiescent flow of 

velocity magnitudes less than 0.05 m/s. As acceleration persisted, fluid motion out of the 

neo-sinus decelerated as the leaflets opened fully. Fluid in the aortic sinus formed a 

recirculation region towards the tip of the native leaflet and exited to join the main jet flow. 

At peak systole (t= 0.16 s) when the leaflet was fully open, the neo-sinus was characterized 

by quiescent flow and velocities less than 0.05 m/s, while fluid in aortic sinus continued to 
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exit towards the STJ with velocities reaching 0.07 m/s. With pressure reversal in the aorta 

during systolic deceleration, streamlines indicated that flow in the aortic sinus continued 

to exit with velocity reaching 0.09 m/s at mid-deceleration (t=0.275 s). The valve leaflets 

stayed visibly open until the end of systole (t= 0.32 s). In diastole, streamlines indicated 

flow into bottom of neo-sinus with velocity 0.06 m/s. Low velocity (< 0.05 m/s) flow 

characterized the aortic sinus throughout diastole (t=0.55 s).  

Flow behavior observed in planes B and C (above and below center plane respectively) 

were similar to plane A, but differences in the velocity magnitudes were very apparent. 

Figure 6-19 illustrates the temporal evolution of the velocity field in the neo-sinus and 

aortic sinus of this valve for all measured planes. The velocities measured in plane C during 

systolic acceleration were higher than that of the other two planes (0.19 m/s vs 0.13 m/s vs 

0.13 m/s for planes C, B and A respectively at t=0.05 s). 
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Figure 6-19: Neo-sinus and aortic sinus velocity magnitude and streamlines of BP-

Low-SL GT-TAV at different phases of the cardiac cycle for 3 measured planes. 

Acceleration, Peak systole, Deceleration and Diastole correspond to t=0.05, 0.16, 

0.275, 0.55 s respectively. 

6.1.2.3.GT-TAV With Porcine Pericardium Leaflet Material, 0 mm Leaflet Insertion 

Height and 15 mm Leaflet Length (PP-Low-LL)  

Appendix L Video 3.0 shows the leaflet opening and closing for this GT-TAV model. 

Representative en-face images at 4 phases of the cardiac cycle are highlighted in Figure 6-

20. The leaflet opening motion was very rapid and relatively symmetrical for this GT-TAV 

model. The rapid valve opening time was 39 ± 4.18 ms, with an opening velocity of 20.52 

± 1.01 cm2/s and reaching a maximum GOA of 2.89 ± 0.064 cm2 when fully opened. 

Leaflet flutter was observed when the valve remained open and during the start of 

deceleration. The valve was fully opened for 187 ± 5.70 ms.  An asymmetrical valve 

closure was observed with the bottom left leaflet closing first. Leaflet closing took a longer 
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time of 79 ± 5.48 ms and a leaflet closing velocity of 9.77 ± 0.80 cm2/s. The averaged GOA 

curve throughout the cardiac cycle is provided in Figure 6-21. 

 

Figure 6-20: En-face imaging of PP-Low-LL GT -TAV at different phases of the 

cardiac cycle. 

 

Figure 6-21: Geometric Orifice Area curve for PP-Low-LL GT -TAV.  

Detailed Description of Downstream Flow Features 

Appendix L videos 3.1-3.5 show the velocity magnitude, vorticity, RSS, VSS and TKE 

contour plots for this GT-TAV. Figure 6-22 illustrates the temporal evolution of the flow 

features downstream of the valve. 
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Figure 6-22: Velocity fields at center plane of PP-Low-LL GT -TAV at different 

phases of the cardiac cycle. Acceleration, Peak systole, Deceleration and Diastole 

correspond to t=0.05, 0.15, 0.25, 0.45 s respectively. 

A central orifice jet of 1.22 m/s exited from the orifice of the valve in acceleration (t=0.05 

s), with recirculation regions trailing both ends of the central jet. The flow reached a 

maximum velocity magnitude of 2.58 m/s at peak systole (t=0.15 s) and the location of 

maximum velocity was observed to be approximately 9.6 mm from the valve outflow (23.5 

mm from native annulus). The orifice jet had a diameter of approximately 12.7 mm, which 

was 50% of the sino-tubular junction (STJ) diameter. The jet had a flat velocity profile 

exiting the valve outflow but became parabolic approximately 45 mm downstream of the 

valve annulus. (Figure 6-23). The jet flow was skewed slightly towards the bottom side of 

the aortic wall, while a recirculation zone developed towards the top side of the aortic wall. 

