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SUMMARY

Congenital heart diseases (CHDs) account for nearly one third of all congenital defects.
Patients born with complex congenital cardiac anomabi#sn require heart valve
replacements in their lifetimes. These replacements are usually limited by issues related to
durability, patierprosthesis mismatch and lack of surgical options. Other ways to correct
congenital cardiac defects are surgical pihin usually carried out in stages. These
surgeries are extremely invasive and carry high risk to the patient. Over time, there has
been investigation into providing a permanent solution to heart valve replacements in
children. Hence, the use of tissugEering in this application is critical. Bioabsorbable
materials serve as scaffold like structures to allow for cell penetration, leadingtissuen
growth.Neet i ssue is developed using the patient
susceptility of severe rejection possessing the ability to grow, repair and remodel. Fetal
tissue is extremely regenerative and is known for its plasticity, therefore attempts have
been made to restore biventricular healthy anatommutero by balloon valvuloplast A

lot of patients that undergo this procedure develegtmesia or restenosis, bringing them

back to the diseased population. Therefore,ghidyaims to combine the knowledge on
heart valve engineering and apply that toward fetal population. Metogenent of such a

tissue engineered heart valve replacement will eliminate the need for repeat interventions
and serve as a permanent solution. Given the few durable options for pediatric patients,
this study will improve the feasibility of developingcbua device right from the

manufacturing to the testing stage. This critical integration of heart valve and tissue

XVi



engineering may be the first step to the solution that is needed to reverse ventricular

hypoplasia and eliminate single ventricle anomalies.
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1 CHAPTER 17 INTRODUCTION

The heatrt is the first organ to develop in vertebrates during the gestational stage.
During the process of cardiogenesis in pregnancy, several complex genetic processes that
respond to mechanical and chemicahsti contribute to the healthy development of the
heart. First, a linear heart tube forms in the embryonic stage, and then develops into the
complete cardiac structure with atria, ventricles and valves by day 50. During any of these
developmental stagegenetic, epigenetic, or environmental factors can lead to mutation
and hence catastrophic disease outcomes. Congenital heart diseases account for nearly one
third of all congenital defects and require surgical repair or medical management.

Pulmonary atrgia with intact ventricular septum (PA/IVS) is one type of extremely
rare congenital heart defect that occurs in 1% of total heart defects. In this defect, the
pulmonary valve is underdeveloped and atretic leading to hypoplasia of the right side of
the heat and limiting flow through the right ventricle and main pulmonary artery. Many
of these patients require single ventricle palliation, due to the inability of the right ventricle
to support the pulmonary circulation. Single ventricle palliation typicatuires three
surgeries with the third surgery being the Fontan procedure. Single ventricle palliation
although successful initially, eventually subjects patients to significant morbidity and early
mortality. Nearly all will eventually require heart tratentation. Other patients with
PA/IVS can have a biventricular repair, but most will need a pulmonary valve replacement
in the adolescent or adult years. These pulmonary valve replacements are engineered from

biocompatible materials, but they will becondgsfunctional over time and require

1



replacement, leading to multiple opkeart surgeries or transcatheter procedures.
Bioprosthetic surgical and transcatheter valves can become dysfunctional, due to stent
fractures, degeneration, somatic outgrowth, throsidy endocarditis, and calcification.

Attempts have been made to restore normal flow dynamics and allow for
remodeling of the heart for biventricular circulationuterq using minimally invasive
techniques such as balloon valvuloplasty of the fetal pulmonary valve. In this procedure, a
needle is inserted through the motherdés ab
and right ventricle. It is then used to crose #tretic pulmonary valve into the main
pulmonary artery. A small balloon is passed through the needle and used to perform a
balloon valvuloplasty across the pulmonary annulus. Performing fetal valvuloplasty can
reverse the ventricular hypoplasia andalk biventricular circulation, but most of these
patients will go on to ultimately require postnatal valve replacements over their lifetimes.

In addition, some patients have restenosis and evatrasia of the pulmonary valve in
utero after valvuloplasty

In an attempt to prevent restenosisjateesia, and repeated future valve
replacements, a completely bioresorbable tissue engineered heart valve can be engineered
and deployed using similar techniques as the balloon valvuloplasty technique. Inefact, th
tissue engineering field has developed multiple alternative techniques to create better
biomaterials for cardiac applications. Using these techniques, heart valves can be made
from scaffoldlike structures that provide the mechanical environmentf@pthed i ent sd c e
to grow over it, thus constructing a replacement valwavo. The unique environment of
the fetus and the fetal milieu may serve as an excellent host for tissue engineering concepts,

2



because of the large number of progenitor cells. hvepast decade, fetal valvuloplasty,
particularly of the aortic valve, has demonstrated the plasticity and regenerative capacity
of the fetal heart.

Therefore, this study aims to develop an alternative fetal transcatheter pulmonary
valve replacement (FTPVJRwith a novel sutureless technique to mount leaflets, thus
eliminating premature catastrophic failure of valves, for use in endovasculaimagano.

The biomechanical analysis of various stent designs will incorporate metallic as well as
polymeric maerials and provide, for the first time, a comprehensive insight into
engineering a fetal sized valve with available materials and the challenges surrounding the
process. The unique and novel way to develop leaflets will be used for the first time to
devebp a functional valve and then evaluated for its spatial degradation capafilies.
optimal valve design will be used investigate the vitro performance and flow profiles

of the developed prototype.

In the longer term, the ability to replace a stémfetal heart valve with a living
autologous tissue engineered heart valve (TEHV) could, for the first time, enable the
creation of a strategy that aims to prevent single ventricle heart disease in PA/IVS and

provide a fully functional pulmonary valveoin the neonatal period and onward.



