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SUMMARY

Transcatheter aortigalve replacement (TAVRan alternativetherapyto standardized
surgicalaortic valve replacementSAVR) in the treatment of severe symptomatic aortic
stenosis hasvolved greatly in the last decalased orresultsfrom successful clinical
trials. These trialgevealed evidencef equivalence or qeriority of TAVR to SAVRIn
low, intermediateor highsurgical risk patientsandthese resultbave led to an expansion
of TAVR guidelinerecommendations to accommodat®re patients. The longterm
success of this therapy oweverthreatened by some complications, one of which is
leaflet thrombosis. In clinical practice, leaflet thrombosis has repamte@dencerates
ranging from 4.50 40% in different study populiains Although its causeare notclearly
defined, studies indicate a combinationtlod TAV device,intra-procedual, andpatient
anatomical factors contribute to its occurrenbtechanistic studieseveaéd that the
unique 6 ns © n greafed by the devicepatient anatomy, and the local flow
characteristicsuroundng the device are critical to thdevelopment of thrombosisin
addition, @mtientspecific flow studies confirmed a predictive link between-si@os flow

stasis and sevigy of TAV leaflet thrombosis.

The work presented in this dissertation aims to prosaddamproved understanding thfe
flow characteristics withinhe TAV necsinusand its surroundingand elucidatedevice
specific factors and intraprocedural strategs that may contribute to minimizing flow
stasisandredudng therisk of leaflet thrombosisThe fow phenomenavill be quantified
usingtwo-dimensionalparticle image velocimetry technigad=indings will promote the

development ofimprovednext generatiovalve replacemerdevices angbrovidesupport

XXVi



for intraprocedural strategies that couldinimize flow stasis Additionally, the
experimental data will provide a reliable database necessary for verification and validation

of computational isnulations.
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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 maintakdwectional 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 A\tr#tical andensuesadequate supply

of oxygenated blood to thieody. The two primary dysfunctions of the AV are aortic
stenosis (AS) and aortic regurgitation (AR). AS refers to restricted AV opening during
ventricular ejectionwhile AR is the failure of the AV to closeampletely resulting in

blood leaking from the aorta to the left ventricle

AS can be a result of a congenital hatgtect butis most causethy agerelated calcific
deposits on the AV leaflets. These calcium deposits result in stiffening of the leaflets a
narrowing of the AV orificeThese effecténcrease the resistance to forward blood flow
and result in a larger pressure drop across the Yaliimately, this leads to increased

cardiac workload and reduced efficiency as the left ventricle is required to pumparder

Studies report the prevalence of AS due to calcified leaflets to B&62in adults over 65

years of age ’°. If left untreated, approximately 75% of symptomatic AS patients will be
deceased within 3 yedrsSymptomatic 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 vapcement with an

engineered heart valve.



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 guidelin€$ . For very high risk or surgically inoperable patients,
trangatheter 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 papsilatio
59,66, 78 Although TAVR has several advantages (reduced insult to the body, reduced
procedural, hospitalization and recovery time )etlittle evidence is known of the long

term safety and effectiveness compared to SAYRShortterm patient follow up reports
indicate occurrence of several complications ideilg leaflet thrombosis and structural

valve degeneration, which have led to concerns of-teng valve durability? 4.

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 de&tf?. Clinical reports show incidence rates of LT ranging from
457 40% in postTAVR patientd® 30659112 Conclusive causes of LT are unclear given

its occurrence has been observed across different TAV d&#12&% Nonetheless, studies
indicate the biomechanical environment surrounding the TAV is critical in the
development of LY ¢ 107 This environment can be altered by anatomioaka
procedural and TAV device specific factors. This is because during TAV implantation
procedure, the TAV stent is expanded intodlseasedaive leaflets causing a separation

of the aortic sinus into two distinct regions.) a smaller aortic sinus and ii.)n@o-sinus

whichi spocketl i ke d and bounded b ydisdasedativeE Adrtic | ea f |



valve leaflets. Thiseparation may increase blood residence time on the TAV leaflets, and

consequently escalate the likelihood of thromiddsis

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 velocitiaad increased particle residefweashoutimes

in the neesinu$? %, Patientspecific flow studies have confirmed a predictive link between

the neesinus flow stasis and the severity of TAV leaflet thromB83i¥his neesinus flow
appears to be complewvith spatial and temporal extents of le@locity magnitud&. The
location and extent of flow stasis mayibh#uencedby anatomical, TAV devicgypeand
deploymenihtra-procedurafactors, as well athepatient cardiac output. Complementary
studies investigated the effects of pati@anatomy®®, TAV deploymerft? and cardiac
outpuf® on neesinus and sinus flows, but no studies to date focused on the effects of TAV

device desigifieatures in relation to thrombosis risk

With the differences that exists éarrently availabléfAV design features, considerations

for TAV designs thaminimize areas of flow stastould bea proactive strategy to mitigate

the risk of thrombosis. Previous experience with design optimization studies in surgical
mechanical heart valvgsovedrelevarce to mitigating thrombosisccurrence23 40 4%

545598 There is thus a need for understanding the effects of TAV design features on the
biomechanical environment of the TAXdditionally, while intra-procedural factors such
asvalve underexpansion, and supganular deployment have beshown tosupport a
improvement in nesinus washout andeduction of flow stasfs, other procedural
strategiesuch as native leaflet modificatiaould potentially benefitthe neesinusand

aortic sinusvashout.



The central hypothesis of this thesis was thatbiomechani@l environment of the neo
sinus can be altered by the TAX devicedesign, andnative leaflet modification, which
could vary flow characteristics and can reduce or exacerbate prothrombotic
conditions. This studyconsised of developing a greater understanding for the effects of
TAV design features on the biomechanical environment ofT#é and identifying a
usefulintra-proceduralnative leaflet modification strategy toinimize flow stasis and

reducethrombosis risk

In CHAPTER 2 an indepth literature review is presented, to provide detailed background
to the thesis and motivation for the work, leading to the hypothesis angéwiic aims

in CHAPTER 3 CHAPTER 4andCHAPTER 5will discuss the materials and methods
respectivelyusedin specific aims 1 and Zheresearch findingsf specific aims 1& 2

will be presented and discusse@CHAPTER 6& CHAPTER 7respectivelyto understand

the implications of the results and their limitatiors CHAPTER 8 the conclusion®f
specific aims 1 & 2 will bénighlightedandthe recommendations for future work will be
discussed ICHAPTER 9 Lastly, final thoughts arising from discussiongth the thesis

committee during theral defense aneoted n CHAPTER 10



CHAPTER 2. BACKGROUND

2.1 The Heart

The heartis a muscularoryja t hat generates pressure to
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

chambersKigure 21): the right atrium, right ventricle, left atrium, and left ventricle.

Superior Aorta

veéna Cava

Left

Right atrium

atrium

Left

Right ventricle

ventricle

Figure 2-1: Long axis view of the human heart revealing the four chatmers. (Image
adapted from https://www.covenanthealth.com/heartsurgery-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 tgs, ltre 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/

aorta which carries the oxygenated blood to the retheobody. To maintain this uni
directional blood flow Figure 22), four valves separate the cardiac chambers: the
tricuspid, pulmonary, mitral, and aortic valves. Tdealves are passive in their function

and work in response to pressure differences across them.

TRICUSPID  PULMONARY MITRAL AORTIC
RIGHT RIGHT LEFT LEFT
ATRIUM *VENTHIGLE mellihes == ATRIUM *VENTRIBLE

THE BODY

Figure 2-2: The four cardiac valves ensure undirectional blood flow in the
cardiovascular system.

For the purpose of ththess 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 undirectional blood flow from the left ventricle to the aortam#imal 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 rdag(re 23). 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 crdike structure lcated above the left



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.

e
~
l S
~

ascending aorta

J\

leaflet (cusp)

ot

sinutubular junction commissure

Sinus of Valsalva

N

leaflet attachment

aortic ro

inter leaflet triangle

annulus, ventriculo-aortic junction

Figure 2-3: The anatomy of the aortic root. Adapted from?*!

The AV leaflets are made of endothelialed fibrous tissue and insert into the wall of the

aortic root in a serdunar patternEach leaflet has a corresponding SOV, winsdbelieved

to assist in leaflet closufe’®. Twoof t he SOVOs contain coronar
left and right coronary arteries and supply blood to the heart muscle. The SOVs and their
corresponding leaflets are named based on the coronary ¢iseiyprovidei left coronary

cusp (LCC)rightcoronary cusp (RCCand norcoronarycusp (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 aorté aesthown irfFigure
2-4. They indicatelie 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



0.7 times the annulus diameter, assuming the leaflet length remains unchanged between

systoleand diastole.

l=-d}:11.0
l»d;m/2 “/2-‘

=073 =065

Figure 2-4: Dimensions of the aortic root as measured by Swanson et al. All
dimensions are scalar factors of the annulus diamet&.

2.2.2 Aortic Valve Functia

The AV is a highly dynamic structure, with complex interactions between the fluid and
valve. Flow through the AV is driven by a timrarying pressure gradient across its leaflets
(Figure 25). 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 (firstgunes 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
cyclef’

The time of peak instantaneous flow rate is called peak systole and is typically in the range
of 2530 L/min for a healthy adult. As the LV approaches the end of contraction, the
direction of the pressure gradtereverses. 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 mmHQverall, these characteristics of pressure and flow

can be ged to understand the valve performance, assess health, and indicate aortic valve



disease. Several quantitative metrics such as the mean transvalvular pressure gradient

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

The AV leaflet motiorhas been the subject of several studies. Understanding the leaflet
kinematic behavior yields relevant insights into the hemodynamic and durability aspects

of the valve performance® 1% The most common way of describing the general leaflet
kinematics is through the valvebs 1instant
systole. The tim&arying nature of the GOA in a surgical prosthetic AV is shown in

Figure 26. The normalized GOA ranges from 1 (maximum valve opening) to O (fully
closed valve). The leaflet motion during systole can beisfithree distinct time intervals

58104 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 slongchdsse 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 o$teth to compare
performance of valve designs. The sl ope of
leaflet inertia, while the slope of the RVCT interval affects the closing vdfime
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 experiencengger 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 valvel04

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 alacteazed the
deformational dynamics of the AV leafletsvitro and showed the average diastolic stretch
ratio to be 1518% and 454% in the circumferential and radial directions respectively of

the leaflet base and belly (Figure 27). Conversly, 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
directi on duecton the r&dalissetcihasé stretehfcHaracteristics 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.

11
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2.3 Aortic Valve Disease

the cardiac cycle!**

12

Figure 2-7: Dynamic deformational characteristics of the aortic valve leaflet over

AV disease affects approximately 1% of the US populatiBhe two main types of AV
disease are aortic stenosis (AS) and aortic regurgitation FR}he purpose of thbesis

investigations, theubsequent backgroumacuswill be on the aorticstenosis.