Systolic deceleration flow was like peak systole but with lower velocity magnitudes and 

intensified flow recirculation towards the top side of the aortic wall. Pressure reversal from 

the aorta reduced the central jet velocity from 2.58 m/s in peak systole to 1.34 m/s in mid 
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deceleration (t=0.25 s). The velocity in the recirculation zones trailing the central jet and 

in sinus were less than 0.05 m/s. The flow throughout diastole was mostly quiescent with 

velocities less than 0.3 m/s. 

 

Figure 6-23: Velocity profile at 7 downstream locations from the valve outflow of 

PP-Low-LL  at peak systole (t=0.15 s) 

Figure 6-24 illustrates the vorticity contours at 4 timepoints throughout the cardiac cycle. 

Shear layers appeared during the acceleration phase, and quickly diffused laterally along 

the flow direction in peak systole and deceleration. The peak vorticity was calculated to be 

1442 s-1 in peak systole. The contours of RSS, VSS and TKE mirrored the shear layer 

structures (Appendix L, video 3.3-3.5). Figure 6-25 shows the principal RSS, VSS and 

TKE fields at peak systole for GT-TAV PP-Low-LL. Highest RSS and TKE were 

concentrated in the top edge of the systolic jet while the VSS plots mirrored the vorticity 

contour plot. Peak RSS, VSS and TKE were observed to be 215 Pa, 4.53 Pa and 146 Pa, 

respectively.  
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Figure 6-24: Out of plane vorticity at center plane of PP-Low-LL GT -TAV at 

different phases of the cardiac cycle. Acceleration, Peak systole, Deceleration and 

Diastole correspond to t=0.05, 0.15, 0.25, 0.45 s respectively. 

 

Figure 6-25: Principal RSS, VSS and TKE fields of PP-Low-LL  at peak systole 

(t=0.15 s) 

Detailed Description of Neo-sinus and Aortic Sinus Flow Features 

Figure 6-26 illustrates the temporal evolution of the velocity field in the neo-sinus and 

aortic sinus of this valve for the center plane.  
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Figure 6-26: Neo-sinus and aortic sinus velocity magnitude and streamlines of PP-

Low-LL GT -TAV at different phases of the cardiac cycle for plane A - center plane. 

Acceleration, Peak systole, Deceleration and Diastole correspond to t=0.05, 0.16, 

0.275, 0.55 s respectively. 

As the valve leaflets started opening, neo-sinus flow accelerated reaching velocity 

magnitude of 0.15 m/s at t= 0.05 s. Streamlines showed fluid moving from the neo-sinus 

towards the STJ to join the main jet flow and aortic sinus. A recirculation region formed in 

the aortic sinus towards the tip of the native leaflet and exited to join the main jet flow. As 

acceleration persists, fluid motion out of the neo-sinus decelerated as the leaflets opened 

fully. At peak systole (t= 0.16 s) when the leaflet was fully open, the small neo-sinus area 

was characterized by quiescent flow and velocities less than 0.05 m/s, while fluid in aortic 

sinus continued to exit towards the STJ with velocities reaching 0.07 m/s. With pressure 

reversal in the aorta during systolic deceleration, streamlines indicated flow in aortic sinus 

continued to exit and interacted with the neo-sinus to assist with valve leaflet closure. Neo-

sinus velocity reached 0.11 m/s at mid-deceleration (t=0.275 s). In diastole (t=0.55 s), 
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streamlines indicated flow into the bottom of the neo-sinus and aortic sinus with velocity 

less than 0.1 m/s.  

 

Figure 6-27: Neo-sinus and aortic sinus velocity magnitude and streamlines of PP-

Low-LL GT -TAV at different phases of the cardiac cycle for 3 measured planes. 

Acceleration, Peak systole, Deceleration and Diastole correspond to t=0.05, 0.16, 

0.275, 0.55 s respectively. 

6.1.2.4.GT-TAV With Bovine Pericardium Leaflet Material, 7 mm Leaflet Insertion 

Height and 15 mm Leaflet Length (BP-Mid-LL)  

Leaflet Kinematics Assessment 

Appendix L video 4.0 shows the opening and closing for this GT-TAV. Representative en-

face images at 4 phases of the cardiac cycle are highlighted in Figure 6-28. The leaflet 

opening motion was asymmetrical with 2 leaflets (bottom left, and top left) opening first 

and a delayed opening of the 3rd leaflet (bottom right). 


















































































































































































































































































































































































































































































































