2 CHAPTER 217 BACKGROUND

2.1 Cardiogenesis

The heart is formed from embryonic cells called as mesodermal germ layer cells
that differentiate into mesothelium, endothelium and the myocardium. Mesothelium forms
the epicartim and endothelium forms the endocardium and the blood véssels

Two endocardial tubes form at day 19, which converge toward each other to form
the linear tube at 22 days (approximately). This primitive heart tube has five distinct
regions (top to bottomi) truncus arteriosis, bulbus cordis, primitive ventricle, prieiti
atrium and sinus venousus. The truncus arteriosis form the great arteries (aorta and
pulmonary) and the sinus venosus form the right atrium, sinoatrial node and coronary sinus.
The bulbus cordis develops into the right ventricle and the primitive glentievelops into
the left ventricle. Finally, the primitive atrium becomes the front part of the left and right

atria along with their appendages. The cardiogenesis process is sHegurenl.
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Figure 1: Cardiogenesis and development of the fetal heart

By day 23, cardiac looping begins. The bottom portion curves in a clockwise
direction, and the atrium folds towards the top and finishes its growth on day 28. At this
stage, tkre is no septum or a dividing wall between the left and right side of the heart.
During weeks 4, the septal wall develops dividing the left and right atria, and then the

left and right ventricle with each atrium and ventricle being separated by a valve.

2.2Pulmonary Valve and Its Development
The pulmonary valve maintains unidirectional flow between the right ventricle and
the pulmonary artery. The right atrium receives blood from the superior and inferior vena
cava (SVC and IVC) and then this blood esténe right ventricle (RV) through the

tricuspid valve. The RV then pumps it to the lungs via the pulmonary valve (PV) for



oxygenation. In a healthy individual, the pressures in the pulmonic circulation are much
lower than the systemic circulation. In tfetus however, the pressures in the pulmonic
and systemic circulations are almost equal. This due to high alveolar vasoconstriction in
the lungs which are constricted in the absence of air. There are certain fetal structures that
shunt the blood between thosidesi known as the foramen ovale and the patent ductus
arteriosis’, which in a healthy baby, close soon after birth. To understand the pathogenesis
of the pulmonary valve and structures of the heart, we have to delve deeper into valve
morphogeesis.

There are several molecular pathways that regulate valve development. Structures
known as endocardial cushions form due to promotion of hyaluronan. After these
endocardial cushions become populated with mesenchymal cells, the valve primordia

(whatwill eventually become leaflets) elongate and stratify into mature ledfigisré 2).
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Figure 2: The molecular pathways regulating endocardial cushion formation,
endothelialto-mesenchymal transition (EndoMT) and valve primordia growth. (A)
Endocadial cushion formation, (B) Myocardial signaling pathways and (C) proliferation

of valve interstitial cell$

The layers of the leaflets on the inside (fibrosa) consist of transcription factors which
are activated by the turbulent oscillatory blood flow. On the contrary, thieda flow on
the ventricularis side activates the transcription factors in that region. Eventually, during
postnatal development, the valve primordia remodel into the healthy leaflets with three

distinct layers of stratified extracellular matrix (ECM).

2.3 Cardiac physiology
A healthy heart is a muscle that pumps blood to all the organs of the body, as well as
serve as the powerhouse of the circulatory system. Each day, the heart beats ~100,000 times

and pumps 1,800 gallons of blood. The structure of the ledivided into two main sides
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T the right (pulmonary circulation) and the left (systemic circulation) as shoWwigume

3. The right atrium is tl collecting chamber or reservoir that collects deoxygenated blood
from the vena cavae (inferior vena cava and the superior vena cava) from the lower and
upper extremities of the body. The blood is then pumped to the right ventricle through the
tricuspid \alve. Once the right ventricle is filled, it contracts and expulses blood to the
pulmonary artery via the pulmonary valve, and then ultimately to the lungs. The heart
pumps against a pressure gradient and is therefore able to effectively maintain sand grad

through contraction (systole) and relaxation (diastole).

aorta
(carries blood to body)

superior vena cava

(carries blood to heart) pulmonary artery

(carries blood to lungs)

> pulmonary veins

right atrium (carry blood from lungs)

left atrium
right ventricle

left ventricle
inferior vena cava

(carries blood to heart)

© Encyclopaedia Britannica, Inc.

Figure 3: The structure of the heart showing four chamber (two atria and two
ventricles), along with four valves and the great arteries (aorta and pulmonary artery)
(Image from Britannica Encyclopedia).



The left atrium receives the blood that has been oxygenatdeé iungs. The blood
is then sent to the left ventricle, via the mitral valve. The left ventricle contacts and builds
up a large pressure, which causes the aortic valve to open, and it then pumps the blood to
the rest of the body through the aorta. Téfe Ventricle is stronger, as it needs to sustain
high pressures in order to pump against a resistive load (afterload). The aorta is a robust

vessel that consists of branches that allow blood to be taken to the upper and lower body.

2.4 Congenital Heart Defets

A healthy heart prevents the mixing of oxygenated and deoxygenated blood from
both sides, allowing for blood to maintain its oxygen content and perfuse the organs leading
to proper organ function. Arterial blood oxygenation is usually betweel00% ad a
value below 90% is considered to be unhealthy and low.

However, many mutations and events in the cardiogenesis phase can lead to
congenital heart defects, particularly ones that lead to little to no blood flow, restricting the
heart 6s atainlifel Ih pagiculariatve disease usually takes form of stenosis
where blood flow is obstructed or regurgitating flow where the valve leaks retrograde flow.
Histologically, these diseases are recognized by abnormal valve structure specifically with
ECM composition. Valve disease can lead to underdevelopment and often stenosis of the
valve and proximal structures. One such serious valve malformation is pulmonary atresia

(PA).



2.4.1 Pulmonary Atresia

Pulmonary atresia (PA) is a malformation of the pulmonary valve in which the
valve opening fails to develop, leading to no communication between the right ventricle
and the pulmonary artergFigure 4). Therefore, no blood gets to the lungs to get
oxygenated, and the baby will show signs consistent with cyanosis and shortness of breath.
Since the pulmonary valve is atretic and obstructive, the pulmonary artery does not develop

as a result.

Vessel connecting aorta
—"and pulmonary artery

—— Mitral valve

)\

- Aortic valve

—. Opening between

. . ventricles (VSD)
Tricuspid

valve

Pulmonary valve is
absent or closed

Figure 4: The heart with an underdeveloped pulmonary artery, intact ventricular
septum(PA/1VS) (Childrends Hospital

PA includes a wide spectrum of malformations with vast morphological
heterogeneity is generally dividedtantwo main categories PA with intact ventricular

septum (PAIVS) and PA with ventricular septal defect (R/&D) (Figure 5). In the case
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of PA-VSD, along with an atretic PV there is also a septal defect between the ventricles. It
is debated whether it is a separate CHD or a severe form of Tetralogy of Fallot(TOF)
PA-IVS (which will be the focus of this study), means that only the PV is atretic, and the

septal wall is intact. PAVS is very rare, accounting of less than 1% of total defects.

