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ABSTRACT

BIOMECHANICAL ANALYSIS OF AORTIC VALVE CALCIFICATION AND POST-

PROCEDURAL PARAVALVULAR LEAK

Cardiovascular disease is a leading cause of deatlurgecbfor 17.3 million people annually.
Aortic valve calcification (AVC) and stenosis are thestncommon diseases among valvular
heart diseases. Severe AVC and stenosis will needstéwedard surgical aortic valve
replacement (SAVR) or transcatheter aortic valveawghent (TAVR) for patients who are at
high risk for open heart surgery. Post-procedural parawalivebk (PVL) is a common
complication which occurs around the implanted stent igraficant population of patients who
undergo valve replacement, requiring significant intere@st The overarching hypothesis of
this research is that anatomic characteristics of patients’ native aortic valve play an important
role in both calcification processes and post-procedural 8&durrence. This hypothesis is
studied through two specific Aims. Aim 1 was designed to determihat anatomic and
biological parameters as well as hemodynamic factorasm@ciated with severity of aortic valve
calcification. In this aim, patient-specific geometcicaracteristics were extracted using 3D
image reconstruction of patient CT data, and their oglatiith cusp specific calcification was
evaluated using multiple regression analysis. The restttss analysis indicated that severity
of calcification is significantly correlated with covary calcification as well as the size of sinus
of valsava and sinotubular junction (all p-values<0.09n Aim 2, we investigated the
relationship among patients’ calcification level and anatomic parameters of their native aortic

valve as well as the risk of post-procedural PVL occurrektsang a logistic regression analysis



model we show that large calcification deposition (p-valu@&l) and large ratio of sinus of
valsava to annulus (p-value<0.02) of native aortic valae predict probability of post-
procedural PVL occurrence. The overall significance o$ study is that bioengineering
analysis of pre-procedural CT data can be utilized towardsr beAf¢R planning as well as

basic understanding of the pathogenesis of AVC.
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1. INTRODUCTION

Cardiovascular disease is a leading cause of deatlirggecofor 17.3 million people annually
(Alwan 2011). Aortic valve calcification (AVC) and stenosi® the most common diseases
among valvular heart diseases which increase by aging dasdKupari et al. 1993ohler 111
2004). According to 2015 report of American Heart AssociationAAlprevalence of valvular
disease increases by 13.3% in people older than 75 (Mozaff@@njamin et al. 2015).
Surgical aortic valve replacement (SAVR) in low-risk yguypatients and transcatheter aortic
valve implantation (TAVI) in elderly patients with highesk for surgery are two common
treatments for aortic stenosis. However, paravalvidak (PVL) remains as a common
complication around the implanted stent in a significamgufadion of patients after treatment
(Colli, D’Amico et al. 2011). Therefore, several studies have been performed tovdeéethe
risk factors associated with calcification of aori@dwe and post-procedural PVL (Abdel-Wahab,

Zahn et al. 201 1Kodali, Pibarot et al. 2014).

Arterial and valvular calcification has been studied frdmological and biomechanical
prospective over the past decades. At the molecuide,smush efforts have been made to
explain the initiation of calcification (Aikawa, Nahaorf et al. 2007 Otto 2008 Hjortnaes,
New et al. 2013). Previous studies suggested that calcificaficcardiovascular system is
similar to formation of bone (Mohler, Gannon et al. 20BAjamannan, Subramaniam et al.
2003). Calcification initiates with inflammation and Iead mineralization (Freeman and Otto
2005). Studies performed on hemodynamic of aortic valve atoseopic and microscopic

scales, show that stress and strain around the aonie pkely an important role in calcification



of aortic valve disease (Gould, Srigunapalan et al. 20A8jtic valve fluid shear stress activates
endothelial cells by elongation and realignment of ceBisnding stress rises during the opening
and closing the valve leaflets. High shear and bendingsssan the leaflets is associated with

calcification of the leaflets (Balachandran, Sucoskgi.e2011)

Other studies have shown that metabolic syndromes sulslo@s sugar, cholesterol level and
hypertension as well as age, sex and body mass index (BM})also affect AVC (Lindroos,
Kupari et al. 1994 Katz, Wong et al. 2006). Some studies suggested that age,aBd/
hypertension increases the likelihood of AVC (Lindroos, Kupatrial. 1994). Similar
investigations indicated that female sex and diabetes alsce associated with AVC (Boon,
Cheriex et al. 1997). It has been suggested that high leveDbfcholesterol (LDL > 130
mg/dL) increases both coronary and aortic valve cadtiicn progress (Demer 200Pohle,
Maffert et al. 2001). Clinical studies have shown thabwic renal disease (CRD) is associated
with calcification since 50% of the patients with CRD dlee to arterial and valvular

calcification (Schiffrin, Lipman et al. 20QAikawa, Aikawa et al. 2009).

More recent studies confirmed that location and sevexftyaortic valve calcification are
associated with PVL, since degree of calcification in p&tievith PVL was significantly higher
than calcification score in patients without PVL (Griné&ide and Emmert 20313<oh, Lam et
al. 2015). Previous study suggests that longer ascending adréeich are related to occurrence
of post-procedural PVL (Nemoto, Rutten-Ramos et al. 2014). Additiontkty size of annulus,
degree of aortic stenosis and pre-TAVI aortic regurgitaiere also predictors of PVL (Takagi,
Latib et al. 2011). Small left ventricle ejection fiaot(LVEF) and diabetes were reported to be
related to post-procedural mortality (Tamburino, Capodannal.e2011). Post-TAVI aortic

regurgitation (AR) increases with increasing angle ofJefitricular outflow tract to ascending
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aorta (Sherif, Abdel-Wahab et al. 2010). It also appedusdcommissural calcification between
right coronary and non-coronary cusps were independealicpors of post-procedural PVL

(Gripari, Ewe et al. 2012).

The overarching hypothesis of this research is that anatdmiacteristics of patients’ native
aortic valve play an important role in both calcificatiprocesses and post-procedural PVL
occurrence. This hypothesis is studied through two specific Aims. Aim 1 designed to
determine what anatomic and biological parameters as aselhemodynamic factors are
associated with severity of aortic valve calcificatidom this aim, calcification depositions in
patient’s CT scans were segmented using a 3D model reconstructing Thel.patient-specific
geometric characteristics as well as hemodynamic andgimalofactors were extracted from
patient’s database and their relation with cusp specific calcificationssvaluated using multiple
regression analysisln Aim 2, we investigated the relationship among patieaalcification
level and anatomic parameters of their native aortieevas well as the risk of post-procedural

PVL occurrence.

This thesis is represented in five chapte€hapter 1 is the introduction to this study. Chapter 2
includes anatomy and physiology of heart and aortic vatvevell as heart valve disease
calcification mechanism and possible treatment approaChespter 3 and 4 covers Aim 1 and
Aim 2, respectively. In each chapter applied methodadpgiesults and discussion of each

experiment are presented and Chapter 5 is a summaryiof/éstigation.



2. BACKGROUND

This chapter is an overview of anatomical and physio&gstructure of human heart. In
sectiors 2.1 and 2.2 anatomy and physiology of heart and aortic vaheesxplained; in section
2.3 hemodynamic and mechanobiology of calcification meidma are discussed; and at the end
of the chapter, in section 1.4, heart valve diseasesatBataused by calcification along with

artificial heart valves as treatments for calcifica disease are discussed.