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 thevabréorifice,
which causes an obstruction of forward blood flow. AS is mainly a consequence- of age
related calcific deposits on the AV leafféter complications associated with a congenital
abnormal aortic valvéke a calcifiedbicuspd aortic valve BAV). AS due to AV leaflet

calcification has a prevalence of4% in adults over 65 yeafé. The calcium buileup




results in AV leaflets thickening and reductimnmobility, which then leads to reduced

valve orifice area and increased pressure gradient across th&.vAlstenosed AV leads

to increased cardiac workload and reduced efficiency because of the increased resistance
against which the LV must purhig. If left untreated, approximately 75% of symptomatic

AS patients will be deceased in three y&8ts

AS can present with symptoms includiran abnormal heart murmur, chest pain or
tightness during activity, heart palpitations, shortness of breath and falfigh8 is

suspected, a transthoracic echocardiographic examination is recommendedish ¢seab

cause of the murmuEchocardiograpb examinations are used to visually observe and
guantify the severity of AS. AS is then diagnosed based on measurements of the aortic
valve area (AVA), systolic jet peak velocityf) and mean pressure gr e

the AV.

AS severityisclaséii ed i nto mild, moderate, and seve
symptoms and the hemodynamic metrics assessed from echocardiographic examination.
Table 21 belowprovides 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 AHABC".

Hemodynamic
Stage Definition Valve Anatomy Valve Hemodynamics Consequences Symptoms
A Atriskol AS * Bicuspid aortic valve * MorticV, <2m/s * None * None
{or other congenital
valve anomaly)
* Aortic valve sclerosis
B Progressive AS * Mid-to-moderate leaflet * MidAS: Aortic V,, 20-29m/s  « EaryLV diastolic * None
calcification of a bicuspid or mean AP <20 mmHg dysfunction may be
or trileafiet valve with * Moderate AS: Aortic V,_ present
some reduction in 3.0-39 m/s or mean AP * Normal LVEF
systolic motion o 20-39 mmHg
* Rheumatic valve changes
with commissural fusion
C:  Asymptomatic severe AS
C1  Asymplomatic * Severe leaflet calcification  * AorticV,_ >4 m/sormean AP« LV diastolic * None: Exercise
severe AS or congenital stenosis 240 mm Hg dysfunction testing is
with severely reduced * AVA typically is <1.0 cn?’ * Mild LV hypertrophy reasonable to
leaflet opening {or AVAI <0.6 cm?/m?) * Normal LVEF confirm symptom
* Verysevere ASisanaoricV, status
25 m's or mean AP 260 mmHg
c2 severe * Severe leaflet calcification  * AorticV, >4 m/sormean AP« LVEF <50% * None
AS with LV dysfunction or congenital stenosis 240 mmHg
with severely reduced * AVA typically <1.0 cm’ {or AVAI
leaflet opening <0.6 cm¥/m?)
D:  Symplomatic severe AS
D1 Symptomatic severe * Severe leaflet calcification  * Aortic V,_ >4 m/s or mean AP * LV diastolic * Exertional dyspnea
high-gradient AS or congenital stenosis 240 mmHg dysfunction or decreased
with severely reduced * AVAtypically <{.0cm’ (or AVAi = LV hypertrophy exercise lolerance
leaflet opening <0.6 cm%m?) but may be * Pulmonary * Exertional angina
larger with mixed AS/AR hypertension may * Exertional syncope
be present Or presyncope
D2  Symptomatic severe * Severe leaflet calcification  * AVA <1.0 cm? with resting * LV diastolic . W
low-flow/low-gradient with severely reduced aortic V_, <4 Vs or mean AP dysfunction * Angina
AS with reduced LVEF leaflet motion <40 mmHg * LV hypertrophy * Syncope
* Dobutamine stress echocar- * LVEF <50% of presyncope
diography shows AVA <1.0 cn?
withV_ >4 m/s at any flow rale
D3  Symptomatic severe low- * Severe leafiet calcification  « AVASI.O(:n’v;ihuﬂ:V_ * Increased LVrelative ¢ HF
gradient AS with normal with severely reduced <4 mv's or mean AP <40 mmHg wall thickness * Angina
LVEF or paradoxical low- leaflet motion * Indexed AVA <0.6 c’/m? and * Small LV chamber * Syncope
flow severe AS * Stroke volume index <35 mU/m? with low stroke of presyncope
* Measured when patient is volume
normolensive (systolic BP * Restrictive diastolic
<140 mmHg) filling LVEF >50%

AR indicates aortic regurgitation; AS, aortic stenosis; AVA, aortic valve area; AVA, aortic valve area indexed to body surface area; BP, blood pressure; HF, heart failure;
LV, left ventricular; LVEF, left ventricutar ejection fraction; AP, pressure gradient; and V__, maximum aortic velocity.

Other imaging modalities including multidetector computed tomography (CT) and
magnetic resonance imaging (MRI) could also be used to assess AS séuguity.28

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 cfj systolic jet peak velocity (2.08 m/s), and mean gradient (9
mmHg) indiate mild obstruction of blood flow. For the moderate AS case, more AV

calcification is observed on the CT scan and AVA (1.2%)csystolic jet peak velocity

14



(3.51 m/s) and mean gradient (28 mmHg) were measured. In the severe AS patient case,
severe obstetion of blood flow is observed with AVA (0.75 ém 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
AS?6,

2.4 Treatment of Aortic Stenosis

Aortic valve replacement (AVR) is the only treatment for calcific aotBaasis. Once a
diagnosis of symptomatic severe AS is made, the heart team selects a valve replacement
option based on the risks and potential benéffure 29 provides a summary of the valve
replacement indications provided by the AHA/ACC guidelifeSlass | imicates 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 lla indicates it is reasonable to
administer the treatment given the benefits outweigbagittk, and there is highuality

evidence for one or more randomized clinical trials to support the treatment.
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Severe AS Class |
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risk risk risk risk
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Figure 2-9: Guidelines for choosing aortic valve replacement approach in patients
with severe symptomatic AS.

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 withdoimtermediate risk per the
AHA/ACC guidelineg®. Over 200,000 surgical aortic valve replacement (SAVR)
procalures are performed annually worldwideith over 85,000 of these in the United
States alone. SAVR imaopenheart 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 frorbintogical tissus. They
have been used in AVRs for over 40 years@rextendives for about 120 years. They
are generally reserved for patients younger than 65 years with no-rahtation for
anticoagulation therapy. These devices come in various forms includimgleaflet

tilting disks, ball and cage, and-leiaflet valves Eigure 210).
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Figure 2-10: Different designs of surgical mechanical vales. A) Medtronic Hall
mono-leaflet, B) Starr-Edwards ball and cage and C) St Jude Bleaflet mechanical
valves.

Mechanical valves have been shown to result in blood exposure to high shear $tresses
118 High shear stresses cause platelet activation and blood lysis, which could lead to
thrombosisi a blood clot formed on the valve surfaéeurthermore certain mechanical
valve designs were shown to produce regions of low fluid veloodyrecirculation whih

lead to thrombosfs As such, patients with mechanical valves must maintairdifg
anticoagulation therapy to prevent the valve from forming blood clbisse devices are
preferred in younger patients due to their longevity, since the valves rarely nbed to

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 excisedegpacctit valve leaflets,

or bovine and porcine pericardiufigure 211). These valves are aggressively chemically
treated to prevent host immune rejection of the pesss. 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’tear
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Figure 2-11: Different designs of surgical bioprosthetic valves. Aptentedbovine
pericardial bioprosthetic valves B) Stented porcine aortic valvebioprostheses C)
Stentless bioprosthetic valves

2.4.2 Transcatheter Approaches of AS Treatment

In certain circumstances, opaeart surgery is not a viable option for the treatment of AS.
These instances usually involve elderly patients with symptomaticokg alith multiple
comorbidities and are deemed high surgical risk or inoperable. Transcatheter aortic valve
replacement (TAVR) was developed as a percutaneous apmfo@¢R for these patients.

It was first performed in 2002 and involves the placemeiat mdvel prosthetic AV over

the native diseased A¥ 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. Sinds conception in 2002, many commercial devices
featuring this technology have been developed and are available in the global market

(Figure 212).
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Figure 2-12: Different designs oftranscatheter 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 procediBalloonexpanding valves likene Edwards
SAPIEN 3 valve are expanded by inflation of a safiled balloon. The SAPIEN 3 valve

is short and has lower placed bovine pericardium leaflets that insert approximately 3 mm
from the bottom of its Cobalfhromium stent frame. It also consisfsan internal and
external sealing skirt made pblyethylene terephthalate (PE®)improve sealing against
paravalvular leak (PVL The short devices are held in place by interactions with the aortic
annulus and diseased aortic valve leafl8edf-expanding valves such as the Medtronic
CoreValve Evolut typically have a shapmemory 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 positioningp@ve the aortic annulus. Lasgut 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 seahdgw@nimizePVL. As a long
device, it supports itself witthe 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 informationaiei
regarding the longerm 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 esgranded

into intermediate and low risk patietit@fter promising outcomesere demonstrated in
randomized clinical trials. Initial results from the PARTNER 3 trial in-lisk patients
showedsuperiority for TAVR vs SAVR for the primary endpoint of deasitroke, or
rehospitalization at 1 ye¥r But as the years progress, increasing concerns exist for
patients outliving the functional lifespan and durability okthalvesgivensomeadverse

outcomes are not uncommon.

2.5 Adverse Outcomes in TAVR

As the number offAVR procedures increase exponentially worldwide, loegn patient
follow-up data pertaining to TAVR durability is criticdDespite the sizable benefit of
TAVR (restored valvéunction, improvegymptomsand reduced mortality rates), adverse
events present ongoing challenges to clinicians and device designerstestmopatient
follow-up reports indicate shortcomings relatindpimprosthetiozalvedysfunctionsuch as

leaflet thrombosi$® 5, and structuralvalve degeneratioffailure which threaten TAVR
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long-term durability” 8, This concept of valve durability is particularly imant 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 plaientify risk factors that exackate such eventand
develop strategies that could minimizeitteecurrenceThus, @& improved understanding

of parameters that contributedoprevent such failures can inform advancements in future

TAVR designs, regulatory standards and possibly usadmiques

2.5.1 Leaflet Thrombosis

Leaflet thrombosis has beesportedto be apotentialdeleterious complication resulting

in fatal consequenc®sit is characterized by a layer bfood clot/thrombusRigure 213)
covering the aortic side of a transcatheter aortic valve (TAV) leafietdis a major
concern due to its potential to reduce leaflet motion, affect valve performance, and for
thrombusembolzation which could lead tstroke and eventually deafht> 10 This issue

was first identified as hypeattenuated leaflet thickening (HALThrough improved
imaging protocols that allowed for the detection of reduced leaflet mé&bil@inical
reports show incidence rates in patients ranging from less thaan8%p to40% with

varied incidence rates amongst currently ke commercial TAV devicé83% 5577 |n
response to this, the US FDA has expressed concerns and called for prompt attention to
this clinical issué®. This conplication is multifaceted, and reducing itscidence requires

an understanding of the interactions of tMAV device in use, and the surrounglin

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-faceview of the thrombus, C) Excised TAV with clot on two leaflets®

What Risk Factors are Associat@idh Leaflet Thrombosis?