Type PA/VSD PA/IVS

RVOT Infundibulum or RV- Fibrous or muscular atresia of pulmonary valve +
pulmonary trunk atresia infundibular hypoplasia

™V Normal Variable degrees of hypoplasia

RV Normal or hypertrophied Variable degrees of hypoplasia

MPA Commonly hypoplastic Usually normal

LPA and RPA May be non-confluent or Usually normal
stenotic

Coronary artery Normal May have RV to coronary artery fistulae

Figure 5: Differences in anatomical abnormalities betwd®A/VSD and PA/IVE
(reproduced fron?)

In case of PAVSD, the disease presents with associated defects such as tricuspid
atresia, TOF etc. In PA/S all components of the RV can be affected including the RV
itself andthe tricuspid valve. Patients with presence of a tricuspid valve, right ventricle,
and no symptoms of right ventrietkependent coronary circulation are candidates for
biventricular repair, whereas others have to undergo sumgitricle palliation. Oveth
the survival of pulmonary atresia with intact ventricular septum patients is reported to be
as low as 50% at 5 yeafts

The genetic expressigratterns for both of these related defects, although falling
under the same umbrella of CHDs, are very different. Understanding the molecular
mechanisms that influence the propagation of these diseases can help in early diagnosis,

prevention, therapeutiad guide interventional therapies. Previous work has shown that
11



manifestation of complex CHDs arises from accumulation of rare mutations, copy number
variants and common variants in developmental g&resas been widely considered that

the accumulations of copy number variants, skyglee, mutations such as GDF1 and
MTHFR, environmental factors may affect the PV, pulmonary artery and RV

morphogenesi%

2.4.2 Associated malformations

Pulmonary Atresia can be associated with several malformations stich as

1. Hyploplastic right heart syndrome (HRHS)n this rare cyanotic defect, the right
side of the heart (right ventricle, tricuspid valve and pulmonary valve/artery) are
underdeveloped, leading to the left ventricle being the only pumpiaignioer. As
a result of the hypoplastic right side, the lungs do not get enough blood to
oxygenate, and therefore can causes issues on the left side as well.

2. Tricuspid Atresid In this defect, the tricuspid valve is either too small or does not
exist. Asa result, blood cannot travel through the right ventricle. It is often
associated with PA and transposition of the great arteries.

3. Tetralogy of Falloti This is a catastrophic CHD which is truly a combination of
four CHDsI VSD, pulmonary stenosis, misplaced aorta and RV hypertrophy. As a
result, there is little to no oxygeich blood perfusing the organs and is fatal left

untreated.

12



4. Coronary arterial abnormaliti¢§ i PA-IVS can cause issues in the ventricular
coronary arterial communications, due to the hypertensive RV thar forces blood

through the intramyocardial sinusoids of the RCA.

2.5Medical Management

Patients when diagnosed with PAS, are prescribed prostaglandin therapy
postnatally. Sometimes, subsequent intubation and mechanical ventilation may occur as a
consequence. This treatment is done to maintain the arterial duct as a stable source of
pulmorary blood flow prior to surgical palliation and maintain the patency of the ductus
arteriosis. This atrial communication is necessary to ensureriggtitshunting of systemic
venous returii and to maintain the ductus arteriosis as the sole sourcenobpaty blood

flow 11,

2.6 Surgical palliation

PA-IVS presents with a heterogenous morphology and therefore a uniform surgical
approach is not feasible. The degree of hypoptzdiae RV and tricuspid valve have been
used to assign the infants to single ventricle or biventricular repair tfadRsiring he
neonatal period, the initial palliation includes pulmonary valvotomy, RV outflow tract
(RVOT) reconstruction or balloon valvuloplasty.

The first line of action is to relieve the patient of cyanosis. There have been
preferences to conduct transpulmonagvotomy to RVOT reconstructions due to its

reduced damage to the RV and no dependence on cardiopulmonary bypas$n(Cidgs
13



of PA-IVS accompanied by tricuspid valve (TV) regurgitation, often leads to fetal demise
due to extremely low pressures aegerely hypoplastic anatomy. On the other hand, PA
IVS with a relatively normal TV do not develop adverse hemodynarigare 6 shows

a flowchartdemonstrating surgical strategies and interventions for neonates diagnosed with

PA/IVS.
Neonates with PA/IVS
(n=34)
A
mild hypoplastic RV moderate hypoplastic RV severe hypoplastic RV
(n=4) (n=17) (n=13)
_fii— — [ 1
B-V repair | Palliative shunts B-V repair Palliative shunts
(n=11) j (n=6) (n=3) {(n=10)
] 1 death l 2 deaths
I ] 1 early death ]
Staged BV repair 1.5V repair UV repair Staged BV repair UV repair
(n=2) (n=1) (n=2) (n=2) (n=6)
1 death

Figure 6: Flow chart demonstrating surgical strategies and interventions for neonates
with PA/IVS. BV repair = biventricular repair; 1.5 Vepair = one and a half ventricular
repair; UV repair = univentricular repair?

2D echocardiography is a readily available rese@nd along with prenatal cardiac
screening, about 86% of patients get diagnosed before'hiRhtients are then diagnosed
for interventioni either catheter based or siza interventions. However due to the
varying complexity and heterogeneity in the onset of disease in patients, there is no single
procedure that is effective for all patients. Biventricular repair is an option; however, its
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applicability is determined byarious factors such as TV size and function, RV anatomy

etc. Chikkabyrappa et al* had proposed the general guidelines for treatment, as

highlighted below irFigure 7:

Group 1 Group 2 Group 3 Group 4
Adequate RV Size Intermediate Anatomy Severe RV hypoplasia Myocardial ischemia and/or
e TVZ-score>-2.5 Borderline RV size e TV Z-score <-5.0 Coronary ostial atresia