2.1 Heart

2.1.1 Anatomy of Heart

The heart is a muscular organ in humans and most ofads)i which is located between lungs
and provides organs with nutrient through the circulasystem. The human heart consists of
four chambers Two upper chambers are right and left atrium and two loWwambers are right
and left ventricles. There are four valves through whitdod passes before leaving each
chamber of the heart. The heart valve acts as avageanlet that allows blood to flow from
atrium to ventricle or from ventricle to atrium. &kalves prevent the backward flow of blood.
The four heart valve include; tricuspid valve which is ledabetween right atrium and right
ventricle, pulmonary valve which is located between nggnttricle and pulmonary artery, mitral
valve which is located between left atrium and left velgrand aortic valve which is located
between left ventricle and aorta he tricuspid, pulmonary and aortic valves have thrafiels
while the mitral valve has two leaflets. The four chanmdret the valves are shown in Figure

2.1.


http://en.wikipedia.org/wiki/Muscle
http://en.wikipedia.org/wiki/Organ_(anatomy)
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Figure 2.1. Anterior sagittal view of human heart showing anatomicaposition of chambers and valves. The
figure is adapted from http://www.nytimes.com

2.1.2 Physiology of Heart

In the circulatory system, right atrium collects tleoxygenated blood from body through
superior vena cava and pumps it to right ventricle. Dematgel blood in the right ventricle is
then pumped to lungs via pulmonary arteries. In the pulmogiesylation through the lungs,

deoxygenated blood receives oxygen and loses metabolic wdstesoxygenated blood returns
to left atrium and left ventricle through pulmonary veins the left ventricle, high pressure

pumps out oxygenated blood into organs of the body via thdatioey system.


http://www.nytimes.com/
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Circulation occurs through two cardiac cycles includes &ystad diastole Systole refers to the
moments that ventricles contract and pumps out the bidolé diastole is when ventricles are
relaxed and refills with blood. The top section of Fig2ir2 shows electrocardiographic signal
of the heart which is generated at different moments ¢bleyand diastole cycles. The pressure
changes in left atrium, left ventricle and aortaiorg during atrial and ventricular systole and
diastole is depicted in the middle of the diagram. Th&boof the diagram shows accumulated

blood volume in left ventricle during the cycles.

Time (msec)
0 100 200 300 400 500 600 700 800

Electro- QRS Cardiac cycle QRs
cardiogram complex y complex
(ECG) P T P
[
120 =
20 | “Dicrotic
Pressure \ notch
(mm Hg) [ Lk \
e \
60 ventricular |
| pressure \
Left atrial \
30 |pressure r' \
{ '\
= —)*~\,A ) 1/’"”\\4‘ C——— —
Heart ' ;
sounds
135
Left
ventricular
volume
mi) i
‘ Atrial Ventncular Ventricular Afrl'al
) = - diastole A
? \? (‘ (\ F(\"r ‘
{ { F&X f ? Q
Atrial systole Isovolumic Ventrlcular Early Late Atrial
ventricular systole ventricular ventricular systole
contraction diastole diastole

Figure 2.2. The Wigger’s diagram indicates the normal cardiac pressure and volume at specific moment of
cardiac cycle. The diagram is adapted from http://intranet.tdmu.eu.ua

As can be seen in Figure 2.2, cardiac cycle occurs in 5sst@gdate diastole: when both right

and left chambers are relaxed and ventricles fill with dlo@2) Atrial systole pumps small



amount of blood into ventricles(3) Isomeric ventricular contraction which increasaerinal
pressure of ventricle to open heart vald) Ventricular systole open the valves and pump out
blood with high pressure. (5) Isomeric ventricle relaatdrops the pressure inside the

ventricles so they can refill in next stage (http://wwwdiome.tcd.ie/physiology).

2.2Aortic Valve

2.2.1 Anatomy of Aortic Valve

Aortic valve consist of three semilunar cusps and theafiets. The three cusps are named
according to their anatomical position$he cusps near the right and left chambers are named
right and left coronary cusp. Right coronary arterysekibom right coronary cusp to supply
blood into right atrium and right ventricle as well agtbm portion of both ventricles and back
of the septum (http://my.clevelandclinic.@rg Similar to right coronary artery, left coronary
artery exit from associated cusp and divides two branchescumflex artery and left anterior
descending artery to provide nutrient for left atrium ardentricle as well as bottom of left
ventricle and front of septum (http://my.clevelandclinigor The other cusp is named non-
coronary cusp due to lack of the coronary artdfjgure 2.3 shows the anatomical position of

aortic valve and three leaflets.
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Figure 2.3. Short axis view of the four heart valve; aortic valve, mitral vabe pulmonary and tricuspid. Aortic
valve with three leaflets is located in the middle of othettee valves (laizzo 2009)

Figure 2.4 shows a schematic of an aortic valve which has bpen from commissure line

between right and left coronary sinuses.
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Figure 2.4. Schematic of aortic valve showing right coronary,an-coronary and left coronary cusps from left
to right. The cusps are attached at the commissures. Left and righbmnary astiums are across the non-
coronary sinus (Misfeld and Sievers 2007)

2.2.2 Dynamics of Aortic valve

At the beginning of the ventricle systole, aortic vatygens and blood flow accelerates and
before beginning of the ventricle diastole, it closed hlood flow decelerates (Balachandran,
Sucosky et al. 2011)Systolic cycle begins with opening of the aortic valad &sts about one

third of the cardiac cycle. In the systolic cycldiem valve is fully open, velocity of blood flow

reaches the peak then decreases rapidly and aortic pregadually increases and reaches 120
mm Hg in normal people (Yoganathan, He et al. 200d9ar the end of the systolic phase before
valve is fully closed little backward flow enters ventri&leFigure 2.5 shows pressure and flow

changes during systolic and diastolic cycles. At the ef systole, adverse pressure and low



inertia flow create vortices in sinuses which forceléadlet belly toward the ventricle and close

the valve (Reul and Talukder 1979).

Systole Diastole
Aortic
Pressure
Ventricular ®
Pressure o -
4 L wave
> E wave MYV closcs
% A wave 1
Mitral .
Flow & %
\ MV opens
¢ AN closes
Aortic
Flow
ECG L \_,j
-
= P
N
. T T — s P—— -y =
0 100 200 300 400 S00 600 700 800 900 1000
lsovolumic Lsovolumic Time (ms)
Contraction Relaxaton

Figure 2.5. Pressure and flow changes during the systolic adéastolic cycles (Yoganathan, He et al. 2004)

10



2.3 Hemodynamics and Mechanobiology of Aortic Valve Calcification

It has been investigated that diseases of cardiovassyiiem are often associated with
metabolic disorders (Aikawa, Manabe et al. 2012) and inflanom is the main cause of
metabolic cardiovascular diseases which leads to aealiwe calcification and aortic valve
stenosis (Aikawa, Manabe et al. 2012). Inflammation oaduesto dysfunction of two types of
cells (1) endothelial cells that are located on the serfaf the aortic valve cusps and (2)
interstitial cells in the body of the valve (Balactiean 2010). The roles of endothelial cells are
to maintain normal homeostasis at the interface ajdleith cusp vasculature (Hjortnaes, New
et al. 2013) and provide nutrient for interstitial cellstive body of valve (Freeman and Otto
2005 Butcher and Nerem 2007)Calcification of aortic valve initiates with dysfunmti of
endothelial cells and inflammation and leads to minen#diza Calcification begins with
activation of endothelial cells and via activation dfepotypes of interstitial cells leads to

mineralization (Figure 2.6).

Studies performed on hemodynamic in aortic valve at nsaopic and microscopic scales, show
that force and pressure around the aortic valve playngortant role in calcification of aortic

valve disease (Watanabe, Lefevre et al. 201%xom the macroscopic scale prospective
hemodynamic forces deform the leaflets of the valvevatide transduced to microscale forces
(Watanabe, Lefévre et al. 2015). Microscale forcdsemnice endothelial and interstitial cells in
extracellular matrix of the valve (Watanabe, Lefewrale2015). Figure 26 shows the structure

of aortic valve in macroscopic and microscopic scalabrofa layer is located on the aortic side
of the valve and aligned circumferentially (2CJ. Sponginosa layer is the middle layer and

located between fibrosa and ventricularis. Sponginoseide smooth motion for opening and
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closing the leaflet. Ventricularis layer is on the ventricular side and nsaleaflet flexible to

move (Watanabe, Lefevre et al. 2015).