The pathophysiological insights to leaflet thrombosis in TAVReantty 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 mainfado descri bed by Vircho
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 (alted blood chemistry). For example, elderly patients more
likely to have underlying prothrombotic comorbidities such as cancer, or perhaps some
factors causg delayed reendothelialization after TAV implantatianayincrease risk of
thrombosié?. 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 betechnical complications that can patially
contribute to delayed +endothelialization and increased thrombosis °fiskThis

hypothesiswas further supported by clinical data analysis where -@gransion was
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associated with higher incidence of TAV thromb8&%sishese studiesuggested thatAV
stent ovetexpansionmay increaseendothelial injury potentially creating a nidus for

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

Despite these observatignsot all patients with the same prosthesis experienced leaflet
thrombosis, nor have sigrofint trends towards abnormal blood chemistry been
confirmed®. Thesesuggest that although the foreign materials and patient blood chemistry
might be confounding factors, the fluid dynamics may play a more critical rdleein
development of leaflet thrombosisajority of studies have primarily focused on the
alterations in blood flow with implantation of a TAV, aadggest that the hemodynamic
environment in the vicinity of the TAV is important to the development of leaflet
thrombosi§> 1% 107 The TAV device induceflow environment changethat could
potentially activate platelets, and if combined with extended periods of flow stagnation or
recirculation, could lead to platelet depositemmd thrombus formatiorJnlike in SAVR
procedures where the native leaflets mm@oved, inTAVR the stent presses agairtbie

native leafletgesulting inseparation of thaativeaortic sinus into two distinct regions)) 1

a smallemortic sinus and)2a@ockeblike neasinus- the spacéetween the TAV leaflets

and native leaflet§Figure 214). Stagnant flow in theesidualaortic sinus or nesinus

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

to thrombus formation.
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TAV Leaflet

Native Leaflet

Figure 2-14: Transcatheter aortic valves (TAV) divide the aortic sinus into two
regions (1) a smaller aortic sinus and (2) aeo-sinus.Adapted from Midha®’

Midha et. al conducted the first fluishechanistic investigation into TAVR nemnus
thrombosi&®. This study used a combination of clinical data amslitro techniques to
determine risk factors faneosinusthrombosis. The clinical findings shed that valve
intracprocedural factors of TAV expansion and TAV implant depth contributed
significantly to leaflet thrombosid-{gure 215). SAPIEN 3 valves with thromisuwere

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 obsered |
SAPIEN 3. This revealed devispecific 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. Adaped from Midha et al®°

Thein-vitro studies identified that supannular leaflet location (due to valve deployment)
led to reduced nesinus flow stasis as measured by flow velocities and particle residence
times, when compared to inteanular leaflet locationHgure 2 16). Other flow studies
investigating valve deployment showed woesgfiow stagnation in the aortic sinus with
supraannular TAV implantatiof? 8. This was evident with the significant increasetie

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 anatorty° 1% (aortic root geometry and effects of coronary flow)
and cardiac outptf. Patientspecific studies confirmed a predictive link between-neo
sinus flowstasis and severity of TAV leaflet thrombdStsas well as the influence of
specific aotic root geometric parameters like the sinus diameter anet@indar junction
height®. The pesence of coronary flow was observed tmiigantly influence nessinus

flow only in supraannular valves in comparison to intanular valves possibly reducing

their likelihood of thrombos#s.
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Figure 2- 16. Neo-sinus and sinus flow stagnation (A) and nesinus particle
residence time (B) results. Adapted from Midha et alt®

Each of these studies was pioneeringenealing anatomic and deployment factors that
affect the local fluid dynamics and could potentially contribute to leaflet thrombosis.
However, no experimental studiesdate have explored the effects of fundamental device
design parameters. This is padiiarly 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
minimizeareas of flonstasis could be a proactive strateggéarease thrombosis risk and

improve TAVR outcomes.
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2.5.2 CoronaryArtery Obstruction

Coronaryarteryobstruction isarare butife-threatening complication of TAVR procedures
with a 0.®%6 overall incidence an80-daymortality rateof 419, It occurs when the TAV
is expanded into the native leaflet, amgbartial or complete blckage ofthe coronary
arteriesoccureither due ta low-lying coronary ostia, or ahallow aorticsinus width*,
preventing blood flow int@oronaries and eventualtiie heart muscleTreatment of this
obstructionrequires a baibut percutaneous coronary intervention, which might be
challengingdue to the leaflet obstructing the coronary artkhan et. alhaveproposed a
novel intra-proceduralsolution which use$ocused radiefrequency energy directealy
catheterand guide wireo split thediseasea@ortic valve leafletsnmediatelybefore TAV
device implantationwhich will prevent coronary artery obstructfdn This technique
(BASILICA procedurehas been demonstrated in early feasibility ttialsave acceptable
safety and effectiveness gplitting the leafles away from the coronary ostiallowing
blood flow across the split leaflets into the coronaryergrtthereby preventing
obstructior®. Although further studies are necessadgjtion of this techniquia clinical
practice could increase TAVR usage dt provides a solution tgatients whowere

previously excludedor TAVR proceduresiue tohighrisk of coronary obstruction

With the promise of thesearly resultsongoing studiesre investigating the petial for
such intraprocedural techniques tprovide benefitsto obstaclesthat extend beyond
coronary obstructioandfurther transcatheter therapi@me of thesstudies include the
useof a BASILICA-like techniqudo prevent left ventricular outflow tract obstruction after
transcatheter mitral valve replacenfénas well as tanodify bicuspd aortic leaflets and

enhancel AV circularity and improve TAVR outcomes for bicuspid aortic valBAV)

27



patienté2. With otherintra-procedural factors such as valve underexpansion, o s
annular deploymenmeportingan improvement in nesinus washoyandreduction of flow
stasig?, procedural strategies suchrastive leaflet modification could potentially benefit
the neesinus and aortic sinus washodiatoum et al. evaluated thetential of washout
benefitswith BASILICA, and demonstrated its potential in improving 4s@ws washout
for valvein-valve TAVS*. An effective native leaflet modification strategyg this might

be beneficial taninimizing neasinus and aortic sinus flow stasis in high thrombosis risk

patierts and could be implemented infpeocedurally.

2.5.3 Structural Valve Degeneration

Structural valve degeneration is a known mode of failure in surgical bioprosthetic heart
valves Figure 217) that has also been identified in TAVRSThis mode of failure consists

of deterioration of the leaflets or supporting structures resulting in thickening, calcification,
tearingor disruption of the valve materfal This deterioration may result in hemodynamic
dysfunction, which can manifest as weent valve stenosis or regurgitation. Follapy

data for TAVR patients 10 years after implantation revealed that the estimated SVD rate
in year 8 was approximately 58% 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 affeetetong

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 sidet’

What Risk Factors are Associated With Structural Valve Degeneration?

Even withadvances in heart valve technology, the TA¥ 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. &taksstrain
concentrations within the leaflet can ditlg accelerate tissue structural fatigue damage or
initiate calcification by causing structural disintegration, enabling multiple calcification
pathways that could lead to valve failt¥e!% 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 eventsdlyd

strain concentrations at the commissures of the leaflet and cause incorrect valve closure.
Gunning et. al useid-vitro benchtop methods to reveal that eccentric distortion of a TAVR

stent induced deleterious bending of the leaflet and increasedissune strains compared
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to leaflets in a circular deployed valve for both normotensive and hypertensive pressure
conditiong® (Figure 218). Increased deformations at these commissural regions could
patentially have longerm detrimental effects on the leaflet fatigue durability, and strain

concentrations will lead to striwcal failure of the leaflet.
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Figure 2-18: Peak major principal leaflet strain in the commissures in circular and
eccentric expanded TAVs under normotensive and hypertensive conditiot¥s

Egbe et al. demonstrated that valve thrombosis lead to earlier valve failure when compared
to structural valve deterioratiéfyand although these findings need to be further confirmed
with more clinical trials, studies that provide approaches to mitigate the incidence of leaflet
thrombosis areital. In this present work, the fluid mechanicsled#TAV will be explored

in efforts to improve nesinusand aortic sinufiow conditions and reduce prothrombotic
conditions surrounding a TAVFirst, TAV device designfeatureswill be varied

parametrially to understand the effects wélve designon the neesinus geometry and
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flow conditions. Secondly, several strategies for native leaflet modification will be tested
by varying thenative leaflet modification geometryand the cusgor modification to
improve the neeinus and aortic sinus flowlhe ability to identify design characteristics
and an optimizedative leaflet modification strategy that minimizes flow stasis will
significantly contribute to the development of future TAVR devicesiamovement 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 deeed intermediate to high risR® ’® 191 However, the Food and Drug

Administration (FDA) recently expanded indicatioos TAVR to low risk patients®.

Shortterm patient followup reports indicate occurrence of several complications post

TAVR which threaten longerm durability of TAVR Of these, leaflet thrombosis a
deleterious complication resulting in fatal consequefRcgsThis complicationis multi-
faceted, and reducinits incidence requires meticulous wdtanding of the interactions
of the transcatheter aortic valve (TAV) device, @sdsurrounding anatom %, Fluid
mechanics studieBave confirmed a predictive link between nemus flow stasis and
severity ofleaflet thrombosi€®. The influence of devicend intra-procedural related
factors on the biomechanical environmsatroundingthe neesinus is currentlyimited,
hencethe central hypothesis of this thesighatthe biomechanical environment of the
neo-sinus can be altered by the TAWevicedesign, andnative leaflet modification,
which could vary flow characteristics and can reduce or exacerbate prothrombotic

conditions.

To aid the development of next generation TAVR devibas could potentiallyninimize
the risk of leaflet thrombosis, an understanding of dedesignfeatures which may

contribue to this phenomenon is critical. Learning from the experience of hatst

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

device design optimization studfég? 4% 54 The TAV leaflet features have an essential

32



role in the negsinus geometry and leafléynamics, whictinfluence thdocalflow patterns

in the neesinustherebyaltering the extent of flow stasia TAVs. Additionally, while
procedural factors such as valve underexpansion, andaaputar deployment have been
shown to support an improvement in reous washout and reduction of flow stasis
other intra-procedural strategies such as native leaflet modification could dtent
benefit the TAV neosinus andresidual aortic sinusflow. This study consisted of
developing a greater understanding for the effects of TesWet designfeatures on the
biomechanical environment of tHEAV and identifying an effective intrgprocedual

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 valVemodynamics

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

anticipated to affect valviinctionalityand neesinus flow stasisTo evaluate this,

Eight TAV madels (n=3 valves per model) waeneated using bovine or porcine pericardial

leaflets and a parametric variation of leaflet insertion height (0, 7 and 12mm) and leaflet
length (12 and 1Ifam) from the dynamic range in current commercial TAV designs. These
models vere mounted in a idealizedsimplified aortic geometry (rigid, uniobed and
axisymmetric) that enablaaptical access of the namnus when tested mphysiologic left

heart sinnlator. ach val veobs hydr odyassessedcin tprag df o r ma r
transvalvular pressure gradient§TVPG), and effective orifice area (EOA). Leaflet
kinematicswerequantified in terms ofjeometric orifice area (GOAlgaflet opening and

closing times Velocity fields in the nesinusand aortic sinus werevaluated via two
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dimensional Particle Image Velocimetry (PIV) and used to discern regions of flow
stagnation in the nesinus. Comparison across different modelsealedthe degree of
contributionof each design parameter(s) to flow stabige work presented in this aimill

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

Specific Aim 2: Evaluate varied native leaflejeomety modifications to improve ne

sinus and aortic hemodynamics.