* Functionally tripartite
RV
Membranous atresia
No coronary artery
abnormalities

e Mild to moderate TR

RV

TV Z-score (-2.5 to -4.5)
Functionally bipartite

e Absent or small
trabecular component

* Functionally unipartite
RV

* Absent trabecular with
or without
infundibulum

e Severely hypoplastic
RV and TV is common
e RVDCC

Treatment at presentation

RFV vs surgical valvotomy/RVOT
reconstruction

Re-interventions
uncommon

RN

e Patent infundibulum e Severely hypoplastic
e VCC but usually competent
e Small PV annulus ™v
® Subvalvar stenosis e RVDCC
e Moderate to severe TR
Treatment at presentation Treatment at presentation
RFV + PDA stenting vs surgical PDA stenting or Systemic-to-
valvotomy/RVOT pulmonary artery shunt
reconstruction +/- PDA
stenting

Subsequent surgical

-Repeat balloon
dilation if restriction
occurs

-RVOT reconstruction if
progressive fixed
stenosis occurs

-TV repair if progressive
TR

Surgical re-
interventions

-BDG and/or 1.5
ventricular repairs if
RV growth is poor

-RVOT
reconstruction for
subvalvar
obstruction/ small
PV annulus

-TV repair for severe
or worsening TR

Adequate RV
growth

-No cyanosis: no
further intervention

-Cyanosis: device
closure of PFO/ASD

palliation
-BDG

-Fontan completion

Treatment at presentation
Palliative Care
Cardiac transplant

+/- PDA stenting or Systemic-
to-pulmonary artery shunt to
bridge

Figure 7. Suggested management strategies for morphological variants of pulmonary
atresia and intact ventricular septum. ASD, atrial septal defect; BDG, bidirectional
Glenn; PDA, patent arterial duct; PFO, patent foramen ovale; PV, pulmonary valve;
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RFV, radiofrequecy valvotomy and balloon dilation; RV, right ventricle; RVDCC, right
ventricledependent coronary circulation; RVOT, right ventricular outflow tract; TV,
tricuspid valve; TR, tricuspid regurgitation; VCC, ventriculocoronary connectibns

2.6.1 BlalockThomasTaussing (BTT) Shunt

The BTT Shunt procedure is a palliative treatment used to improve the blood flow
to the lungs in conditions such as pulmonary atresia, tricuspid atresia, pulmonary stenosis
etc. It is a closed heart minimally invasive procedure carried out through aanramsthe
ribcage and a small tube Polytetrafluroethylene (PTFE) is attached to one of the sections
of the vessel, to the pulmonary artery making a direct connection between the aorta and the
lungs (mimicking the ductus arteriosis, which is present ifetia¢ stage but closes at birth)
as shown irFFigure 8. This improves oxygen saturation and relieves cyanosis. This shunt
is temporary and can be usepto six months, after which it will need to be replaced to

match for size. The child will remain on anticoagulants.

Figure 8: BlalockThomasTaussig Shunt (image from Blausen Medical)
16



This procedure is usually followed by a staged operation to remove the pulmonary

obstruction and close ventricular defects with a patch.

2.6.2 Bidirectional Glenn procedure

The bidirectional Glenn (BDG) is a surgical procedure performed to create superior
cawpulmonary anastomosis (connecting the superior vena cava to the right pulmonary
artery) as shown iRigure 9. It is performed in patients with a siedlunctional ventricle
T left or right. This procedure helps eliminate the volume load that a single ventricle has to
take for both and simplify the final Fontan operative procedure.

Patients who require a BDG have complete mixing of the systemic andmmaryn

circulation.

Figure 9: Figure showing schematic of Bidirectional Glenn procedure (sourced from a
hand drawn figure in Wikipedia)
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This is a time sensitive procedure and will not be effective if the pulmonary
hypertension increases as the blood has to flow to the lungs without resistance. This
procedure is a modified form of the original operation and supplies blood to both lungs,
herce bidirectional. This is done after the removal of the BTT shunt or pulmonary artery

banding.

2.6.3 Fontan Procedure

The Fontan procedure is the last of the staged surgeries, and it is designed to direct
the deoxygenated blood directly to the lungs, sottteabnly functional ventricle is tasked
with pumping blood to the body to sustain life. In this stage, the blood from the inferior
vena cava is directed to the pulmonary artery and it also relies on low resistance from the

l ungs, si nce tbpushrthe blood formxygeriapobigune &0).
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Anastomosis of enlarged
Right auricle used cardiac end of SVC to RP
as a conduit to

the RPA

RA closed

Gore-tex conduit —————

Placement of baffle
inside right atrium,
forming a channel with
a decreased diameter

ASD closed

Tricuspid valve
closed

RA closed

Classical Fontan Lateral tunnel (intra-atrial baffle) Extra-cardiac conduit

Figure 10: Fontan surgical techniques: Classical atriopulmonary conned#gnLateral
tunnel (B), and extracardiac conduit (&)

2.6.4 One and a half ventricle repair

Surgical strategies for patients with a functionally or anatomically borderline single
ventriclesinclude high risk biventricular repair (subject to early mortality) plus a Fontan
procedure (subject to late mortality). One and ahalf ventricle repair (1.5 VR) is
performed where there is presence of a small pulmonary ventricle and a dilated or poorly

functioning pulmonary ventriclé~(gure 11).
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One and a Half Ventricle Repair

Normal Heart

Pulmonary
Artery Band

Bidirectional
Glenn Shunt

Ventricular
Septation
(VSD patch)

Right

Ventricle
to PA

Connection

Figure 11: One and a half ventricle repair. Image taken from Children's Wisconsin

This procedure was first performed in 1982 in 22 patients as a combination of

biventricular repair and BDG. It reduces the volume load on the right ventricle and the
pulmonary circulation receives the full cardiac output through both the right ventritle an

superior vena cava. Thus, this procedure creates a modifgsdi@s circulation with no

20



left-right or rightleft shunting. So effectively, this approach allows the maintenance of

equal pulmonary and systemic flows.

2.6.5 Hybrid Procedures

Due to the hetegeneity of PAIVS, repair or palliation strategies can vary widely,
depending on the severity of diseasdrom single ventricle palliation to complete
biventricular repair. In addition to those techniques described prior, a hybrid approach
combining surgial access with transcatheter intervention has been recently degéfibed
The purpose of this hybrid approach is to avoid neonatal cardiopulmonary bypass (CPB),
mitigate technical failure due to disease complexity in the transcafipgteach and lower
complication rates.

The hybrid procedure is believed to be a good alternative to percutaneous based

therapy for selected neonates with-RA (not severe hypoplasia of the RV).