It has been reported that hemodynamic forces regudeseuiar interstitial cells (VIC) function
(Jilaihawi, Kashif et al. 2012). Stretch of aortic valisasue during the cardiac cycles makes
leaflets to lengtén circumferentially and radially (Balachandran, Sucoskyaét 2011)
Anisotropic force and stretch of valve leaflets affealive function as well as mechanobiolgical
responses of vascular interstitial cells (Marom, Madt¢ al. 2013). Since fibrosa is stiffer than
ventricularis (Merryman, Huang et al. 2Q06irnajafi, Raymer et al. 2006), it is more influenced
by strain therefore interstitial cells in the fibrosdods more than those in ventricularis layer
(Huang, Liao et al. 2007)This explains formation of calcification in fibrosa ¢ayof the valve

(Yip and Simmons 2011) (see Figure 2.7).
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Calcific
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Macrophage
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Proteolytic
activity
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—— Macrocalcifications

Figure 2.6. Schematic of mechanism of arterial and valvular ceification. Monocytes (1) are placed on the aortic site of the wad due to the activation of
endothelial cells (EC). (2) Activated/damaged EC increases exprassiof adhesion molecule VCAM-1 and leads to macrophage activatio(3).
Macrophages release proteolytic enzymes to stimulate myofibroblas{d) and smooth muscle (5) to differentiate into osteoblasts. Formatioof
osteoblast (6) and microcalcification results in formation of a calfied matrix vesicle (7) and apoptosis (8). Activities of menti@d components lead to
calcification (9) on the aortic side of the valve (Zarayelyan 2015)
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A Macroscopic Aortic Valve Function
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Legend: Gy FibroblastViC () Healthy VIVEC ==3» Blood Flow

B C
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Figure 2.7. Schematic of coronary sinus of aortic valve (B) Theistological view of aortic valve leaflet has three layers oflfrosa [F], spongiosa [S],
ventricularis [V] (Watanabe, Lefévre et al. 2015). (C) View of fibe architecture on an aortic valve leaflet. Fibers are mostlydistributed

circumferentially (Willson, Webb et al. 2012)
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2.4 Aortic Valve Disease

Although all four valves and many regions of human cardmuas system are affected by

disease, the only disease that is discussed in tttisrsés aortic valve calcification disease.

2.4.1 Aortic Valve Stenosis and Regurgitation

One of the most common diseases of aortic valve txatenosis which narrows the opening of
the valve and prevent valve from opening fully which causesdbto flow forward during the
systolic period. The most common cause of aorticosiens formation of calcium deposition
(calcification) on the valve leaflets (laizzo 2009¢alcification starts with inflammation and
develops by aging (Hjortnaes, New et al. 2013) which waspexplained in previous section.
As aortic valve calcification disease progresses lsaflé the valve become thicker and stiffer
(laizzo 2009). Aortic stenosis causegurgitation which occurs when valve doesn’t close

tightly and blood flows back to the ventricle during the tilis period (laizzo 2009).

Color-flow Doppler echocardiography is a common clinicathod to assess the severity of
valve stenosis and regurgitation. In a color-flow Doppt@rocardiograph blood flow velocity is
measured in a 2D environment. In Figure 2.8 red and blue collicaie the direction of blood
flow passing through heart valve in an echo imalgecolor-flow Doppler echocardiography red
color is assigned to the flow that moves toward thesthacer and blue color is assigned to the
flow that goes away from transducer. Color-flow Dopplergenanables physicians to diagnose

stenosis and regurgitation by evaluating the directidriadd flow.
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Figure 2.8. Color flow Doppler display of tricuspid valveregurgitation (Sorrell and Kumar 2011). The arrow

indicates backward flow

Severity of aortic disease can be defined by meanyreegsadient, aortic jet velocity and valve

orifice area (laizzo 2009). Tableidicates severity of stenosis in three categories debyed

laizzo.

Table 2.1 Degree of aortic stenosis (laizzo 2009)

Stenosis | Valve Orifice area (mnf) | Peak Aortic Velocity (m/s)
Mild >15 <3.0
Moderate >1.0-1.5 3.0-4.0
Severe <1.0 >4.0

2.4.2 Artificial Heart Valve

It has been reported that 492,042 people die annually becausewnhatic heart disease

(Carapetis, Steer et al. 2005). Development of heartsdisd@s been led to artificial heart valve

design and cardiac valve replacement.

Artificial healves can be categorized in 2 major

types; mechanical prosthetic valves and biological prastfi@bprosthetic) valves (Dasi, Simon

et al. 2009laizzo 2009).1n 1952, the world first successful mechanical heart valvigesby

Dr. Charles Hufnagel was implanted into human body (Hufnagel X&&f)re 2.9). Since then,
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more than 50 artificial heart valve designs have lossmeloped (Dasi, Simon et al. 2009)ver

the decades, mechanical heart valve designs have beelbpdevand tilting-disc valve and
bileaflet mechanical heart valve are generatdd. 1969 and 1970, tilting-disc valve was
introduced by Bjork-Shiley and Lillehei-Kaster (Bjork 19&&aster, Lillehei et al. 1970) (Figure
2.10) and in 1978, bileaflet heart valves were designed and édgnSt Jude Medical (SIM)

Inc. (Minneapolis, MN, USA) (Possis 1978) (Figure 2.11).

Figure 2.9. (a) caned-ball valve; the first mechanical heart valvdesigned by Hufnagel in1952. (b) It was
placed in the descending aorta. The ball simulates the leafled§the valve. During the systole phase, the high
blood pressure pushes the ball against the cage and opens dhi¢ice
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Figure 2.10. (a) Tilting- disc valve designed by Bjork-Shiley(b) Tilting- disc valve designed by Lillehei-
Kaster. The disc closes the valve orifice during diastolic press and tilt to side during the high blood
pressure

Figure 2.11. Bileaflet heart valve designed by St Jude Medicéhc. It consists of two semicircular leaflets.
Similar to previous cardiac valve designs the opening andosing mechanism of bileaflet heart valve is based
on pressure gradient
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Bioprosthetic heart valves are made of natural animsligisvhich over chemical procedures
became compatible with human body’s internal environment. Figure 2.12 shows a sample of
bioprosthetic valve which was designed by Carpentier-Edwar@i89a (Mulholland, Lillemoe

et al. 2012).

Figure 2.12. One of the firsts bioprosthetic valve designs by Qaentier-Edwards (Mulholland, Lillemoe et al.
2012)

Recently, transcatheter aortic valve implantatiod\(T) which is a less invasive heart valve
replacement has been developed as an alternative Homwannot take risk of open heart
surgery. TAVI method inserts a stent valve at thetlonaof valve through a catheter. In Figure

2.13, two types of TAV and their implantation procedurelieen depicted.
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Severe aortic
stenosis

Figure 2.13. Transcatheter is used to deliver a balloon algnwith a stent valve into the location of aortic
valve. Once TAV is placed, stenotic aortic valve start to funaih as a normal valve. Stenfa) is an Edwards
SAPIEN THV valve (Edwards Lifesciences, Irvine, California) whth is delivered from bottom of ventricle.
Stent (b) is Medtronic CoreValve (Medtronic, Minneapolis, Minnesota) which is delivered from aortic
side. Image is adapted from http://www.cardiachealth.org
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3. AIM1

The purpose of Aim 1 was to determine what biological andodgmamic factors as well as
anatomic parameters of native aortic valve are coelatith aortic valve calcification. In this
Aim, calcification depositions in patient’s CT scans were segmented using a 3D model
reconstructing tool. The patient-specific geometric ati@ristics as well as hemodynamic and
biological factors were extracted from patient’s database and their relation with each cusp

calcification was evaluated using multiple regression aisalys

3.1 Methods

3.1.1 Data Acquisition

A total of thirty patients including men and women were stud@ge 80 + 15 years, 57% men).
All study protocols complied with the Institutional Revi®@wards of Medical Center of the
Rockies (Loveland, CO, USA) and the Colorado State Uniyerdttatients referred to Medical
Center of the Rockies for multislice computed tomograph$CW) of the chest. The MSCT
examinations were performed with a Philips Brilliance 64 char@e€l scanner (Philips
Healthcare, Amsterdam, Netherlands). In this data adquigirotocol, the thickness of slices
was 0.67 mm, the vertical spacing between the pixels was 0.3Xthimazontal pixel spacing
was 0.748 mm. Constructed images were in DICOM format and gilaysclor. The images
were recorded in angiogram mode to evaluate coronaryeattdData set has been studies before
TAVI procedure. The population has been later treated by HEEWSAPIEN TAVIs and

Medtronic CoreValves.
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3.1.2 Medical Image Processing