Native leaflet modificatioms anticipated to enhance flow interaction between thesivags
and aortic sinus anainimizeflow stasis. To test this,

First the standard nesinus and aortic sindlow surroundinga surgical aortic valve (SAV)
with no native leaflet, andan intraannular TAV with intact native leaflet eve
characterized with twdimensional PY. These devices 23 mm Magna Ease SAV and
26mm SAPIEN 3 TAV vere mounted in an idealized patient averaged aortic geometry
(rigid, tri-lobed, with left coronary artery) that enabled optical access of theime®when
tested in a physiologic left heart simulaswmominal (5 LPM) and low (2.5 LPMpardiac
output conditionsFlow patterns in the necoronary and left coronargusps (NCC and
LCC respectively)and corresponding TAV nezsinus were analyzed. The flow patterns
and metrics including velocity fields and magnitudes were evaluated andoudisdern
flow stagnation. Using these data as references, a parametric assessmemffeict of
native leaflet modificatiolgeometryafter TAV implantationwas conductedh the NCC
only. Native leaflet modification viriangularsplaying was systertiaally varied (narrow,
medium and wide splay areas), and the resultingsimees and aortic sinus hemodynamics
were analyzed.astly,thewide splaynative leaflet modificatiowas simulated in the NCC

and LCC independentlyand the flow characteristias the NCC and LCC wemeasured
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simultaneously for each caskhe work presented in this aim wgtovide insight into the
impact of native leaflet modification on flow stasgisthe neesinus and aortic sinusnd

thrombosis risk.
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CHAPTER 4. MATERIALS

In thissection, 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 SA1 and SA2 are described.

4.1 SA 1 Materials

4.1.1 Custom Transcatheter Aortic Wals Models (GITAV)

The GTFTAV models of SA1 were manufactured using the supplier materials listed in

Table 41.
Table 4-1: Materials usedfor manufacturing GT -TAV
Supplier ltem

1  ZlLazr on Ebay (online vendors 1/ 3206 acryli
2 Animal Technologies Fresh bovine pericardium sheet:
3 Animal Technologies Fresh porcine pericardium sheet
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 GFTAV was mounted into an idealizethd axisymmetri@ortic root mode{Figure
4- 1) designedo mimic adultpatientaveraged anatomical measuent$®. This moded s
dimensions werén good agreemerthe range of patients who have undergone a valve

replacement procedufe®®,

Ascending Aorta STJ diameter

diameter

STJ height

Sinus diameter LVOT diameter Annulus diameter

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

The aortic root dimensions are as giveifable 42, and detailed engineering drawings of

the chamber is given idppendixB.

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

Aortic root parameter Dimension (mm)
Annulus diameter 23.00
LVOT diameter 25.400
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 stddf8d° °2 Georgia Tech Left
Heart Simulator (GTLHS). The GTLHS comprises of a cleseg pulsatile system that
simulates physiological hemodynamic conditions of the Pedit This experimental

setup conformed to 1ISO 58@0testing guidelines for transcatheter aortic vafres

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 Wbod andpreservein vivo flow
characteristics. The viscosity of thextare was measured using a siZze ASTM Canon
Fenske kinematic viscometer (ASTM International, West Conshohocken PA). At room
temperature, 6.8 mL of the watglycerin mixture was pipetted into the viscometer and
suctioned across thetube such that thieottom 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 mad¢ 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 ¢St (the viscosity of

blood).
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+—— First Marker

<+«—— Second Marker

Figure 4- 2: Schematic of Utube viscometer used to measure the working fluid
kinematic viscosity.

Fluid flow within the GTLHS Figure 43) was driven by a piston pump (ViVitro Labs Inc.
Victoria, Canada). A bieaflet 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 flowtea and compute the cardiac output. The subjeeT &I

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 DPTF200, Utah Medial 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 resistarclamp simulated the compliance and resistance of the
cardiovasculasystem anavere 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 resistapcclamp consisted of a pinaiamp andcould becontrolledto

obtain the appropriate pressure wavefarms

Reservoir

Laser System

Test section

Flow
direction

Figure 4-3: Schematic of the Georgia Tech Left Heart Simulator (GTLHS). The PIV
system (camera, laser system) ghown 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 systequipped with two analog input modules {8839

and NF9215) for pressure and flow monitoring and recording, and two channel analog
output modules (ND263) for communication with the external hardware such as the piston
pump and trigger imaging conneci®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 througtaer highspeed imaging with £MOS
camera PhantomVEO-340L; Vision Research Inc, Wayne, )N\éhmera fitted to &likon

Micro-Nikkor macrolens systemNikon, Melville, NY).

4.1.5 Particle Image Velocimetry Materials

Particle Image Velocimetry (P1V) is an instantaneous-intmisive, 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 tractcles from

two images taken with a small time défayFluid mechanics metrics such as turbulence
and shear stress fields can be derived using this velocity field inforffativi$A1, twe
dimensional (2D), twacomponent (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 descriptionf 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 Rhodamind particles (Dantec Dynamics, Denmark) with a mean diameter of

~10 pm.
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4.1.5.2 Phasdocked PIV System

The phasdocked PIV system is a lowepetition rate system where the data acquisition is
at frequencies much lower than the dominant temporal frequency of the flo®. fiche
phaselocked PIV system was synchronized with the GTLHS&Ikow for data acquisition

at specific time points of the cardiac cycle. This pHasked PIV system consisted of a
pair of pulsed Nd:YAG laser&GI Inc., Portland, OR; 1faJ energy, 532 nm wavelenyth
used with a combination of spherical and cylindriealses and mirrors to create a 1 mm
thick laser sheewhich illuminated the central plane of the valve assembhe particles

were imaged using a PIV CCD camera (LaVision, Germany, Imager Pro, 1600 x 1200 px)
with a Nikon MicraNikkor 60 mmmacrolens The green PIV laser light excites seeded
particles in the working fluid, and they are emitted as orange light (590 nm). Asasuch,
long pasdilter (NT48-086, Edmund Optics Inc., Barrington, NJ) was fitted to the camera
to ensure filtering of light not entétd 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 highspeed PIV system is a highpetition rate system which allowed for asering

the relevant temporal characteristics of the flow instantaneously during one cardiac cycle.
The highspeed system consisted of@ntinuous wave solidtate laser beaigthenzhen
Optlaser, 2 W, 532 nm Chinased as light source, and converted #&high frequency
pulsed laser sheet by a scanning mirror setup (LaVigsittingen, Germany The

illuminated particles were captured with a CMOS camBtaatom VEGB40L; Vision
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Research Inc, Wayne, Nih the plane of interest. The camera was fittechvaitNikon
Micro-Nikkor macrolens 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 interéstVision Davis8.4 softwarewvas

used to acquirthe PIV data

4.2 SA 2 Materials

4.2.1 Surgical Aortic Valve (SAV)

A 23 mm CarpentieEdwardsMagna EaseHdwards LifeSciences, Irvine, GAvas used
as therepresentative&SAV for control experiments without a native leaftetcause it is

among thenostcommonlyencountere®AV devicesn clinical practiceé®.

4.2.2 Transcatheter Aortic Valve (TAV)

All SA 2 testexperiments were conducted usegalloon expandabl26 mm SAPIEN 3
valve (Edwardd.ifeSciences|rvine, CA), given it is themostwidely used FDAapproved

intra-annular device and the size was selected based awotieroot model

4.2.3 In-vitro Aortic Root Model

The SAV andTAV were mounted intaa rigid, transparent 3D printeabrtic rootmodel
made of SLA ClearVue (Cideas, Crystal Lake,. This aortic root modedimulated the
aortic sinusesvhich featured three sinus lobes and the left coronary artery (LCA),outlet

andthe ascending aorta (Figure4). The aortic root dimensions of tlehamber were
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derived from an average of gravRManddresgivenanat o1

in Table 43. Detailed engineering drawings of the chamber are givApjpendixC.

Ascending Aorta ﬁ

diameter U @ ! In ’}i }

STJ diameter

e

i & ‘»' [\l
v STJ height

Sinus diameter LVOT diameter = -
OT diamete: T —1 Annulus diameter

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.
STJ height 20.00
STJ diameter 27.89
LCA height 1368

4.2.4 In-vitro Flow Loop

The GTLHS in SA 1 (Section 4.1.3) wasodified for investigationsin SA 2. To
accommodatdahe complex tdlobed aortic root with left coronary (henceforth called
coronary chamber), modifications were made to the GTLHS apparatus to account for left

coronaryartery flowf*. A secondary piston pump (Vivitro Labs, Videy 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 GTLHEdure4-5).

N

A2
M Flow probe | jpaieta

Laser System

Reservoir

Test section

Flow
direction

Figure 4-5: Schematic of theGTLHS 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

ThephaselockedPIV systemused in SA 1 as described in e 4.1.5 were useith 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 1Study Design

In specific aim 1, the effects of transcatheter aortic v@¥d/) device design on the neo
sinus flow were investigated.he key TAV design featurethat affect neeinus flow
includeleaflet material, length, and insertion hefghThese features can be controlled and

were parameterized to cover the design space of currently available(Figuge 51).

A/ \/ 4 i i L
() \ \ , FAAAAN
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"o 1 X )
P\ gy
-~ - {
Edwards Medtronic Boston Scientific |, \ave  Abbott/St Jude Medical  Direct Flow
SAPIEN 3 CoreValve Evolut ~ ACURATE neo

Portico Medical

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

Generally when a TAV is deploydatvivo, the native leaflet, TAV stent, skirt, and leaflets
erclose the nesinus spac®, howeveiin-vitro characterization of fluid stasis in this region

required adequate opél access. Thereforeistomtranscatheter aortic valve models (GT
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TAV) with transparent housing wedeveloped and validated as geometric representatives

of a generic TAV deployin a native aortic vahf&

Across commercial devicespWine and porcine pericardial tissues arertfestcommon
leafletmaterials while the rangsof TAV leaflet lengtls were observed to be 125 mm

and leaflet insertion heights from-@2 mnT™. For SA 1, eight23 mm custom GITAVs

(Table 51) were created by changirige leaflet material (bovine pericardium (BP) and
porcine pericardium (PP)), apdrametricallywarying the leaflet length (12 mmSL and

15 mm- LL) and leaflet insertion height (O mahow, 7 mm- mid and 12 mmhigh). These

leaflet lengths and insertion heights were chosen to span the design space of currently
available TAVs, while deliberately wing the neesinus geometric size and volume

(Figure 52).

Table 51: GT-TAV model design parameters for Specific Aim investigations

Leaflet
Model GT-TAV _ Leaflet length ) _
Leaflet material insertion height
# ID (mm)
(mm)
1 BP-Low-LL  Bovine pericardium 15 0
2 BP-Low-SL  Bovine pericardium 12 0
3 PRLow-LL  Porcine pericardium 15 0
4 BP-Mid-LL  Bovine pericardium 15 7
5 BP-Mid-SL  Bovine pericardium 12 7
6 PRMid-LL  Porcine pericardium 15 7
7 BP-High-LL  Bovine pericardium 15 12
8 PRHigh-LL  Porcine pericardium 15 12
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These GTTAV models were not intended to replicate any specific commercially available
TAV designs, but rather isolate the contributions of each parameter to tlenugo

geometry and flow dynamics.