2.6.6 Late Valve Replacements

Despite several advances in surgical repair over the paste@ades, majority of
patients who receive shunts and staged procedures continue to experience residual
hemodynamic and electrophysiological abnormalitieadditionally, initial rehabilitation
of the RV requires decompression which is followed by significant puodmyo

regurgitation (PR). The response of the RV in patients witH\FAto chronic volume
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load leads to late pulmonary valve replacements after initial repair and significant reduction
in PR,

Current options for adults for surgical and transcathg@i@monary valve
replacements are shown kigure 12. Although there are several surgical options for
patients born with congenital heart defects, these are all invasive and require long recovery
times. Additionally, these are palliative and do not provide long term soluigastually

the patients reqte heart transplant or medical devices that aid in healthy cardiac function.

A" AA%

e . —
Stented Bioprosthetic Stented Porcine
Edwards Magna-Ease Abbott Epic

A 4../
Stentless Porcine Mechanical
Medtronic Freestyle Abbott SJM Masters

B Transcatheter Pulmonary Valve Replacement

Bubon Egurdtbe Vadwes

| S
¥ !

J &

Sall @apanding Vabees

A A M | ‘

J Sell expardng Prestent

Figure 12: A) surgical prosthesis options ahtB) transcatheter pulmonary valve
replacement option®
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2.7Interventional therapies

Transcatheter pulmonary valve perforation followed by balloon dilation of the valve
is a technique used for patients with-RAS in utera According to the American Society
of Echocardiography, a complete fetal echocardiogram of suspected CHD is recommended
between 184 weeks of gestatioff. Most CHDs are diagnosed within this period, and
interventions are planned around tRé @ 3¢ trimester. The balloon valvuloplasty (BV)
procedure is done on fetuses around 22 weeks of gestation to avoid complications and

improve imaging.An illustration of the BV procedure is shownkigure 13.

Hawkins
Atkins

\ 7 axial Left atrium

\\\ needle 2

Right Ventricle <

Right atrium <
~ Ascending aorta

Figure 13: lllustration of a fetal aortic valvuloplasty performed using 18 G/19 G
Hawkins Atkins needle, 0.014 inch coronary guide wire and Maverick coronary balloon
22
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BV is a fetal cardiac intervention performed for patients withI¥8 associated
with hypoplasia of the RV, TV and RVOT. The hypothesis for the success of this procedure
is that the d#tion of the PV will allow antegrade flow through the RV, potentially
stimulating the right heart growth and function. Although there have been technical
successes with this procedure for aortic and pulmonary stenosis, there has been limited to
no increasén ejection fractions, and very little change in ehastolic volume?.
There have been sevemtudies conducted over the past decade or so, evaluating the
efficacy of this procedure in fetuses and its outcomes. Some of the studies have been
summarized below for reference:

1. Tworetzky et. af* evaluated this PV dilation in ten fetusefour procedures were
technically unsuccessful and six were successful. The TV annulus, RV length and
PV annulus grew significantly in babies after birth.

2. Devangondet. al ?° looked at longterm outcomes of BV for PV stenosis by
evaluating cumulative incidence of moderate PR and risk of reintervention. In the
10-year outcome data, >60% of patients deped moderate PR.

3. Tulzer et. af®investigated immediate effects and outcomeds oteroBV. Out of
23 patients treated, 15 had AS. No fetal death occurred post procedarsl
immediately after the procedure, RV/LV length ratio, TV/MV annular diameter
ratio, RV filling time and TR velocity improved significantly or remained constant.
Two fetuses had unsuccessful interventions.

4. Pang et. at’ evaluated the experience and outcome of the BV procedure in the first
five cases in China in 2019. Overall, the opening of the pulmonary valve improved.
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2.8 Patient outcomes

2.8.1 Surgical palliation

Fontan palliation patient outcomes have improved since the surgery was first
performed, decades ago. A study conducted by Pundi %t.gdrovides an overall
assessment and lotgrm outcomes of Fontan patients up to 40 years after palliation
(Figure 14). Overall survival at 10, 20, and 30 years after surgery were 74, 61 and 43
percent respectively and -Y@ar survival rates can be seen more recently with
approximately 70% and 90% survival rates in surgeries performed before 1990 and after

2001 respectivg.
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Figure 14: The 10, 20, and 30year survival after the Fontan operation was 74%, 61%,

and 43%, respectiveff

In a study condcted for patients with PA/IVS, eligible patients underwent neonatal

surgery or catheter based interventihsdmong the survivors of hospitalization (around

80% patients), there were 99 deaths and 10 transplants. Among patients with transplant,

the 20year survival rate increased from 66% for definitive repair to 98% with biventricular
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repair. This study indated that transplant free survival for patients with PA/IVS is poor
due to significant infantile mortalitfFigure 15). And due to the long wait times for a
donor heart, a lot of these patients succumb to the disease or during bridge to transplant

options.

Alive without known definitive repair

2 Ventricle definitive repair

Cumulative Incidence
o
o

0.4
0.3 Death before definitive repair
0.2 1 Ventricle definitive repair
0.1 \entricle-definitive Tenah
0 Laefme P T TN, & gL .
0 2 4 6 8 10 12 14

Years of follow-up after initial PA/IVS intervention

Figure 15: Incidence of each competimigk outcome after initial PA/IVS interventiéh
Eventually, in cases of ktpulmonary valve replacement, although there is no

mortality, patients with PA/IVS had significant TR and also had tricuspid valve répairs

Although tricuspid valve repair may improve degree of regurgitation, TR tends to recur,

indicating that these patients may need multiple valplacements in their lifetime.
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2.8.2 Interventional therapies

In patients undergoing interventions, outcomes after RV decompression in infants
was examined and concluded that patients with PA/IVS that undergo this procedure have
a high reintervention burden (although some do achieve biventricular circuldtion)

Degree of baseline tricuspid regurgitation maybe a marker to identify outcomes.

In patients with critical pulmonary stenosis or PA/IVS, fetal ballealuloplasty
showed acutely good results with enlarged RV and increased fitiggre 16), five out
of nine fetuses became biventricular however two still had undetermined circulation
outcome?®. Most likely if they did turn out to haveniventricular circulation like two

patients in this cohort, they would have to resort to staged surgery and valve replacements.
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Figure 16: Cardiac measurements before and after completely or partially successful
fetal pulmonary valve intervention in 21 fetuses with pulmonary atresia with intact
ventricular septum or critical pulmonary steno$is

In most cases wher@-utero valvuloplasty procedures have been performed and
have been technically successful, there has been limited or no increase in ejection fraction
and only a small change in ventricular end diastolic volume, but the period over which the
fetuses were studiedgnatally was short, leaving undetermined long term outcomes and

complications’®.