3D models were constructed from CT scan images using ITK-Sitslon 3.2 (Yushkevich,
Piven et al. 2006)In the 3D models, calcified lesions of RCC, NCC and LQfiores as well as
RCA and LCA were segmented using a thresholding techniquaienRspecific aortic valve
roots were extracted from whole body. The calcium velumITK-SNAP were measured in
mnT on each of the RC, NC and LC sinuses and leaflets basvéhe right and left coronary

arteries (Figure 3)1
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Figure 3.1. Screenshot of 3D model created in ITK-SNAP. (A) Thsholding was used to segment white
(calcium) from grey areas. (B) Calcified lesions are represéed in 5 colors in axial (2) and sagittal views (b)
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3.1.3 Feature Extraction

Anatomical properties such as sinus of valsava (SoV) damahnulus diameter, sinotubular
junction (STJ) diameter and coronary ostium distarfoem annulus wall were measured from
2D CT images by specialists at MCR and also using RadiAnOMG/iewer version 1.9.16

(Meixant, Poznan, Poland) (see Figure 3.2). Corondryfications were segmented from CT
scan images. Hemodynamic features including left veategction fraction (LVEF), aortic

valve peak velocity, mean pressure gradient, peak stgwesSsure gradient, aortic insufficiency
(regurgitation) and hypertension as well as albumin lexglybnass index (BMI), smoking and

diabetes reported by MCR were extracted from data set.
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Figure 3. 2 Screenshot of the MicroDicom Viewer user interface. Measement of STJ diameter
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The factors have been selected based on previous studissvelral studies dimension of aortic
valve cusps and aortic roots have been evaluated withishogl computed tomography and
provided knowledge of relationship among STJ, annulus ar@haoy arteries (Tops, Wood et
al. 2008 Schafers, Schmied et al. 2013). Anatomical informatioraatic valve helps to
characterize calcification and avoid paravalvular leakayonary calcification (Tops, Wood et
al. 2008). Additionally, specific anatomical configuratioraortic valve and aortic roots leads
to specific hemodynamic behavior in those regions. Hemadic and mechanical forces cause
tissue deformation and inflammation (Balachandran, Suceisély 2009). Moreover, low LVEF
and BMI were considered to be related to high amount offication in the elderly people
(Lindroos, Kupari et al. 1994Zsuzsanna, Theodora et al. 2013). CRD is associatedomith |
albumin level in blood. Albumin helps with fluid removalrndissue. Schiffrin suggested that
albumin is an independent risk factor for cardiovasculkif@tion disease (Schiffrin, Lipman

et al. 2007)

3.1.4 Statistical Analysis

Measured total calcium volume of RCC, NCC and LCC area80 patients were between 40
mnT and 1800 mrh Severity of calcification can be classified intanimal (<25%), mild (25%

< <50%), moderate (50% < < 75%) and severe (>75%) catsg(Rivard, Bartel et al. 2009). In
our dataset, only a few patients were placed in moderatecardesgroups. Therefore in order
to perform proper statistical analysis, patients with matgeand severe calcification were
assigned into severe group. ANOVA pairwise comparisonpga®rmed for 30 patients (57%
men) in order to compare differences of average caltiditavolume of RCC, NCC and LCC
among men versus women as well as people with corontnificaion versus people without
coronary calcification For 95% confidence interval variables with p-value <0.05 were
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considered significantly different. Multivariable lineagression method was used to estimate a
relationship between variables and severity of calciboat For 4 patients, some information
was not reported in the data set. Thus, those patiemestde®en eliminated from multivariable
regression test. The calcification distribution limee aortic valve cusps with respect to three
categories of minimal, mild and severe has been evaluatkdnalyses were performed using

SAS university edition (SAS institute Inc., Cary, NC, USA)

3.2 Results

3.2.1 Baseline Characterization

Calcium in RCC, NCC and LCC of men and women was Wwididtributed. The average *
standard deviation for each featuseshown in Table 3.1 for men and women. Tab2 3.
demonstrates the average + standard deviation for allnpatigthin groups of minimal, mild

and severe calcification.
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Table 3. 1. Baseline characteristics between men and women

Features Men (13) | Women (13)| Total (26) | P-value
Calelum volume (MM: | 1g6+134 | 58482 | 134133 | 0.007*
NGC 2661214 112+141 205+203 | 0.028*
2551257 94+121 191+225 | 0.012*
LCC
RCA calcification (mm) 2732 15+31 22+32 | 0.714
LCA calcification (mm) 262+207 50+60 170+£192 | 0.007*
Age (years) 8218 8416 8317 0.436
Height (cm) 169.548 | 160.5+13.5| 165+12 0.057
Weight (kg) 7316 72+15 72+16 0.867
BMI (kg/nr) 0.43+0.1 | 0.45+0.09 | 0.44+0.09| 0.646
LVEF 51+13 61+12 56+13 0.062
Hypertension 85% (11) | 100% (13) | 92% (24) N/A
AV mean Pressure gradiel 45,4 47412 45+10 | 0.353
(mmHgQ)

Annulus diameter (mm) 2512 22+2.5 2313 0.002*
STJ diameter (mm) 27+2 24+2.5 26x2.7 0.002*
SoV diameter (mm) 34+3 31+3 3313 0.044*

Smoking 15% (2) 0 7.70% N/A
Diabetes 15% (2) 15% (2) 15% (4) N/A
Aortic Regu_rgltatlon: 7 7 14
Trlyal =0 5 3 8
Mild =1 N/A
_ 0 2 2
Moderate = 2 1 1 5
Severe = 3
Aortic stenosis 13 13 26 N/A
AV stenosis pressure | 44, 80+20 75+17 | 0.145
gradient (mmHQ)
Albumin (mg/dL) 4.16+0.25| 3.97+0.39 | 4.06+0.35| 0.185
AV morphology Tricuspid Tricuspid | Tricuspid N/A
AV peak velocity 4.05+0.4 4.55+0.5 | 4.30+£0.52| 0.011*

Coronary cusp (RCChon-coronary cusp (NCQC)eft coronary cusp (LCC), body mass index (BMI), left vieter
gjection fraction (LVEF), sinotubular junction (STJ)jnus of Valsalva (SoV), aortic valve (AV)
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Table 3. 2 Baseline characteristics among minimal, mild and severe gups

Features Minimal (12) Mild (7) Severe (7)

Calcium é‘g‘éme (mm3) 51+63 14670 175496

NCC 83169 184+130 4534231
Lo 51+44 174+94 279+178
RCA calcification (mm) 7.8+11 4.315 AT+45
LCA calcification (mm) 38+41 112+95 341+211
Age (years) 855 81+7 79+8
Height (cm) 16014 17048 168+7
Weight (kg) 69+11 70+20 80+16
BMI (kg/nr) 0.4+0.07 0.40.1 0.520.1
LVEF 62+12 56+11 46+11
Hypertension 100% (12) 71% (5) 100% (7)
AV mean Pressure gradient 47+12 4148 4548
(mmHQ)

Annulus diameter (mm) 22.3+2.6 24.6+3 24.6+2
STJ diameter (mm) 2512.6 263 27+£1.5
SoV diameter (mm) 31+2 31+3 36x1.5

Smoking 0 0 28% (2)
Diabetes 17% (20) 0 28% (2)
Aortic Reglj_rgltatlon 7 4 3
Trival =0
Mild = 1 3 3 2
_ 1 0 1
Moderate = 2 1 0 1
Severe = 3
Aortic stenosis 12 7 7
AV stenosis pressure gradier 81120 68112 70£10
Albumin 4+0.4 4.1+0.3 4.2+0.1
AV morphology Tricuspid Tricuspid Tricuspid
AV peak velocity 4.61£0.5 410.5 4.1+0.3

Coronary cusp (RCC), non-coronary cusp (NCC), left corooasp (LCC), body mass index (BMI), left
ventricle ejection fraction (LVEF), sinotubular junction (S®ijus of Valsalva (SoV), aortic valve (AV)
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3.2.2 Comparison Tests

In general, the average of NCC calcification was 39 ¥hefotal aortic valve calcification and
the average of LCC and RCC calcification were respelgti36% and 25% of the total
calcification among all patients. The calcificatioluwne for RCC, NCC and LCC is presented
in Table 33. The average calcification of aortic valve in men wast@és more than that in
women (see Table 3.3). The average calcification of NCC 1486 higher than average
calcification of RCC and 3% higher than that of LCC whilee average calcification of LCC
was approximately 11% higher than the average calcificatidRCC. Aortic valve was also
evaluated among groups of minimal, mild and severe calcificafieigure 3.3). NCC

calcification was the highest volume within each group.