Leaflet Insertion Height
—  Neo-sinus < e
: 12 mm
c Native i3 7 mm
-]
g Annulus Low-LL Mid-LL High-LL
&
"E GT-TAV, e - Neo-sinus
leaflet
Nati 7 Native leaflet
ative._ 1
‘ leaflet «—— TAV leaflet insertion height
N Native «==» TAV leaflet length
Annulus Low-SL Mid-SL

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

highlighting the varied neo-sinussize.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 GTAV. Schematics of the stent frames for the GAV models with
pre-defined suture locations for leaflet attachment are givdtigare 53. The stent and
native leaflets wre modeled as acrylic cylinders. Given the GAVs were modeled for a

23 mm annulus, the native leaflets were 16.1 mm in length (70% of the annulus
diameter}®®. The GFTAV leaflet insertion height as defined as the axial distance

between the native annulus location and the TAV leaflet insertion position.
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Figure 5-3: Schematic drawings of GFTAV 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 prestadies®. Tissue samples
were flattened, and the edges pinned unto a rubber shebta@ter CarrElmhurst, IL).

The rubber sheet was immersed i0.625% glutaraldehyde in phosphate buffered saline
(PBS)solution andstoredat 4°C for 36 hoursThe tissue samples weteenrinsed in saline

and stored in 0.2% glutaraldehyde in PB&edbovine and porcine pericardiugheets
werethen lasecut (Universal Laser Systems, VLS66&)cording to a custormade dog

bone stencil. This stencil was designed in SolidWorks (Dassault Systems, Waltham, MA)
to have a total length of 40 mm witgauge €éngth 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 saififles

samples eacttptal wereuniaxially testedfor bovine and porcine pericardium
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Dog bone samples were tes{&igure 54) on an ElectroForce 3200 uniaxial tester (Bose
Corporation, Eden Prairie, MN) with an-lime 22 Ibf load cell (SMTR2; Interface,
Scottsdale, AZ) and custom holders. First the sample was mechanically preconditioned by
means of 15 loadinrgnloading cycles at 1Hz to remove the initial stress relaxation effect
and yield a stable response. The skasmpvere then loaded until failure at a rate of 50
mm/min. Thetensile modulus (E)ultimate tensile strengtflUTS) and ultimate tensile

strain (UTE) were determined.The processing codfr these datacan be found in

AppendixE.

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 GFTAV models were manufactured using 10 iterialfle 41) and 6 stepsThe steps

to fabricate these GTAYV devices were as follows:
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Step 1 Bovine/Porcine pericardium tissue fixatidfresh bovine and porcine pericardium

tissue samples were tredtas described in Section 5.1.2.1. The fixated pericardium

samples were laser cut and used as the leaflets for tHieAGT

Step 2 Stent design and fabricatiof stent pattern for each GITAV model was designed

in Solidworks as described in Section 5.1This stent pattern was embedded unto an
acrylic planar sheet via laser cuttingigure 55). Protocols for laser cutting the acrylic

stents with the Universal Laser Systems, VLS&aD be found ippendix D

Holes for
sutures to
attach leaflet to
stent

Commissure tip

TAV leaflet length

Basal lcaflet
B insertion point

Figure 5-5: GT-TAV Low -SL sample acrylic sent 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-GAV model it represented. The Lelal/SL
models were created such that their bbesflet insertion points coincided with the native
annulus, while the MidL/SL and HighLL GT-TAVs had their basal leaflet insertion
points 7mm and 12mm higher than the native annulus respectirgly€ 53). The tip of

the commissures differed based on the leaflet length associated with-fh&\Gfiodel.

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 maddiehydic

51



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 creatglitiaec (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 fabricatiofror each GITAV 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 » 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 templaigufe 57) to minimize areas of

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

Each GFT AV 0 s mod el corresponding l eafl et t er
(Universal LaserSystems, VLS660) of the glutaraldehyde fixed bovine and porcine
pericardial tissue samples. Protocols for laser cutting the leaflets can be féyomeimdix

D.
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Left leaflet ~ Middle leaflet ~ Right commissure

Basal leaflet
insertion point

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 sietre pac
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 holés tine 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 technigue to attach théeletaf 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 suturesithva crisscross suturing pattern as showhRigure 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 fabricationThis was to ensure the &TAVs modeled the openg

of commercial valves where the leaflets are attached perpendicularly to the walls of the
stent, and the leaflets did not touch the stent waltspletelyduring opening. A mold was
designed in Solidworks and 3D printdeiqure 59) such that a stainlesteel wire could

be compressed into this mold to create a retaining ring.
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Figure 5-9: Retaining ring mold and stainlesssteel retaining ring created to force
GT-TAV leaflets into desired perpendicular conformation.

Step 6 Final assembly and storagkhe retaining ring was finally inserted over the leaflets
in the valve assembly to create the completeT®Y 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 GITAV, highlighting the side and enface
views.

Given the manual aspect of valve manufacturing, a single person manufactured all valves
in this study to minimize differences between valfem.each GTTAV model, multiple
prototypesof valves were manufactured. The best three valves from visséction
(Figure 511) were selected for hydrodynamics and leeffinematicassessmenpand one

of these valves was selected for further PIV testing

Figure 5-11: Three samples of BFLow-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 GTFTAV (n= 24) was tested in the GTLHS agsess its hydrodynamic performance
and leaflet kinematics. The GTLHS was tuned to population averageimaldeft heart
hemodynamics of 70 beats/minute, 5 L/merdiac outputa systolic duration of 35%,
cardiac cycle length of 856 ms, and a mean apréssure of 100 mmHdrigure 512).
The working fluid in the loop was a 3.5 ¢St watdycerin mixture that was maintained at

37°C.
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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 colléed for each test condition anaveraged for
hydrodynamic analysis'he processing code for hydrodynamic analysis can be found in

AppendixF.
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Leaflet kinematics for each GTAV were determined througén-facehigh-speed imaging
(Phantom VE®B40L,; Vision Research Inc, Wayne, NJ). Fivediac cycles of data were
acquired aB0 and200 frames per secondndthe leaflet motion was assessed for valve
opening and closure. The images waranually segmentedo track the leaflet orifice
(Figure 5 13) using an ifhouse MATLAB codeo determine the time varying geometric

orifice area (GOA) over each cardiac cydlbe processing code can be foundppendix
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Figure 5 13: Measurement of geometric orifice area for leaflet kinematics analysis.

To assess the potential magnitude of huteer differences for manually segmenting the
GOA, a pilot study was conducted by having two observers quangfEOA for 2 valve
cases. The intasser variation in GOA quantification was observed to be + 5%. Based on

this finding, a single user quantified GOA for all @GRV experiments.

5.1.4 Particle Image Velocimetry Methods

Two different 2D PIV systemand methodsvere usedn SA 1due 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 experimentsin SA 1 The PV experimental methods used in SA 1 have been

previously established and extensively discussed in litePat§re> 92 93,

5.1.4.1 Phasdocked PIV methods

The dominant main jet flow structuredownstreamfrom each GTTAV model were
evaluatedusing a phastocked PIV system. This was performed to compare any
differences in thelownstreanglobal fluid flow fields between the GTAV models. The

PIV camera was positionedifure 5 14) to view the region of interesFigure 5 15)
normal to the 1 mm thick laser illuminated plane. Velocity measurements were acquired
along thecentral 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.

Camera
Laser sheet
Neo-sinus
GT_T AV Aortic
Test chamber SIus

Figure 5 14: Schematic of the camera and laser orientatiofor 2D phaselocked
PIV.
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Sino-tubular Aorta
junction
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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 othe images taken was 35 pm/pixel, with the particle images occupying
between & pixels. Data was acquired 12phaseghrough the cardiac cycle (8 during
systole, and 4 in diastole). Time spacing
was optimized at eagbhaseto ensure opthal dynamic range for the velocities observed
throughout the cardiac cycléhis gptvaried between 1002800 us depending on the phase

of the cardiac cycleThe average particle displacement between image pairs was
approximately 25% of the final interrogation window size. For @hease 200 image pairs

were acquired to enable ensemble agerg 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
crosscorrelation vectors were computed withiattial 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 applieto remove and iteratively replace any vector fields outside
of 3 standard deviations of their neighbors. Data were furtherpposéssed in Tecplot

360 Ex 2019 for derived quantities.

5.1.4.2 High-speed PIV methods

The local neesinus and aortic sinus flows veecharacterized by measuring thmesolved
velocity fields using a 2E2C highspeed PIV systenThe 2D-2C velocity measurements
were used for comparisons between-TAVs to assess instantaneous flow patterns and
infer relative risk of thrombosis induceg Bow stagnationA singleGT-TAV neosinus

and its corresponding sinuike the noncoronarycusp (NCC)wereimaged The PIV
camera was positioned perpendicular to the region of interest and 2D datadégplanes

of interest Figure 5 16) were acquiredPlane A coincided with the center plane of the
neosinus, which is typically chosen to give a clear representation of theime flow
fields. However, given asymetric opening and closing of the valve may influence the
local flow pattern®, 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 pide insights into the three dimensional and asymmetric

extent of flow in the nesinus and aortic sinus.

6C



Aortic
sinus

Camera

Sino-tubular
junction
(ST))

............... Laser sheet Plane B
Laser sheet Plane A
Laser sheet Plane C | Neo-sinus

Neo-sinus of
interest

Aortic
sinus

GT-TAV
Test chamber

Figure 5 16. Schematic of the camera and laser orientation for 2D high speed PIV
and the region of interest (highlightel in red) was the neesinus and aortic sinus.

The resaltion of the images taken was approximately | 80/pixel, with the paicle
images occupying between42pixels. Data was acquired 460Hz through theentire
cardiac cycldor 45 cardiac cycles. The ages were acquired as a tiseries rather than

the traditional image pairs obtained in the pHas&ed PIV experimentd.aVision DaVis

8.4 softwarewas used for data acquisition and DaVis 10 software for data processing.
Background subtraction and dynanmasking steps were performed to improve particle
contrast and reduce bagound noise/reflections ithe regions of interest (RObefore
vector field processing/elocities were calculated from tinseries crossorrelation, with

a multipass processingcheme of reducing interrogation window sizes 64 x 64 pixels
(overlap of 50%) and 32 x 32 pixels (overlap of 75%), to increase the-signaise ratio

of the correlation peak. Light smoothing and median filtering were used agrpostssing
steps to rmove spurious velocity vectors and smoothen the velocity ffeldll processed

data sets were further pgatocesseth MATLAB 2017aby bin averaging witlabin width

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

fields. The bin averaging code can be foundppendixH.
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The maximum velocity at each grid location within the R@k computed as a means for
identifying regions of flow stasis. The processing code can be fouAdgandixl. The
velocity fields were further utilized in a Langragian particle tracking scheme to
computationally seed particleBigure 517) and analyze the residence time of particles
within the regions of intereét®®. Appendix J provides the estom code developed to

analyze particle paths and extract the particle residence curve.