2.9 Complications

2.9.1 Surgical palliation

In a fifty-five year follow up study by Shi et. &, neurodevelopmental problems

were found in 17.5% (7/40) of PAIVS patients and 7% (5/71) patients with pulmonary
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stenosis. Only 20% of patients were free from re stenosis, spanning over 3Q+agears

shown inFigure 17.
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Figure 17: Freedom from reinterventions after primary surgical or catheter opening of
right ventricular outflow tracf?

2.9.2 Interventional therapies

In 33 newborns who underwent perforation of the pulmonary valve with PA/IVS,
Agnoletti et. al®?, describes that there were six deaths in total with seven nonfatal
complications. At a median followp of 5.5 years (range 0.5 to 11.5), survival was 85%

and freedom from surgery was 35%. Five patients, four of whom had neonatal surgery,
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underwent a pagl cavepulmonary connection. In a similar study conducted in newborns
by McLean et.af®, showed that balloon valuloplasty rarely obviates the need for further

intervention or surgery, as only about 36% patients were weaned off of initial

PA-IVS
(25)
] ]
Primary Catheterization Primary Surgery No Intervention
(14) (9 (2)
Failed (3) i ‘ Surgery (6) D/C Home (5) D/C Home (8) Death (2)
—

| 1

' ™y i R ™
Surgery (3) || D/C Home (5)][ Death (1) }[ Alive (2) ] Reballoon (1) Surgery (2) [ Alive (8) ]1\Late Death (1%
\ J \ VAN

'd AYd ™ ™~
DIC Home (3) Alive (5) J Alive (1) Alive (2)

prostaglandins without surgeflyigure 18).
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Figure 18 Treatment and outcomes for all 25 patients admitted with a diagnosis of
pulmonary atresia with intact ventricular septum (PS). (D/C = discharged}®

When this procedure was performed in fetuses and followed for 2.5 years by Luo
et. d **as shown irFigure 19, it was noted that BV rapidly improved development of the
RV in utero and slowed down after birth, the tricuspid valve seen to develop better
postnatally. Persistent bradycardia was seemum dut of seven fetuses, and two were

terminated succumbing to the bradycardia and one due to RV dependent coronary
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circulation. Another fetal case study by Galindo ef>ahowed that although there was a
significant improvement in fetal hemodynamics acutely after BV, follow up scans at 34
weeks detected significant restenosis and circulatory failure leading to risky, premature

delivery. An immedite postnatal valvuloplasty successfully completed the ultimate

objective of biventricular repair.

Figure 19: Ultrasound images during balloon dilation (white arrow) before and after fetal
pulmonary valvuloplasty*

Thus, it has been demonstrated in multiple studies that although short term palliative
approaches exist for PA/IVS, ultimately a letggm solution is needed to alleviate the
adverse effects of PA. Pediatric patients outgrow heart valve replacementyeargs,
and this warrants the need for long term replacements, ideally tissue engineered
replacements, that can grow with the patient and reduce the need for future

reinterventions.
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3 CHAPTER 317 HYPOTHESIS AND SPECIFIC AIMS

Congenital heart diseases (CHDs) account for nearly one third of all congenital defects
37 Patients born with complex congenital cardiac anomalies leading to single ventricle
physiology are often treated with existing options which are palliative and not cifative
Over the past decade, several clinical trials evaluating the utility of fetal valvuloplasty have
demonstrated plasticity and regenerative capacity of the fetal¥éaPerforming fetal
valvuloplasty reverses the ventricular hypoplasia, however most patients still require
repeated postnatal valve replacements. A possible solution to avoiding repeat surgeries can
be integrating tissue enggering with heart valves to develop a tissue engineered heart
valve (TEHV). Fetal valve replacement with a TEHV will serve as a scaffold and provide
the opportunity to restore flow and biventricular heart function with a living neovalve
created fromanohi vi dual s own cel | s. stidhietodedigna e ,
TEHYV for fetal deployment to overcome the current lack of biodegradable valves that do
not accommodate for growth of the patient. The ovérgibthesiss that improved
understanding of the biomechanics of manufacturing and testing of biodegradable
materials, can help engineer fetal sized TEHVs and guide fututeanscatheterdevice
interventions.

This TEHV will allow possible restoration of flow, enable reversal of ventricular
hypaplasia, and restore biventricular anatomy. Towards this overarching goal, this current

study will focus on the following specific aims:

Specific Aim 1: Desi gn, manufacture and
33
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4 CHAPTER 41 STUDY METHODOLOGY

In this section, all supplies, equipment and techniques for the study are described.
4.1 Specific Aim 1i Materials and Software
Obj ec-thewea gn, manufacture and analyze sten

pol ymer s

The prototype stents were manufactured and simulated using the supplier materials,
software and services as listedliable 1.

Table1: Materials and purpose of items used in SA1

Vendor/Software Item/purpose

Vascotube LLC 5mm x0.15mm L605 cobalthromium tubing

OPTEC Femotsecon Georgia Tech Petit Nanoelectronics Manufacturing Core Faci

Laser
Altair Hypermesh Meshing software to discretize stent designs for simulations
ABAQUS Finite element modeling softwaredimulate crimping and balloo

expansion of valve

4.1.1 Mesh Generation

The stent models were meshed using tetrahedral C3D4 elefrignie(21). Mesh
sizing was achieved after conducting mesh independence studies. Designs 2 and 3, had a
total of ~4.5" 5 million elements. Design 1 had a total of 3.3 million elements. Biesiy
wasvaried across the 3 designs to best i nc
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unique features. Trial and error simulations were run to ensure no elements are overlapping,
erroneous, or failingrhe balloon was meshed with quadrilateral elementsGize. All

meshing was performed in Altair Hypermesh (Altair, Troy, Ml).