Table 3. 3 Comparison of average of calcification by aortic cusp

Sex | RCC (mm® | NCC (mm® | LCC (mm?)

Men 186+134.3 | 266+214.6 255+ 257

Women| 58+82.4 112+141.1 94+121.9

Total 134+£132.6 | 205+202.7 | 191+225.6

29



Minimal Mild Severe
| 1 |

1,000.0 A

750.0 ~ _

Calcium Volume (mm?)

500.0 -
o
2500 - o
FY
00

T T T T T T T T T
RCC NCC LCC RCC NCC LCC RCC NCC LcCC

& Mean —— Median

Figure 3. 3 The comparison of calcification distribution among three sinusg indicates that NCC is the most
highly calcified cusp within each category

Table 3.4 indicates that in 57% (17 patients including 8 ameh9 women) of the cases, NCC
was severely calcified. In 33% (10 patients including 7 mer3amomen) of the patients and in
10% (3 patients including 2 men and 1 women) LCC and RCC nespectively more calcified
than others areas. Previous studies also confirmedhiadirst and the second highly calcified
locations were respectively NCC and LCC while lower caatfon volume was in RCC for
both men and women (Halevi, Hamdan et al. 2016pmparison between men and women
showed that AVC in men was significantly higher than AVCwiamen (p-value = 0.002)
(Figure 3.3. Results of AVC comparison between patients with low carpnartery
calcification and high coronary calcification showattin patients whom coronary arteries were

highly calcified, the calcification in RCC (p-value=0.03),NCC (p-value<0.001) and in LCC
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(p-value<0.001) was significantly higher than those with émsonary calcification (Figure 3.5
Additionally, RCA calcification was significantly lowehan LCA calcification in the studied

population (p-value <0.001).

Table 3. 4 Location of AVC versus the severity of calcification

Men

RCC NCC LCC
Less 1 1306 | 20% | 23%
calcification
Medium | 3200 | 9006 | 10%
calcification
More | 6606 | 27% | 23%
calcification

Women
Less 1 o406 | 10% | 10%
calcification
Medium | e300 | 3306 | 23%
calcification
More | 5396 | 300 | 10%
calcification

Total
Less | 3705 | 3006 | 33%
calcification
Ca'\l’(':?f?é‘;{‘inon 53.3% | 13.3% | 33.3%
More 1 1506 | 57% | 33%
calcification
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(2)

(b)

Figure 3. 4. (a) Distribution of calcification among right coronag cusp (RCC), non-coronary cusp (NCC) and
left coronary cusp (LCC) between men and women. (b) The compaon of RCC, NCC and LCC areas
indicate that the average normalized calcification volume on NC is significantly higher than RCC, while
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there is no other significant differences among these 3 groups
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Figure 3. 5 Distribution of calcification by right coronary, non-coronary and left coronary cusps for patients
with minimally calcified coronary arteries and patients with highly calcified coronary arteries. The
comparison showed that patients with highly calcified coronary aeries had more AVC

3.2.3 Multivariable Regression Modeling

Multivariable regression analysis was performed to estimdéne relationship between
independent and dependent variables. In various studiess ibden suggested that extracted
anatomic, hemodynamic and biological features separpl&jya role in calcification of aortic
valve. Thus, we first performed regression analysis wightdtal calcification of aortic valve as
dependent variable and all extracted features as indeperat@titles. This model had£0.92,

however, it has been inferred that a model with too mamiahlas always have a large,R
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because existence of too many variables makes an owgrfittodel which models the random

noise in the data. Therefore, we used feature selaoigbimod to avoid overfitting the model.

The three feature selection methods; forward, backwardnalimn and stepwise were used to
ensure the reliability of the model. In the forward mdthegression begins with no variable
and sequentially adds significant variables to model. Inb#ukward elimination, regression
begins with considering all independent variables in the mautlsaquentially removes the
non-significant variables from the model. Stepwisectigle only applies statistically significant
independent variables in regression modelthis study, the three feature selection methods had
the same results. Significance level of 0.05 was comsid® evaluate statistical differences of
features. Separate models are presented for AVC lmasedronary calcifications as well as
anatomic characteristics of patientmtive aortic valve. The following linear models with=

0.64 were obtained for men and women in equations (1) and (2):
(1) Men: (a)Casw =75 -Dsov—57 - Dsrs — 340
(b) Caw =4.7-Canca+0.46 - Ca.c. + 449
(2) Women: (a)Caw =75-Dsov—57 - Dsiy — 692
(b) Caw =4.7-Canca+0.46-Cacs+185

WhereCaay, Carcaand Caca are in mm, Cany shows calcification volume in three aortic cusps
(right, left and non-coronary) and &a and Caca in part (b) of (1) and (2) equationadicate
calcification in the right and left coronary arteriebhe Dsov and Dyt are diameters of sinus of

valsava and sinotubular junction, respectiveélyie S& and STJ diameters are in mm.
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Since calcification of aortic valve in men was signifitgmmore than AVC in women, the
estimated intercepts for women was smaller than thecepéesin men’s equations. All four
independent features were statistically signifiqgatvalue << 0.05). The positive and negative
coefficients indicate that the total calcification adrtic valve increases with increase in SoV
diameter and decrease STJ diameter. Although, the regression model showedoagst
correlation between calcification in coronary arter@d calcification in three aortic cusps, this
correlation is not causation. The other examinedufeatsuch as AV peak velocity, pressure
gradient, LVEF, hypertension and aortic insufficiency as wsllalbumin level, smoke and
diabetes were not statistically significant in our popafati Therefore, zero coefficients were

assigned to them.

3.3 Discussion

Our results and multiple studies (Ewe, Ng et al. 2&ldh, Lam et al. 2015) suggested that the
NCC calcifies more than LCC and RCC areas. It has bgpothesized that absence of diastolic
coronary flow in NCC causes low shear stress in thisaheeh explains why non-coronary is
often more calcified than other areas (Freeman and O@t§ Rloore and Dasi 2015). In present
study, calcification in LCA was significantly higher thdRCA calcification. McCarthy
investigation also showed that calcification formatiomare common in LCA rather than RCA
and coronary artery calcification is strongly asstdavith aortic valve calcification (McCarthy
and Palmer 1974). This significant difference among dedtibn of LCA and RCA is perhaps
due to anatomical structure of coronary ostiums. Sewtudies reported that right coronary
ostium is naturally farther than left coronary ostiram aortic annulus which is important in
development of disease (Knight, Kurtcuoglu et al. 2@R9ard, Bartel et al. 2009). In present

study, the length of right and left coronary ostiumsnfiease of aortic annulus was respectively
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17+4.8 and 14.35. Calcification in coronary arteries narrows the aalearea and leads to
change in hemodynamics of aortic valve sinuses, thereftow rate decreases when passing
through narrowed artery. This low coronary flow rate eadsw magnitude vorticity which is

associated with calcification (Moore 2015)

Results of our regression model showed that calcificabibaortic valve is associated with
calcification in right and left coronary arteries (R@Ad LCA). In fact, correlation between
coronary artery calcification and aortic valve cal@fion does not imply that one causes the
other but perhaps there is another factor which simuizsig affects development of
calcification process in both coronary artery andiaodlve. The prediction model represents
that patients with large sinus of valsava (SoV) andllssmotubular junction (STJ) diameters are
more susceptible to calcific aortic valve diseaseother words, aortic valve will be in a healthy
condition if SoV diameter is relatively small while STidrdeter is relatively large. Previous
investigations suggested that the large STJ diameter impvalkadar hemodynamics (Dagum,
Green et al. 1999) and the large SoV diameter deterioat®dynamics of aortic sinuses
(Moore 2015).Marom et al. experiments also indicated that the @tBTJ to annulus diameter
significantly changes hemodynamics and flow shear simessrtic cusps (Marom, Halevi et al.
2013). Thubrikar suggested that SoV is very important in minimizingsstin the valve leaflets
(Beck, Thubrikar et al. 2001). Moore also supported this Ingsig with his hemodynamic
experiments on sinus size; in a narrow sinus, sinus vpreetically does not exist and in a wide
sinus, sinus vortex loses its strength and disappears dya@ddaore 2015) (Figure 3)6 Moore
suggested that average sinus of valsava diameter yieldh&madynamic condition; therefore
further investigation is needed to acquire an optimized ta@tween SoV and STJ diameters

with respect to annulus size for a healthy valve corditio
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Figure 3.6. Three different 2D models represent differentisus radii and vorticity contours at three systolic
time points. Hemodynamic condition in average sinus size better than narrow and wide sinus sizes. The
figure is adapted from Moore 2015.