Neo-sinus

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

5.1.5 SA 1Experimental Matrix, Endpoints arftatistical Analysis

The experimentsin 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 experimentgre conducted. Alin vitro testing in SA1 was
conducted in the axisymmetric aortic roovdel andusing the GTLHS. The flow loop was
tuned for adulhominalleft heart conditions (cardiac output 5 L/min, mean aortic pressure
of 100 mmHg, 35% systolic dation), and with similar working fluid (3.5cSt water

glycerin mixture maintained at 37°C) acrosstediting
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Table 52: SA 1 experimental matrix for hydrodynamics and leaflet kinematics

assessment
Experiment
No. GT-TAV ID Model # Valve #
1 Valve -1
2 BP-Low-LL 1 Valve 1-2
3 Valve 1-3
4 Valve 21
5 BP-Low-SL 2 Valve 22
6 Valve 23
7 Valve 31
8 PRLow-LL 3 Valve 32
9 Valve 33
10 Valve 41
11 BP-Mid-LL 4 Valve 42
12 Valve 43
13 Valve 51
14 BP-Mid-SL 5 Valve 52
15 Valve 53
16 Valve 61
17 PR-Mid-LL 6 Valve 62
18 Valve 63
19 Valve 7-1
20 BP-High-LL 7 Valve 7-2
21 Valve 7-3
22 Valve 81
23 BP-High-LL 8 Valve 82
24 Valve 83
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Table 53: SA 1 experimental matrix for detailed PIV flow characterization

Experiment No GT-TAV ID Region of interest  Acquisition plane
25 Downstream Center
26 . . Center
BP-Low-LL Neo-sinus and aortic
27 ) Above center
sinus
28 Below center
29 Downstream Center
30 _ _ Center
BP-Low-SL Neo-sinus and aortic
31 _ Above center
sinus
32 Below center
33 Downstream Center
34 _ _ Center
PRLow-LL Neo-sinus and aortic
35 _ Above center
sinus
36 Below center
37 Downstream Center
38 . . . Center
BP-Mid-LL Neo-sinus and aortic
39 ) Above center
sinus
40 Below center
41 Downstream Center
42 _ _ _ Center
BP-Mid-SL Neo-sinus and aortic
43 ) Above center
sinus
44 Below center
45 Downstream Center
46 _ _ _ Center
PR-Mid-LL Neo-sinus and aortic
47 ) Above center
sinus
48 Below center
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Table 53 ¢ o BA l6edperimental matrix for detailed PIV flow characterization

49 Downstream Center
50 . . . Center
BP-High-LL Neo-sinus and aortic
51 _ Above center
sinus
52 Below center
53 Downstream Center
54 _ _ _ Center
PRHigh-LL Neo-sinus and aortic
55 ) Above center
sinus
56 Below center

5.1.5.2 SA 1 Experimental Eapoints

1 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 timeaveraged mean of the pressure difference across the aortic valve duioiey sys
EOA was computed using the root mean square flow@g) expressed in ml/s, density

of the fluid( jahd mean pressure gradient in mmHgaELy).

(Y
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Where t and t correspond to the start and endsgétole respectively.
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The primary endpoints for the leaflet kinematics testiegethe maximum GOA anGOA
integral (GOAn). GOA curves were analyzed to obtain tR®A integral (GOA) over

the systolic periodvhichwas used to evaluate each-GTAV6s resi st ance to
GOAIn: signified reduced resistance to flolurthermore to obtain secondary endpoints,
GOA curves werdy dividedinto three distinct phases: rapid valve openithgyssalve
closing and rapid valve clositfj 1°. The rapid valve opening time (RVOWjas defined

as the time interval of early systole until reaching 90% of the maximum G, valve
closing tme (RVCT) was the time interval of late systole falling below 90% of the
maximum GOA until time of closure of the vaNgand theslow valve closing time
(SVCT)was the time interval when the valve is fully opened and GO#femter than 90%

of the maximum GOAThe slops of the GOA curve during the RvVOdnd RVCTtime
intervak werecalled the rapid valve openiftdpsingvelocity index (RVOVland RVCVI
respectively andwere used asieasursof the leaflet openingnd closingrelocities These
RVOT, SVCT and RVCwere compared between valve models to assesEAVTeaflet

kinematics and performance.

Additionally, the neesinus volume (Meo [cm®]) was estimated for each GITAV model
based on the average rgiaus volume when thealve is fully-closed in diastole (¥astole
[cm?]) and the valve is fully open in systoleg{Moe[cm?]). 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 nesinus height (h [cm])
were used. The nesinus height (h [cm]) was estimated based on the native leaflet length

and the GTTAV leaflet length (LL [cm]) and leaflet insertion height (LIH [cm]).
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For the low leaflet insexdin valves with nLL greater than the @RV 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-GAV the maximum geometric
orifice area (GOA [crf] obtained from leaflet kinematics analysis was used. For a single

neasinus, the formulas below weunsed.

Qql

6 P 00 50
o

9 Detailed PIV flowcharacterization

The primaryendpointfor the phaséocked PIV testing was the velocity magnitudes and

vector fields. The 200 velocity fields were ensemble averaged to obtain the instantaneous

velocity uandv in the x and y directions.

WQA £ OATRINO 6'QA'Q U
Secondary endpoints were obtained based on calculations from the PIV velocity field.

a) Out of plane vorticity (7*): This is wuse

the flow field. This metric was calculated for the centanplas
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Where u and v are the phaseeraged velocity components in the x and y directions
respectively, andi is the out of plane unit vector. This vorticity may inform on regions
where blood may experience high shear ratéssiwcould potentially cause hemolysis or

activation of platelefs.

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
occut? 2, 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-cyclevariations as well as fluctuations in turbulent flow. The Viscous
Shear Stress (VSS) is the viscous shear force per unit area experienced by fluid
elementsand 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, ar@hdb 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 volumeand can be used as a measure of the level of turbulence

intensity’®. Turbulent flav 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

Yool e b
C

From the 2D higkspeed PIV testing, the primary endpoint was thesieos and aortic
sinus velocity magnitude and flow fieldgelocity fields were analyzed at key time points
within the cardiac cycleThese time points were chosen to capture flow cheriatits
during leaflet opening, when the valve was fully open, leaflet closing and when the valve
was fully closedRegions of the flow field with velocity magnitude lower than 0.05m/s

were characterized as flow stasis.

The maximum velocity for eactpatial location in the GTAV neo-sinus throughout the
cardiac cycle (Velay was plotted, and regions with Mgk< 0.05 m/s were considered the
zones of flow stasis and stagnation. Additionalhe heesinus and aortic sinus particle
residence were irgbendently analyzed to obtgarticle residence times (PRT). The PRT
wasdefined as the number of cardiac cycles necessaBpbfrofparticles to be removed

from each ROI. This PRT reflects the duration for which particles remain in the ROI, and
thus a bwer 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 presed as mean * standard
deviation, and normality was assessed with Shapiitk test. To determine effects of
design featuresndependent samples twailed ttest, and analysis of variance (ANOVA)
model s with Tukeyds HSD c eansroenormallyodistriowtedr e
variables or MamiWhitney U test for nomormally distributed variables. Statistically

significance threshold was defined at £.05.

5.2 SA 2 Methods

5.2.1 SA 2Study Design

In Specific Aim 2, the impact of native leaflet modificatievas investigated to assess its
influence on neeinus and aortitow hemodynamicsThe aim of the study was to evaluate
varied native leaflet modification geometries and identify an effective native leaflet
modification strategy that will improve nesnus and aortic sinus flow stasis. The study

was designed based on the following study questions:

1. What are the basic flow features in the +oamonary cusp (NCC) and left coronary
cusp (LCC) in the absence and presence of a native leaflet?

2. Will native leafiet modification change the extent of flow stasis inTA&/ neo
sinus and aortic sinus? In additionpvh much native leaflet modification is
necessary tminimizeaortic sinus andAV neaosinus flow stasis?

3. Can native leaflet modification be an effectivasegy to reduce flow stasis in low

cardiac output patien{sardiac output 2.5 LPM)
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4. Does native leaflet modification in one aortic sinus cusp-aoyonary or left
coronary (NCC or LCC), reduce flow stasis in adjacent cusps (LCC or NCC), and
in with aorfc sinus cusp does native leaflet modification provide the greatest effect

to reduce flow stasis?

These study questions were investigated using-diweensional PIV experimental
techniquesFirst, two control experiments were conducted in the-canonary ad 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 intactnative

leaflet. The presence or absence of the native leaflet correspondeditorshenr 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 varyirglé&aflet 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. Foln eaperimental scenario, two
cardiac outputs: 5 L/milnominal) and 2.5 L/min(low) were simulated, and flow
interactions between the TAV nemus, 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 ensurevilyesand aorticootgeometry under study
were as clinically relevant as possibker a representative surgical valviee ttommonly

used CE Magna Ease valve was usedha SAV for control experiments\ 26 mm
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balloonexpandable SAPIEN 3 (Edwards, Lifesciences, Irvine, CA) wasaséie TAV

given previous studies suggest higher risk of leaflet thrombosis irdntralar valve® &

and greater nesinus flow stasisvas observeth low leaflet insertion height TAVS 2,
Thetestsectionfor the aortic chambesimulated the left coronary cugpCC) and non
coronary cusp$NCC). Given opticalaccess into the regismf interest (TAV neesinus

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 featudea patierfaveraged 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 opticahccess to th€AV neosinus Figure 518b).
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Figure 5-18 Schematic highlighting (a) the key regions of interest (nesinus 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 Modificationggégy

Native leaflet modification is a technique that has been extensively used in the surgical
repair of heart valves. In this thesis, a triangsjaaytechnique was used to modify the
native leaflet surrounding the TAV and expose the TAV stent cells thereby increasing flow

interactions between the nemus and aortic sinugigure 519).
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Figure 5-19: Native leaflet modification geometry and schematic of splay area and
splay angle.

The leaflet modification geometmyas controlled by systematically changing the splay

angle and leaflet tipplay.

Table 5-4: Native leaflet modification geometry parameters for Specific Aim 2

investigations
Modification Leaflet Tip Splay Angle Splay Area Number of
Geometry Splay (mm) °) (mmg2) 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 tanimize TAV neo-sinusand aortic sinuslow stasis

(Table 54). These leaflet splays were chosen to deliberately vary the number of cells that
will be opened to improve flow interactions between thegiros and aortisinus 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 dpeallow flow

communication between the neimus and aortic sinus.

Narrow splay Medium splay Wide splay

. SEX S
PEkaabrlc %::::a Exposed cells
skart

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 & 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 mafied to send a driving waveform to the secondary piston pump to
obtain a characteristic left coronary waveforfiime coronary flow waveform simulated
(Figure 521) consisted of two peaks, a smaller peak during flow acceleration during
ventricular systole and a larger peak in diastole first peak was passively obtained due

to systolic fluid ejection and the compliance and resistance of the flow loop, while the

se®ond peak was obtained due to the prescribed motion of the coronary piston pump.
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Figure 5-21: Representative main and coronary flow waveforms used in SA 2
experiments at 5L/min cardiac output.