Tetrahedral
elements

Figure 21: Overview of finite element model and mesh generation. Zoomed in view of
tetrahedral elements on stent frame

4.1.2 Simulation parameters

The stent was position in between a cylinder that depicted a crimper. The cylinder was
displaced inward until the stent was crimped on the balloon 4® m2n (or up until the
crimped stent did not interfere with the deflated balloon). A displacement oypelary

condition was applied to this simulation. The cylinder was modeled as a homogenous shell,
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and a high modulus and density was applied to it. The stents were modeled as their
respective material, with values derived from literafiré.

In the expansion simulation, the balloon was first compressed to around ~1.5 mm
and the crimped stent from the previous simulation was imported andeadjustthe
balloon. The balloon was then expanded until the stent was back to its original size of 5
mm diameter. Then, the balloon was deflated to about 10% of its total volume, to allow for

stent recoil and foreshortening, as showRigure 22.
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Figure 22 Workflow for simulating crimping and expansion of stent frame

4.1.3 Simulation posprocessing

Results were analyzed astent geometry files were exported to get pre crimp,
crimped and postxpansion geometries. Length and radii were calculated three times in

each geometry, and averaged.
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For dog boning, a line was drawn through the center of the geometry and a cut plane
was established at the center of this line. Two other cut planes were aligned at the proximal
and distal end (defined arbitrarily). Distances were calculated and averaged between these
planes, and a dog boning ratio was achievd@dure 23 shows a schematic of the

differences in radii and length that can be observed in such a simulation.

[ Foreshortening] [ Dog boning ]
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_»._” N\

.f_/ \
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Figure 23: Workflow for calculating stent performance metrics

4.1.4 OPTEC Femtosecond laser cutter

The Georgia Tech Optec Femtosecond laser is an OPTEEI®¥SJSP system
that uses a femtosecond laser to process practically any material througihaitriaser
pulsesphotoablation(Figure 24). The ultrashort laser pulse is effective on polymers,
metal, ceramics, glass, single crystals, and polymorphic crystals. Materials are ionized by

the laser pulse and removed from the surface in a plasma cloud, leaving a clean surface at
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the interactionige. Contrary to typical thermal laser operations, the femtosecond laser is
not as sensitive to wavelength absorption and therefore offers minimum thermal, creating
a no heatffected zone on the part. The laser has a wavelength of 1030 nm and an Infinite
Field of View (IFOV). The minimum spot size is 14 um for the settings used in this study
and the laser head is capable of moving the X and Y stage to up to 300 mm in either
direction.

The laser consists of both a 2 dimensional as well as a rotation&h@jpropriate
collete was selected from the set (ranging from 0.5mm ID to 5mm ID). The tube was cut
into a shorter length for simplicity and mounted at the rotational cut stage. Through trial
and error, an appropriate laser power was selected (95%) poldeawidth of 3 was
selected. A pulse duration €215 ms was used, with a 4 W default power setting. The
rotational cut was set to move 200 mm/second. Using a zoom focus on the camera, the

cross hair for the laser beam was set at the origin, and ¢ime was fine tuned to obtain

the correct Z coordinate. After setting X,Y,Z, the parameters were set as origin.

-

Figure 24: OPTEC Femtosecond Laser setup
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4.2 Specific Aim 2i Materialsand Methods

Objective: Design, manufacture andharacterize biodegradable polymeric leaflet
material

Leaflet material was obtained and leaflets were manufactured using the following materials
aslisted inTable 2.

Table2: Materials and purpose of items used in SA2

Vendor Item/purpose
1  Sigma Aldrich Polycaprolactone (PCL) pellets
2 VWR Chloroform
3  Amazon Spray Gun
4 VWR Blades to cut the valve
5 VWR Sodium hydroxide
6 VWR Petri Dish
7 VWR Test tubes
8  Cell Biaxial tester Biaxial testing system

4.2.1 Degradationsetup

Sodium hydroxide (NaOH) is a common reagent used for polymer degradation. As
such, it makes for an excellent way to simulate degradation on the bench, and analyze the
prototype. For this study, a 2 M solution of NaOH was prepared. The molar mass of NaOH

is 40 g, and therefore 80 g of NaOH was mixed with deionized (DI) water to create 2 L
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working fluid. This was not matched for viscosity, as the sole purpose was to observe valve

behavior.

Resistance

Valve
Tl =
2 ]
4 — S
Piston pump
-+
Compliance Reservoir
chamber
]
Test chamber Flow probe

=1

P2 -PA P1-RV
Pressure Pressure

Tricuspid Valve

Figure 25: FRHS showing degradation setup withfane camera

A Nikon D3400 camera was mounted at the viewing window adjacent to the fetal
right heart simulator (FRHS) to captuafaceimages of the valyeas shown irFigure
25. The camera was equipped with a Nikon ED AF Micro NIKKOR 200 mm lens and a 2x
magnifier to improve spatial resolution. Videos were recorded for the duration of the
experiment, and then manually looked at frame by frame, to capture changes in leaflet
motion. Since the medium was highly basic, anflinv transducers were not used to avoid
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damage. A manual pressure gauge was used to measure transvalvular pressures and a clamp
on flow probe (ME 20 PXL, Transonic Systems Inc, Ithaca, NY) captured flow for the

duration of the experiment.

4.2.2 Biaxial testing setup

The CellScale BioTester 5000 was operated for multiphase test cycles.
Temperature control allowed for the testing temperature to remain at body temperature of
37 degrees Celsius. After which the thertabsvas turned off for the duration of the set
up.. A highresolution CCD camera provided synchronized video tracking and analysis.
BioTester 5000 uses a software called LabJoy. It is divided into two modules, a data
collection module and a review and arsé¢ module. The data collection module is used
to set test parameters, enable specimen loading and testing, and monitor test progress. An

example testing window is shown belowFigure 26.
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Figure 27: PCL sample mounted on CellScale Biotester 5000

4.3 Specific Aim 3i Materialsand Methods

Objective: Performin vitro flow analysis of established design prototypes

4.3.1 Fetal Right Heart Simulator (FRHS)

Al studies were perfocomegrusensgyyodpBRHES
pulsatile system that simulates physiologi
not taking into account the patent ductus
all testing, the wolrOk6i On Y& of dl nuw ads haa d® &aPbedgel nysci

mi XxXtur e and mat ched t he Ki nemamni c/filwoions c os i

characteristics.
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Figure 28 FRHS used to study valve performance in the study