In our data set, albumin level, BMI, stenotic pressureligrd, mean pressure gradient, peak
velocity, hypertension and LVEF as well as diabetes andkisgowere not significantly
different in the regression model. To conclude, we thice that sinotubular junction and sinus
of valsava diameters of native aortic valve are prinpgdictors of aortic valve calcification.
Aortic valve calcification disease is a multiscale gass in which anatomical configuration of
aortic valve shapes hemodynamics within the aortic smuken hemodynamic forces will be
transmitted to cells and tissue and cause cellular dafaom and eventually leads to

calcification.
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4. AIM 2

The purpose of Aim 2 was to determine the relationship among patients’ calcification level and

anatomic parameters of their native aortic valve as aglthe risk of post-procedural PVL
occurrence. In this Aim, patient-specific calcification whiwas segmented in Aim 1, was
compare with TEE of patients to find the exact locatibpost-procedural PVL. Relationship of
post-procedural PVL with anatomic parameters and caltidic level was evaluated by multiple

logistic regression.

4.1 Methods

4.1.1 Data Acquisition

A total of thirty three patients with severe aortic sesmavho underwent TAVI were studied
(age 80 £ 15 years, 48% men). All study protocols complied thihinstitutional Review
Boards of Medical Center of the Rockies (Loveland, Qf3A) and the Colorado State
University. Patients were referred to Medical Centethef Rockies for multislice computed
tomography (MSCT) of the chest. The MSCT examinations yeréormed with a Philips
Brilliance 64 channel CT scanner (Philips Healthcare, AndovMek, USA). In this data
acquisition protocol, the thickness of slices was 0.67 mmveheal spacing between the pixels
was 0.33 mm and horizontal pixel spacing was 0.748 mm. The imveges recorded in
angiogram mode to evaluate coronary arteries. Transegeglhechocardiography (TEE) was
performed on the patients in order to assess valve dumbiéfore and after TAVI procedure.
The patients have been treated by thirty one Edwards SARUENSs and two Medtronic

CoreValves.

38



4.1.2 Transesophageal Echocardiography Assessment

Transesophageal echocardiography (TEE) has been frequeetlyto assess impact of aortic
annulus dimension on occurrence of post-procedural aedigrgitation (Santos, De Agustin et
al. 2012) Aiter implantation, short and long axis views of patienitia valve were recorded
using Philips IE33 xMATRIX echo system (Philips Healthcakadover, MA, USA) The
presence of PVL was assessed by color Doppler flow imagingdtbhanmplanted stent. In the
studied population, only mild and moderate PVL appeared after TAVWI determine the exact
location of PVL, 2D axis views (30° to 60°) were matched aothpared to segmented 3D
models of aortic valve using RadiAnt DICOM Viewer version I6Meixant, Poznan, Poland).
Figure 4.1 is an example which demonstrates how TEEs df ahd long axes were matched

with 3D models of aortic root and calcification nodules tdwata the location of PVL.

4.1.3 Medical Image Processing

3D models were constructed from CT scan images using ITKFSMsion 3.2 (Yushkevich,
Piven et al. 2006). In the 3D models, calcified lesiorR@E, NCC and LCC regions as well as
RCA and LCA were segmented using a thresholding technidRegient-specific aortic valve
roots were extracted from whole body. The calcium velumITK-SNAP were measured in
mnT on each of the RC, NC and LC cusps and leaflets asaselhe right and left coronary

arteries.
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4.1.4 Feature Extraction

Anatomical properties such as sinus of valsava (SoV)jcaannulus (AA) and sinotubular
junction (STJ) were measured from 2D CT images by Medieate? of the Rockies. Coronary

calcifications were also segmented from CT scan imimgbs evaluated in relation to PVL.

Figure 4.1 Example of matching (a) 3D model of calcification with 2D views ofhsrt (b, d) and long axes (c,
e). Calcification in RCC, NCC and LCC is demonstrated with geen, blue and yellow colors, respectively. Red
arrows show the location of PVL
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4.1.5 Statistical analysis

Multivariable linear regression method was performed tonesél a relationship for paravalvular
leak based on anatomic variables and degree of caloficaComparison tests were performed
to show the significant differences among variables. 9586 confidence interval, variables with
p-value <0.05 were considered statistically significant. Begalvere calculated by Wilcoxon
and T-tests based on the normality of data. All analysse performed using SAS university

edition (SAS institute Inc., Cary, NC, USA).

4.2 Results

4.2.1 Transesophageal Echocardiography Results

Location of aortic valve as well as aortic cusps anddesaivere determined in 2DTEE images.
Aortic valve calcification in 2D TEE echoes was matchathvAVC in the segmented 3D
models and precise location of paravalvular leak in eatlent was observed. In two patients
out of 12, the exact location of PVL was not cleagyéfiore observational results of them are not
reported. Observations indicated that 30 regions in thecaaatve of 10 patients underwent
PVL. In the majority of patients who were diagnosed \bitth mild and moderate PVL, PVL
has been observed from three regions. Among the t@mgsatvho had post-procedural PVL
(Figure 4.2), five PVL sites were observed at the lonatibRCC, four PVL sites were observed
at commissure between right and non-coronary cusps, fdurdRes were observed at the
location of NCC, fouPVL sites were observed at commissure of non-coronatyedincoronary
cusps, six PVL sites were observed at the location b6 seven PVL sites were observed at

commissure between left coronary and right coronagpgu PVL was observed from either
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location of calcification in a cusp or commissure betwéan calcified cusps or even

commissure between two cusps which were not severely cdlcifie

Figure 4.2 Calcification in RCC, NCC and LCC are presented with green blue and yellow colors,
respectively. Red arrows indicate that PVL occurs at cusp sidwhile orange arrows indicate that PVL occurs
at commissure between two cusps. PVL was observed from ethlocation of calcification in a cusp or
commissure between two calcified cusps or even commissiwbetween two cusps which are not severely
calcified. Figures (a) to (j) are sorted in the order of incredng aspect ratio of SoV/AA diameter
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4.2.2 Comparison Tests

Baseline characterization of calcification and anatafrpcoperties of patients is shown in Table
4.1 The measured total calcium volume for all patients waange of 120 mfto 1900 mm.
The average aortic valve calcification within patientshwRVL was about 3 times higher than

that in patients without PVL (p-value<0.001) (Figure)4.3

Table 4.1 Baseline characteristics
*Statistically significant

Abbreviations: Right coronary cusp (RCC), non-coronary ¢bdERC), left coronary cusp (LCC), right coronary
artery (RCA), left coronary artery (LCA), aortic annulus (Aginotobular junction (STJ), sinus of valsava (SoV)

Variables All Without With P-value
(n=33) Paravalvular Paravalvular
Leak (n=21) Leak (n=12)
Men 48% (16) 48% (10) 50% (6) N/A
Calcification Volume (mr):
RCC 177 (0-830) 99 (0-260) 297 (70-830) | <0.001*
NCC 278(0-970) 152 (0-550) 471 (44-970) 0.001*
LCC 235 (10-930) | 145 (10-580) 373 (74-930) 0.009*
Total 690 (120-1900] 397 (120-800) | 1140 (400-1900]) <0.001*
RCA calcification 32 (0-340) 8 (0-50) 69 (0-340) 0.072
LCA calcification 157 (0-880) 107 (0-400) 234 (10-880) 0.071
AA diameter 23 (18-28) 23 (18-28) 22 (18-28) 0.245
STJ diameter 26 (20-34) 26 (20-34) 26 (21-34) 0.689
SoV diameter 33 (25-40) 32 (26-37) 33.5 (25-40) 0.561
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Figure 4.3. Comparison of AVC between patients with and patientaithout PVL shows that patients with
PVL had significantly higher amount of AVC rather than patients without PVL.