Overall, the coronary flow rate &pproximately 5% of the cardiac outplitwhile the left
coronary flow is 80% of the ovall coronary flow&*. 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 respectiVély

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 wgligerin soluton to

match the kinematic viscosity of blood (approximately 36% glycerin).
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5.2.5 Particle Image Velocimetry Methods

Similar 2D phaselocked PIV methods as used in SA 1 described in Section 5.1.4 were
used for SA 2 investigations. Phdseked PIV was conduetl to obtain detailed spatial
resolution of flow at specific time points of the cardiac cy€lee regions of interest were

the TAV neasinus and corresponding aortic sinus (either LCC or NCC). The PIV camera
was positioned perpendicular to the regiomediiest and a single plane (center plane) was
imaged to give a clear representation of thesiaas and aortic sinus (LCC or NCC) flow
fields (Figure 522). Data acquisition and processing protocols in Lavision Davis 8.4
software as described for SA 1 were used with slight modification&A@phaselocked

PIV experiments, 200 image pairs parase 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 conditibata were post processed in
Tecplot 360 Ex 2019 and MATLAB2020a. Similar prgrocessing protocols of
background subtraction and dynamic masking to reduce background noise/reflections and
improve particle contrast were used. All other processing aneppastssing 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 Analysi

5.2.6.1 SA 2 Experimental Matrix

The experiments in SA 2 could be grouped based on the study questions

Study Question 1What are the basic flow features in the NCC and LCC in the absence

and presence of a native leaflet?

Thefluid flow characteristics in theonrcoronary and left coronary cusps (NCC and LCC
respectively) of a surgical aortic valve (SAV) without a native leaflet, and transcatheter
aortic valve with a intactnative leaflet around (TAV full native leafletyere assessed at
nominal (5 LPM) and low (2.5 LPM) cardiac outmainditions(Table 55). Phasdocked

PIV experiments were acquired at the center plane of thsinas.
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Table 55: SA 2 experimental matrix for control studies

Experimental Native leaflet Valve tvoe  Imading cus Cardiac
condition status yp ging P Output (LPM)
5
NCC o s
Control No native SAV :
leaflet 5
LCC
2.5
5
NCC e
Control Intact native TAV :
leaflet 5
LCC
2.5

Study Question 2Will native leaflet modification change the extent of flow stasisnin
intracannular TAV neo-sinus and aortic sinus? In addition, how much native leaflet
modification is necessary to minimize aortic sinus uid-annularTAV neo-sinus flow

stasis? (A comparison of the effects of leaflet modification geometry).

The noncoronary cusp Higure 522b) was imaged for different testative leaflet
modification geometricconditions. The 26mm SAPIEN 3 TAV was deployed with
complete commissural alignment to tbemmissures of the coronary chamber, and the
flow simulator was tuned for normotensive flow conditions (5 L/min cardiac output).

Phasdocked PIV experiments were acquired at the center plane of thEmeo

Table 56: SA 2 exgerimental matrix for effect of native leaflet modfication
geometry studies at 3.PM.

Experimental Native leaflet Valve tvoe  ImMading cus Cardiac
condition status yp ging P Output (LPM)

Narrow splay
Test Medium splay TAV NCC 5
Wide splay
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Study Questior3. Cannative leaflet modification be an effective strategy to reduce flow

stasis in low cardiac output patief¢ardiac output 2.5 LPN?)

Previous studies have highlighted increasedsieos flow stasis with decreased cardiac

outpuf®. 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 57: SA 2 experimental matrix for effect of native leaflet modification

geometry studies at 2.5 LPM

Experimental Native leaflet Valve type  Imaging cusp Cardiac
condition status Output (LPM)
Narrow splay
Test Medium splay TAV NCC 2.5
Wide splay

Study Questior. Doesnative leaflet modification in one aortic sinus cusp-ooronary

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 gredftest ®

reduce flow stasis?

Coronary flow has been previously demonstrated to have an effect on the aortic sinus flow,

and neesinus flow stasis in supi@nnular TAVS, but no effect was observed in the intra

annular TAV neesinu$®. 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 stasisNative leaflet nodification was simulated in one cusp (either

NCC orLCC) at a time, and the flow fields were compared to the control case without

leaflet modification.Additionally, the adjacentuspto that which was modified was
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imaged to explore if modification in ormeisp allows more flow communication between

spaces surrounding the TAV to the extent of influencing flow in the adjacent sinus.

Table 58: SA 2 experimental matrix for effect of cusp selected for native leaflet
modification at 2.5 and 5 LPM

Experimental Native leaflet Cardiac

condition status Valve type  Imaging cusp Output (LPM)
2.5
NCC c
Test Wide NCC TAV
splay 2.5
5
2.5
NCC c
Test Wide LCC TAV
splay 2.5
LCC
5

5.2.6.2 SA 2 Experimentaéndpoints and Data Analysis

The primary endpoistfor the PIV experiments @rethe velocity magnitudeand vector
fields. The 200 velocity fields were ensemble averaged to obtain the instantaneous velocity

u and v in the x and y directions, respectively.

WQA £ OORBHQO 6 QQ U

The velocity fields were analyzed for maximum and minimum values at different time
points of the cardiac cycl®egions of the flow field with velocity magnitude lower than
0.05m/s were characterized as flow sa¥he necessary Matlab codes for this data

processing are presented in Appendix N and'i@ timepoints at which the maximum
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velocity occurred were also observed to indicate systolic or diastolic wadHout.
streamlines were also computed and analyadughlight flow patterns and interactions

between the TAV nesinus 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 ch&gtet.focused on
the parametric investigation of the effectsti@nscatheter aortic valve leaflet material,

insertion height and length on the valve performance and hemodynamics.

Firstthe results from individual experiments (Section 6d9sessment of GTAV leaflet

material properties and manufacturing, hydrodynamic performance, leaflet kinematics and
flow fields are presented. To easlkafldd he r e:
kinematics and PIV results for each one of the eighfl@&V models will follow the same

scheme: a description of the @RV leaflet opening and closing, an overview of the flow
structures and turbulence metrics downstream of eacli &7, followed by a thorough

description of the nesinus 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 systtie fully opened leaflet phase,

3) Deceleration the leaflet closing phase, and 4) Diastiotee fully closed leaflet phase.

Secondly, comparisons of results betweerT&V models (Section 6.2) will be presented
to provide understanding on the indivadweffects 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 6.3héncontext how individual

and combined leaflet design features influenced the TAV perfornaaaciirombosissk.
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The study impact andimitations of SA 1 will also be discusséud Section 6.4 ané.5,

respectively.
6.1 SA 1 Results 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 usedlidiVGT
manufacturing were characterized by uniaxial testing as described in Section 5.1.2. Porcine
pericadium was observed to be significantly thinner than bovine pericardium (0.21 + 0.042
mm vs 0.40 + 0.085 mm, p<0.05). Characteristic sts&ssn profiles comprising of a toe
region followed by a linear stressrain relationship, and a rupturing point tyadi of

viscoelastic biological tissues was observed for all sanfplgare 61 andFigure 62).
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Figure 6-1: Stressstrain curves for uniaxial loading to failure of bovinepericardium
samples (n=10).
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Figure 6-2: Stressstrain 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 iMable 61, and all datarepresented ippendix K Variability in maerial
properties was observed across samples as seen in thessagsplots and standard
deviation of enepoint parameters. Despite these variability, overall BP samples were
observed to have significantly higher (p<0.05) ultimate tensile strengf)(Uensile
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
tensilemodulus, respectively.
Material type

Mean + Standard

Endpoint (n=10 | Deviation p - value
samples/material)
i BP 0.40 + 0.085
Thickness <0.0001
(mm) PP 0.21 + 0.042
BP 13.8+2.97
UTS (MPa) 0.003
PP 95+251
BP 15.9+ 2.49
UTE (%) 0.149
PP 14.2 +2.31
BP 110.7 +16.2
E (MPa) 0.001
PP 79.82 +19.3
i BP 8.6 +2.13
Stiffness <0.001
(KN/m) PP 3.0+ 1.20

6.1.1.2 Evaludion of GT-TAV Manufacturing

Visual comparison of each of the three valves pefT@Y model showed that the GT
TAV model geometry was successfullgplicated in manufacturingFigure 63).
Quantitatively, the hydrodynamics and leaflet kinematics for all 24 valves (3 valves/model
x 8 GT-TAV models) revealed that amng multiple copies of a given GITAV model, the
mean TVPG, EOA, and max GOA exhibited average coefficient of variation (standard
deviation/mean) less than 20% (13%, 9%, and 6% respectiGly)mary results of the

hydrodynamics and leaflet kinematics tegtare provided iTable 62.
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Figure 6-3: Representative three samples of BRow-LL GT -TAV model showing

successful replication of TAV nanufacturing.

manufactured valves (n=24).

Table 6-2: Hydrodynamics and leaflet kinematics assessment summary of

Endpoint GT-TAV ID Mean * Coefficient of
(n=3 Standard variation (%)
valves/mode) Deviation

BP-Low-LL 13.4 +2.02 15

BP-Low-SL 13.4+1.85 14

PRLow-LL 13.9+2.50 18

Mean TVPG BP-Mid-LL 14.7+1.81 12

(mmHg) BP-Mid-SL 12.8+2.41 19

PRMid-LL 9.6 £0.24 3

BP-High-LL 15.1+1.68 11

PRHigh-LL 12.7+2.04 16
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Table 6:3¢c o n tHgddodynamics and leaflet kinematics assessment summary of
manufactured valves (n=24).

BP-Low-LL 1.65+0.14 8
BP-Low-SL 1.71+0.16
PPLow-LL 1.74+0.24 14
EOA (cd) BP-Mid-LL 1.62+0.14 9
BP-Mid-SL 1.90 +0.18 9
PR-Mid-LL 2.09+£0.22 11
BP-High-LL 1.74 +0.09 5
PPR-High-LL 1.98 +0.19 10
BP-Low-LL 248 £0.17 7
BP-Low-SL 2.81 £0.10 3
PPLow-LL 2.81+0.27 10
Max GOA (crrd) BP-Mid-LL 2.62 +0.08 3
BP-Mid-SL 2.62+0.18 7
PR-Mid-LL 3.10 +0.16 5
BP-High-LL 2.59+0.12 5
PRHigh-LL 244 +0.21 9

All manufactured GITAVs met the targeted values for the mean pressure gradient and
EOA (<20 mmHg, EOA > 1.2 cfj One valve representative of each-GAV model was
selected for detailecanalysis 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 EighA\GT

Models

The videos used to obtain leaflet kinemagimrameters, as well as the phase averaged
velocity magnitude, vorticity, turbulent kinetic energy, Reynolds, and viscous shear stress

contour plots for all GITAV models can be found iAppendixL. The PIV results are
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based on phase averaged velocity fel@he flow fields downstream efachGT-TAV

model measured in the center plane of the aortic chamber will be described, then the flow
fields in the neesinus and aortic sinus measured in the planecénter plane, plane B

center plane + 3 mm plane (aleocenter plane), and plane €enter-3 mm (below center

plane) will be presented. The reader is refetodeigure 5 14, Figure 5 15andFigure 5

16for 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 Leafld¥laterial, 0 mm Leaflet Insertion

Height, and 15 mm Leaflet Length (B®w-LL)

Leaflet Kinematics Assessment

AppendixL Video 1.0shows the leaflet opening and closing for this valve. Representative
enface images at 4 phases of the cardiac cycle are diidd inFigure 64. The onset of
leaflet opening, and closure was asymmetric starting with 1 leaflet (bottom left leaflet)

followed by the other two.

[\ Acceleration / \ Peak systole / \ Deceleration / \ Diastole

BP-Low-LL

Figure 6-4: En-face imaging of BRLow-LL GT -TAV at different phases of the
cardiac cycle

Figure 65 shows the averaged geometric orifice area (GOA) curve throughout the cardiac

cycle. The leaflet opening motion was a rapid event takipgoxpnately 66 = 4.18 ms
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with an opening velocity of 12.47 + 0.54 #imand reaching a maximum GOA of 2.35 +
0.047 cm when fully opened. Leaflet closing took a longer time of 89 + 13.87 ms with a
leaflet closing velocity of 9.03 + 1.19 éfa. The valve was fully opened for 155 + 15.81

ms.