Calcium deposition in each of the RCC, NCC and LCC in [geoyith PVL was significantly
higher than calcification at similar cusp in patienttheiit PVL. Moreover, in both groups of
patients with and without PVL that are shown in Table 4.1CN&as more calcified than other
cusps. In the studied population, comparison of calcifindietween groups of men and women
showed that men’s aortic valve calcification was about twice more than women’s (p-
value=0.003). Although anatomic parameters of annulus, ST 5aN were not statistically
significant within groups of with and without PVL, the aspeatio of SOVAA diameter was
significantly higher in patients with PVL rather than ipats without PVL (p-value=0.027)
(Figure 4.4). Analysis of aortic valve calcification ltdoa in comparedo paravalvular leak
showed that in cases in which mild or moderate paravalNeddk has occurred, the average

aortic valve calcification was approximately three timeghér than average AVC in cases that

44



no paravalvular leak occurred (Table 4.2 and Figure 4.5), wAM€ volume was not

significantly different between mild and moderate PVL cases.

Table 4.2 Severity of paravalvular leak versus aortic valve calcification

Paravalvular leak | None | Mild | Moderate
Average calcification 396.8 (120-800) | 1190 (400-1900) 1100 (420-1870)
volume (mn)

—
(=)
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i
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-
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(a) (b)

Figure 4.4. (a) Demonstration of the sinus of valsava (SoV) and annulus diatees of aortic valve. (b)
Comparison of aspect ratio of SOVAA between patients with and patients without PVL shows that patients
with PVL had significantly bigger ratio of SoV/AA rather than patients without PVL.
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Figure 4.5 Comparison of AVC among groups with different severity of PVL shws that AVC in mild and
moderate PVL groups was significantly higher than AVC in patientswithout PVL; while AVC between
patient with mild and moderate PVL was not significantly different (p-value=0.75).

4.2.3 Multivariable Logistic Regression Modeling

Multivariable logistic regression analysis was perforneeéstimate a relationship for anatomic
variables and aortic valve calcification with post-procatiparavalvular leak. In this analysis,
AVC and anatomic parameters of native aortic valve inou&oV, STJ and annulus diameters
as well as various combination of ratio of these anatgraiameters, were evaluated. In this
regression modeling, backward elimination method was used to fiachptars that best fit the
response variable (occurrence of PVL). In this methagtession begins with considering all
independent variables in the model and sequentially remogasotitsignificant variables from
the model. Significance level of 0.1 was considered to etealgtatistical differences of

regression parameters. Regression model suggydsit AVC and aspect ratio of SoV/AA as
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well as men gender are highly correlated to post-procedural PNferefore, these parameters
are statistically significant (p-value<0.1) and are indepan predictors for post-procedural
PVL. The increase in both AVC and aspect ratio of SoV/AAedases the probability of PVL
occurrence. The effect of predictors on probabilityP®L occurrence is evaluated individually
and combined.The probability graphs of PVL incident based on AVC and SoVpkédictors
as well as interaction of these parameters are presgnkegure 4.6. For example, the values of
AVC, SoV/AA and interaction of parameters for a 50% ocme probability of PVL are about
750 mmi, 1.5 and 1100 mirespectively. Since both AVC and SoV/AA parameters asee
the risk of PVL occurrence, the interaction of thesraliiso highly correlated to post-procedural
PVL. Probability curve of interaction gives a better ustinding to occurrence of PVL based
on various combination of AVC and the ratio of SA¥/. Since, men sex parameter is a

categorical variable, no probability graph or ROC analigsisported for this parameter.
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Figure 4.6. Probability of occurrence of post-procedural PVLwith respect to (a) AVC (b) SoV/AA and (c)
interaction of these two parameters. Probability of PVL occurrene can be estimated at each parameter
value. The highlight area shows the confidence interval of tHaue curve

4.2.4 Receiver Operator Characteristic Analysis

In order to evaluate the performance of predictor paensén discriminating between patisnt
with and without PVL, a receiver operator character{®OC) analysis was performed for each
predictor parameters as well as the possible interatiween two predictors. The possible
interaction was assumed to be the product of AVC and asgiéc of SOVAA). ROC curve
identifies the discriminanig threshold level for each variable. The values of 120G, rfirt6 and

1330 mni for AVC and aspect ratio of SOXA as well as interaction of these two parameters
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are determined as threshold levels for discriminating etwmatients who may undergo PVL
after TAVI procedure and patients who might remain safeinagePVL. Patients with
parameters below the threshold levels are expected tofdagainst PVL while patients with
parameters above the threshold levels are expected togonotest-procedural PVL. However,
at each threshold level (cutoff point), there mighteborors (false positive and false negative) in
discrimination between patients with and without postedural PVL. These errors are
determined by ROC analysis. ROC curve is created by plothiegsensitivity versus 1-
specificity for each predictor variable. Sensitivity toue positive rate indicates the correctly
detection of patients who will experience post-procedural.PS$fhecificity or true negative rate
indicates the correctly detection of patients who vali experience post-procedural PVL. Thus,
ROC curve helps to determine false positive and false negatiors at each cutoff value. The
accuracy of the predictors in detection of PVL is shdyrarea under the ROC curve of each
parameter. The area under the ROC curve for AVC, asperiofe&SoV/AA and interaction of
parameters are 0.89 (95% CI=0.78-1.0), 0.73 (95% Cl= 0.55-éx@1).91 (95% Cl= 0.81-1.0),
respectively (Figure 4)7 At the mentioned optimum cutoff values (threshold kevethe

sensitivity and specificity were maximized while false ipess and false negatives were

minimized (Table 4.3).

Table 4.3 ROC analysis at cutoff points (optimum threshold value)

Variable Sensitivity | Specificity False False
positive negative

AVC 62% 100% 0% 20%

SoVIAA 53% 85% 30% 26%

AVC x SoVIAA 62% 100% 0% 20%
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Figure 4.7. Accuracy of each predictorin discriminating post-procedural PVL can be determined byarea
under the ROC curve. Sensitivity and specificity at each cutofpoint can be determined from ROC curve.

The overall accuracy of interaction of AVC with SoVAA was more than accuracy of the predictor
parameters separately (the green line)

4.3 Discussion

In this study, AVC and aspect ratio of sinus of valdavaortic annulus diameter as well as male
gender were predictors of post-procedural PWie introduce AVCasthe primary predictor and
aspect ratio of sinus of valsava to aortic annalsithe secondary predictor of post-procedural
PVL, since the accuracy of AVC in prediction of post-gaheral PVL was more significant
rather than aspect ratio of sinus of valsava to aartiwilus. Patients with large native SAX/
ratio and large AVC deposition were more likely to have qpostedural PVL, especially men.
Since AVC volume in men was significantly higher in congphmwith womers and large
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amount of AVC is associated with post-procedural PVL, @renmore likely to undergo PVL
after TAVI procedure.Koh et al. also reported that probability of occurrenicpost-procedural
PVL in men is significantly higher (Koh, Lam et al. 201%). the present study, post-procedural
PVL was mostly observed in patients with highly calcified iaoralve; however PVL was not
exclusively observed at the location of calcificatioraortic valve cusps but was also observed
at the commissures between cusps where there was moncddsion. Ewe et al. showed that
calcification at the aortic wall and commissure with areder the ROC curve of 93% and 94%
was better predictive factors for post-procedural PVLamgarison with calcification at the

belly of the leaflet (Ewe, Ng et al. 2011).

Interaction of AVC with aspect ratio of sinus of vaigdo aortic annulus diameter had a stronger
effect on detection of PVL in comparison with AVC andVH®A separately. Since both
SoV/AA ratio and AVC are predictors of post-procedural PVL, vwenemend using interaction
of these predictors to estimate whether or not post-progeBML. occurrence is likely foa
patient. The probability of PVL occurrence at different levelsrigraction value can be seen in
Figure 46. Moreover, the interaction factor hasaccuracy of 91%, therefore there are errors in
discriminating between patients with and without PVL at @atdraction value. Those errors
are defined by false positive and false negative rates. ©he tile model is sensitive, the better
it predicts patients who will experience post-procedural RB¥d the more the model is specific,
the better it predicts patients who will not experiencstypwocedural PVL. For example at
interaction value of 1330 nthwith 100% specificity, all patients who will not experiendéLP
can correctly be identified. This interaction value watnsitivity of 62% can correctly identify
62% of the patients who undergo post-procedural PVL. Atant®n value of 1330 min20%

of the patients without PVL are incorrectly identified they undergo PVL (false positive);
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while, zero percent of the patients who have PVL are iecty identifies as not to have PVL

condition (false negative).

In this study, coronary calcifications and anatomic patams other than aspect ratio of sinus of
valsava to aortic annulus were not statistically sigaificbetween patients with and without
post-procedural PVL. Several previous studies also hawenstiee importance of role of AVC
in post-TAVI aortic regurgitation (Delgado, Ng et al. 2016hn, Buellesfeld et al. 2018we,
Ng et al. 2011). Ewe et al. and Koh et al. have both iretictat location and severity of aortic
valve calcification are associated with location oftga®cedural PVL (Ewe, Ng et al. 2011
Koh, Lam et al. 2015). In the present study, within 12 pttiggho had post-procedural PVL,
the NCC had the highest level of AVC in 6 patientspfeétd by the LCC in 5 patients and RCC
in 1 case.Koh et al. also reported that NCC was more calcified ijontg of patients in their
study, followed by LCC and RCC in less patiemespectively while, in Koh et al. report, PVL
was seen at one location along the LCC in 13 patientefd6, the RCC in 12 patients and the
NCC in 11 cases. We observed at least 2 locations foriP¥hach case, so the total of 30 PVL
locations was observed within 10 patients in which 14 logsatiwere at commissure between

cusps and 16 locations were along each individual cusp.

Although within our small population no pattern was detected/d®t location of AVC and
location of PVL, our regression model suggested that aatibins in LCC(p-value=0.01) and
RCC (p-value=0.06) were better predictors for post-procedural P\erahan calcification in
NCC. In this investigation, PVL was observed from either lmcabf calcification in a cusp or
commissure between two calcified cusps or even commissimeeén 2 cusps which were not
severely calcified. In Koh et al. study, locationR)L corresponded with the most calcified

cusp in 56% of the patients.
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Location of PVL can be explained by anatomic alterati calcification causes at the annulus
area. Once the stent valve is implanted at the fmTatf aortic valve, it pushes away the
calcified leaflets towards the aortic wall. Thus, theia@mnulus or location of implanted stent
becomes uneven and blood can flow back into ventricia fiee gap between uneven annulus
and implanted stent (Zegdi, Ciobotaru et al. 2008). Intiaddicalcification stiffens the valve

area; the stiffness of calcified regions unbalancentbgement of the aortic valve during the
opening and closing. Thus, during the cardiac cycle gapsapagar betwaethe annulus area

and the implanted stent due to calcification and leads to PVL.

Several previous studies indicated that PVL is related tcamgtiion of an undersized artificial
valve into the location of native aortic valve (Jilaibhaitashif et al. 2012Willson, Webb et al.
2012). For example, one of the recent studies showedhthatilve calcification index which is
defined as aortic root calcification volume to body surfaa as well as the ratio of valve
diameter to the calculated average annulus diameter (CAd®)redictors of moderate and
severe PVL (Watanabe, Lefévre et al. 2015). Nemoto atsal.suggestthat longer ascending
aorta and arch are risk factors for pgsbcedural PVL (Nemoto, Rutten-Ramos et al. 2014).
Takagi et al. indicated that the size of aortic annwlasa predictor of PVL (Takagi, Latib et al.
2011). However the relationship of anatomic characteristics aifva aortic valve with post-
procedural PVL was not carefully studied so faihus, this research found out the aspect ratio of
the sinus of valsava to aortic annulus diametgsaaént’s native aortic valve along with AVC
are independent predictors of post-procedural PVL. Thegefoy evaluating anatomic
conditions of patient’s aortic valve and calcification in three aortic cusps, we will be able to
predict occurrence of post-procedural PVL befagmtient undergoes transcatheter aortic valve

implantations.
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5. SUMMARY AND FUTURE WORK

5.1 Overall Summary

Aortic valve calcification is a complex mechanism th&tassociated with many biological,
hemodynamics and anatomic factors. However, in this iiga&tn, anatomic parameters
showed statistically significant relationship with aonave calcification and post-procedural
paravalvular leak. In Aim 1, results of our prediction nidddicated that patients with large
sinus of valsava and small sinotubular junction dignseare at a higher risk of developing aortic
valve calcification. In Aim 2, we showed that calcification of aortic valve alspext ratio of
sinus of valsava to aortic annulus diameters are ntlagor predictors of post-procedural

paravalvular leak.

Different imaging modalities were used to visualize aosive calcification and dimension and
to monitor valve function before and after transcathetmrtic valve implantation. Image
processing methods have been developed to construct 3D modedsrt valve and
calcification lesions Comparison of 3D models with transesophageal echocaagiogimages
determined the location of post-procedural paravalvular aeakits relation with calcification of
aortic valve. Statistical analyses were performed to identify the scamt difference among
population and different categories. Statistical tettewed a strong correlation between

calcification and anatomy of native aortic valve witlk i post-procedural paravalvular leak.

The sample size in Aim 1 and Aim 2 of this study was respégtB@and 33 patients. Sample
size is an important factor of any study in which the goaloismake inference about a
population. Sample size is determined based on needs to have suffitaéistical power and the
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expense of data collectionA small sample size can result in a wide confideinterval or a
large risk of error.In contrast, a large sample size leads to lower enthagher precision when
estimating an unknown parameteA sample size is judged based on central limit theorem
(CLT). CLT states that as sample size increasesdigtebution of the mean approaches a
normal distribution. Based on CLT, a sampleessz 30 or more is considered large and a
sample size of less than 30 is considered a small saizle Therefore, our sample size was

appropriate to make inference about the population of patdsindergo TAVI procedure.

There are several different algorithms to model a sda@. Two of the most common methods
used in medical studies are linear and non-linear multiMari@gressionsin linear regression,
simple algebra is used to model a set of data while, inlinear regression complicated
approaches (matrix algebra) are used for data modelimghid study, we used multiple linear
regression analysis and acquired a satisfactory reddijpramong the variablesDue to the
difficulty of non-linear regression approach, it hasrbseggested to use linear regression model
if the curve fit of the data has a good R-squared. Howdvre data cannot be appropriately

modeled by linear regression method then non-linear regnes&thod should be used.

The overall significance of this study was that bioengingeanalysis of pre-procedural CT data
can be utilized towards better TAVR planning as well as hasierstanding of the pathogenesis
of AVC. Assessing aortic valve calcification and patient-specifitic@ealve anatomy allows us

to design patient-specific aortic valve stents which imgreadvular hemodynamic by changing

the shape of the native calcified aortic valve.
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5.2 Limitations and Future Work

There are a number of limitations associated with thiskwd-or example, the CT scans for
patients were acquired with different resolution and qaealittherefore different specific
threshold level was applied to CT scans of each patiemigiment calcification volumes in ITK-
SNAP. Thus, because ITK-SNAP is not a standard clinical temlime measurements might
have been along with some errorg\nother limitation is that in this investigation several
guestions may remain unanswered. In order to understandl¢hef aortic valve anatomy in
AVC and post-procedural PVL and the reason that leftr@yoartery becomes more calcified
than right coronary artery, we need to design hemodynaexpsriments to see blood flow

behavior in aortic sinuses and coronary arteriepdtdient-specific anatomies

The results of this investigation might be slightly diffier on a different populatioof patients.
For example, in a larger population with more diverghgse factors which were known as non-
significant parameters may also become statisticagipifitant. In this study dimension of
ostiurs orifice and cusps were not availabldimension of ostiums and sinuses as well as
length of the leaflets might change the hemodynamiak leave a role in calcificatiomf
coronary arteries and cusps Schafers study found significant correlation between begght
and clinical variable such as aortic regurgitation (SmisafSchmied et al. 2013), this may also

affect AVC.
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