25
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Figure 6-5: Geometric Orifice Area curve for BP-Low-LL GT-TAV.

DetailedDescription of Downstream Flow Features

AppendixL Videos1.1-1.5 show the velocity magnitude, vorticity, RSS, VSS and TKE
contour plots for this GGTTAV model. Figure 66 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 magnitudeof 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 thesinotubular 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.Rigure 67).

Velocity
BP-Low-LL Magnitude (m/s):

B W [ [

0 030609 1215 18 21 24 27

Acceleration Peak systole

Deceleration Diastole

Figure 6-6: Velocity fields at center plane of BFLow-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, 0.45aspectively.

Systolic deceleration flow wagke 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 18/48n 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

guiescent 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 68 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 im peak systole.

The RSS, VSS and TKE contouippendixL, video 13-1.5) reflect the shear stress and
turbulence intensity betweeluid layers.Figure 69 highlights the principal RSS, VSS and
TKE fields at peak systole for GTAV 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 & bdPa, 6.51 Pa and 367 Pa

respectively.
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Figure 6-8: Out of plane vorticity at center plane of BRLow-LL GT -TAV at
different phases of the cardiac cycle. Acceleration, Peak systole, Deceleration and
Diastole correspond to £0.05, 0.15, 0.25, 0.45 s respectively.
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Figure 6-9: Principal RSS, VSS and TKE fields of BPLow-LL at peak systole
(t=0.15s)
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Detailed Description of Neesinus and Aortic Sinus Flow Features

Figure 6 10 illustrates the temporal evolution of the velocity field in the-seas and

aortic sinus of this valve for the center plane.

BP-Low-LL Velocity B ] i |

Magnitude (M/s): g 005 01 015 02 025
Aortic

Neo-sinus sinus

Acceleration Peak systole

Native leaflet
GT-TAV leaflet

’ \Deceleration Q Diastole

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, 055 s respectively.

When the valve leaflets start opening, 1s#tus velocities increased as flow accelerated
from the neesinus. This was indicated by the streamlines showing fluid moving from the
neosinus towards the STJ to join the main jet flow amitelinteraction with the aortic
sinus. At midacceleration (t=0.05 s), a forward flow pattern with peak velocity magnitude
of 0.07 m/s was observed throughout the-si@ois region, while the aortic sinus was
characterized by recirculating flow of velocitpagnitudes less than 0.05 m/s. As
acceleration persisted, fluid motion out of the-sews decelerated as the leaflets opened

fully, and fluid slowly exited the sinus to join the main fEtpeak systole (= 0.16 s) when
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the leaflet was fully open, theeasinus 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 adatic sinus and nesinus, 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 miedeceleration (t=0.275 s), flow injection into the reouswashed deeper

into the base of the nexinus. Flow from the aortic sinus interacted with the-sieas 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 intorteesinus and aortic sinus from the

STJ. Low velocities and recirculating flow characterized the aortic sinus arsimeso

regions throughout diastole.

Generally, similar flow behavior to plane A were observed for planes B and C (above and
below center lane respectively), however there were apparent differences in the velocity
magnitudes, spatial location, and intensity of recirculating flow. Asymmetric leaflet
opening and closure caused varied -sgmis geometry and varied local flow patterns
across the planesFigure 611 illustrates the temporal evolution of the velocity field in

the neesinus 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 streamligs of BR
Low-LL GT -TAYV 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 L&flnsertion

Height and 12 mm Leaflet Length (BB®w-SL)

Leaflet Kinematics Assessment

Appendix L Video 2.0 shows the opening and closing for this -GAV model.
Representative eface images at 4 phases of the cardiac cycle are highlighfegure 6

12. The leaflet opening otion was fast taking approximately 53 + 2.74 ms with an opening
velocity of 17.98 + 0.38 cis and reaching a maximum GOA of 2.73 + 0.029 ainen

fully opened. The valve stayed fully opened for 178 + 4.47 ms. Leaflet closing lasted for
74 + 4.18 ms witha leaflet closing velocity of 11.35 + 0.97 @8 The averaged GOA

curve throughout the cardiac cycle is provide&igure 613.
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Figure 6-12 En-face imaging of BRLow-SL GT-TAV at different phases of the
cardiac cycle
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Figure 6-13: Geometric Orifice Area curve for BP-Low-SL GT-TAV.

DetailedDescription of Downstream Flow Features

AppendixL Videos 2.02.5 show the velocity magnitude, vorticity, RSS, VSS and TKE
contour plots for this GITAV model.Figure 614 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 wehcity
observed to be approximately 9.5 mm from the valve outflow (23.4 mm from native

annulus).
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Figure 6-14: Velocity fields at center plane of BPLow-SL GT-TAV at different
phases of the cardiac cycle. Acceleration, Peak systpDeceleration 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 valilew
but became parabolic approximately 40 mm downstream of the valve anfigiuse (6
15). The jet flow was skewed slightly towards the top side of the aortic 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 outflovof
BP-Low-SL at peak systolgt=0.15 s)

Systolicdeceleration 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 t
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

guiescent with velocities less than 0.3 m/s.

Figure 616 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 wrticity was calculated to be 824 & peak systoleThe contours of RSS, VSS

and TKE mirror the shear layer structurapendixL, videos 23-2.5). Figure 617 shows

the principal RSS, VSS and TKE fields at peak systole foiT&V 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 td 5a18

4.31 Pa and 123 Pa respectively.
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Figure 6-16: Out of plane vorticity at center plane of BRLow-SL GT-TAV at
different phases of the cardiac cycle. Acceleration, Peak systole, Deceleration and
Diastolecorrespond to t=0.05, 0.15, 0.25, 0.45 s respectively.
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Figure 6-17: Principal RSS, VSS and TKE fields of BPLow-SL at peak systole
(t=0.15s)
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DetailedDescription of Nessinus and Aortic Sinus Flow Features

Figure 618 illustrates the temporal evolution of the velocity field in the-sigmis and

aortic sinus of this valve for the center plane.

BP-Low-SL Velocity [ | |
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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.
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As the valve leaflets start opening, r@ous flow accelerated reaching velocity magnitude

of 0.13 m/s at t= 0.05 s. Streamlines showed fluid moving from thainas towards the

STJ to join the main jet flow while the aortic sinus was characterizegipgcent flow of
velocity magnitudes less than 0.05 m/s. As acceleration persisted, fluid motion out of the
neosinus decelerated as the leaflets opened fully. Fluid in the aortic sinus formed a
recirculation region towards the tip of the native leaftet exited to join the main jet flow.

At peak systole (t= 0.16 s) when the leaflet was fully open, thaines 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 veldi@s reaching 0.07 m/s. With pressure reversal in the aorta
during systolicdeceleration, streamlines indicated that flow in the aortic sinus continued
to exit with velocity reaching 0.09 m/s at rdéceleration (t=0.275 s). The valve leaflets
stayed visilty open until the end of systole (t= 0.32 s). In diastole, streamlines indicated
flow into bottom of neesinus 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 iplanes B and C (above and below center plane respectively)
were similar to plane A, but differences in the velocity magnitudes were very apparent.
Figure 619 illustrates the temporal evolution of the velocity field in the s#ous 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.

6.1.2.3GT-TAV With Porcine Pericardium Leaflet Material, 0 mm Leaflet Insertion

Height and 15 mm Leaflet Length (R®w-LL)

Appendix L Video 3.0 shows tle leaflet opening and closing for this GRAV model.
Representative eface images at 4 phases of the cardiac cycle are highlighfegure 6

20. The leaflet opening otion was very rapid and relatively symmetrical for this GAV

model. The rapid valve opening time was 39 £ 4.18 ms, with an opening velocity of 20.52
+ 1.01 cni/s and reaching a maximum GOA of 2.89 + 0.064 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 toogex lon
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time of 79 + 5.48 ms and a leaflet closing velocity of 9.77 + 0.80sciithe averaged GOA

curve throughout the cardiac cycle is provide&igure 621.
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Figure 6-20: En-face imaging of PPLow-LL GT -TAV at different phases of the
cardiac cycle
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Figure 6-21. Geometric Orifice Area curve for PRLow-LL GT -TAV.

DetailedDescription ofDownstreanftlow Features

Appendix L videos3.1-3.5 show the velocity magnitude, vorticity, RSS, VSS and TKE

contour plots for this GATAV. Figure 622 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 PRLow-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 regns 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 annuk). The orifice jet had a diameter of approximately 12.7 mm, which
was 50% of the sirtubular 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 623). 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 systbld4 m/s in mid
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deceleration (t=0.25 sT.he 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 6-23: Velocity profile at 7 downstream locations from the valve outflovof
PP-Low-LL at peak systolgt=0.15 s)

Figure 624 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 irpeak systole and deceleration. The peak vorticity was calculated to be
1442 s' in peak systoleThe contours of RSS, VSS and TKE mirrored the shear layer
structures Appendix L, video 33-3.5). Figure 625 shows the principal RSS, VSS and

TKE fields at mak systole for GATAV 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 PRLow-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.
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Figure 6-25: Principal RSS, VSS and TKE fields of PRLow-LL at peak systole
(t=0.15s)

DetailedDescription of Neesinus and Aortic Sinus Flow Features

Figure 626 illustrates the temporal evolution of the velocity field in the-sems and

aortic sinus of this valve for the center plane.
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Figure 6-26: Neo-sinus and aorticsinus velocity magnitude and streamlines of PP
Low-LL GT -TAYV 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 leflets started opening, nexnus flow accelerated reaching velocity
magnitude of 0.15 m/s at t= 0.05 s. Streamlines showed fluid moving from tisénogo
towards the STJ to join the main jet flow and aortic sinus. A recirculation regioed in

the aoric sinus towards the tip of the native leaflet and exited to join the main jet flow. As
acceleration persists, fluid motion out of the +s#wus decelerated as the leaflets opened
fully. At peak systole (t= 0.16 s) when the leaflet was fully open, the s®akinus 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, stlieas indicated flow in aortic sinus
continued to exit and interacted with the +s#aus to assist with valve leaflet closure. Neo

sinus velocity reached 0.11 m/s at ndieceleration (t=0.275 s). In diastole (t=0.55 s),

10¢



streamlines indicated flow into thmttom of the ne®inus 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 -TAYV at different phases of the cardiac cycle for 3 measureplanes.
Acceleration, Peak systole, Deceleration and Diastole correspond to t=0.05, 0.16,

0.275, 0.55 s respectively.

6.1.2.4GT-TAV With Bovine Pericardium Leaflet Material, 7 mm Leaflet Insertion

Height and 15 mm Leaflet Length (B®id-LL)

LeafletKinematics Assessment

AppendixL video 4.0shows the opening and closing for this-GAV. Representative en
face images at 4 phases of the cardiac cycle are highlightedure 628. The leaflet
opening motion was asymmetrical with 2 leaflets (bottom left, and top left) opening first

and a delayed opening of th# [aflet (bottom right).



























































































































































































































































































































































































































































































































































































































































































































































































