Fluid flow within the FRHS Figure 28) was driven by a piston pump (ViVitro
Labs Inc. Victoria, Canada). A tissue valve was fixed upstream of the piston pump acted
as the tricuspid valve. A clargm ultrasonic flow probe (ME 254N, Transonic Systems
Inc, Ithaca, NY) was used to measure flow rates and compute the cardiac output. The
prototype valve was mounted into the pulmonary chamber and placed downstream of the
piston pump as the test section. Catheter based Millar pressmsducers (Millar,
Houston, TX) were placed in the right ventricle, and downstream of the annulus of the fetal

valve. A compliance chamber and resistance check valve simulated the compliance and
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resistance of the cardiovascular system and were placed teamsof the pulmonary

valve. The compliance of the great artery can be controlled by controlling the volume of

air in the compliance chamber. The resista
outputs of the pressure transducers and flow probes egemected to a data acquisition

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

of a modular compact system, equipped with an analog input modulsS@BI6218) for

pressure and flow monitoring and recording. The D&&em was controlled by a custom

written LabVIEW (National Instruments, Austin, TX) program.

4.3.2 Leaflet Kinematics

Leafl et ki nematics -wWace-shBghBssendigt hgow
CMOS camera (-Ph@h;t oW VIE®Dn Reseamerha | fnict, t a\h
Ni kon 200mm macro | ens system (Ni kon, Me |
equi pped with a 2x magni fier to increase s

|l mages were acquired at a rate of 24 fr
processed by t wo i-hnoduespee ncdoednet wiasse russ.e dAnt o npr
For each wvalve (total N=3) , geomettrhirceeor i f

cardiac cycles for the same valve and then

4.3.3 Accelerated Wearlesting
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A manufactured prototype valve was placed in the Accelerated Wear Tester (BDC
Labor at o+360@)shiown\MrnFigure 29 and subjected t@ulmonic load of 25
mmHg at a pulse rate of 15Hz and pulmonary differential pressure of 10 mmHg as per
ISO-5840 standardg.hereare no standards for valve testing in fetal conditions, therefore
neonatal pulmonary conditions were used to test the prototype

The valve was placed into a silicone holder and attached with a soft clay to secure the

valve in place and ensure it remains taut during the AWT.

Figure 29: VDT-3600i Accelerated Wear Tester (as derived from BDC Labs)
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5 CHAPTER 51T SPECIFIC AIM 1

Purposei To design, manufacture and understand biomechanical behavior of fetal

sized transcatheter valve stents

Hypothesisi Design of stents and their biomechanics will help guide valve assembly

techniques and leaflet attachment technigiegtucating on valve performance

5.10verview

Resolvable stents have been used in a multitude of applications for example coronary
stents anductal stenting applications. They have been manufactured with metal alloys and
polymers, some serving an advantage over the other depending on the application.

Previous fetal studies have utilized nitinol and zitloy stent$*°. The former does
not have the capacity to grow, the latter faced some clelein terms of leaflet
attachment and durability. Therefore, this study to analyze the comprehensive stent
behavior and implications of design on stent behavior, will help educate future iterations
to create valves for the fetal application. These vawes/ery small, nearly 1/5he size
of traditional adult valves, and therefore need specifically catered analyses to understand
its behavior. They simply cannot be treated as smaller version of adult valves.

Over the last two decades or so, polymerid ametallic materials have been

studied as potential candidates for degradable vascular &hts Two metal alloys and

two polymers, all biodegradable in nature, were simulated for this study. Although
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numerous metals have been explored for their applications in bioresorbable stents, in recent
years tle research has shifted towards zinc based biodegradable materials because of its
promising biodegradability and adaptability to tissue regeneration. Zinc is the second most
abundant transition metal in the human body and plays a critical role in cefiétbdin
as well as in the immune and nervous system. Zinc also has the appropriate degradation
rate required for metals and there have been studies published in the past which have
introduced zinc is an outstanding candidate for stent applicittén

In addition to zinc, a common magnesium alloy, WE43 was used. Magnesium
alloys have good degradation belmas and have shown great promise in their stent
applications. Magnesium supports tissue and artery healing, regeneration and are less likely
to invoke an adverse response due to it being an essential mineral in human metabolism.
As such, these materialave significant radial resistance as well as good biocompatibility
with an adequate degradation property suited for stent applicatieins

Looking at polymers,P odl-lya ct i dPLLA)ci$ d widely utilized wide
incredible polymer because it can hydrolyze to a natural byproduct under physiological
conditions. PLLA consists of an additional methyl group, therefore undergoes slower
hydrolysismd has a prolonged degradation ti me
and ductile properties make it an essential polymeric canditiakbis materiahas been
explored in commercial coronary bioresolvable stents as well (eg. ABSORB bioresorvable
vascular scaffold (BVS) by Abbott Vascular). There have been some issues using pure
PLLA stents but with surface treatment, they have shown to have bettegitabl
effectiveness and promote greater the endothelializ&i¢or the purposes of this study,

material propertés from pure PLLA were used to establish a baseline which can be
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explored further. PCL has become the potential material candidate for a large quantity of
medical applications because of its ductility biodegradability and biocompatililitig

long degradation time has been regarded as a good candidate for stent applications. PCL
has been used in its pure fornr fmultiple biodegradable applications and composite

materials with PCL have been used to create stents a&well

5.2 Methods

5.2.1 Study design

This study was designed to understand the behavior of various metals and polymers
to guide future deployment strategies for these novel valves. These prototypes are
extremely small, therefore it was imminent to understand biomechanical Icadarg
exampe stress distributions highlighting possible areas of premature failure as well as stent
parametrics such as dog boning ratio, foreshortening and recoil. These metrics will help us
determine which materials to explore moving forward, and which desighesiréo host
these materials.

A computational study was conducted with zalaminium (ZnAls), WE43, PCL
and PLLA. A variation of metals and polymers was used in attempts to highlight the
differences or similarities, if any, between the two. The complatgoutational matrix is
given inSection 5.2.4A workflow and methodology summary of SA1 is showkigure

30.
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Figure 30: Workflow and methodology of SA describing innovation at each developed
method

5.2.2 Stent designs

The stent designs were constructed in house. Design 1 (as shenyars 32) was
inspired by the pilot study, to encapsulate the simple design elements for a cylindrical
balloon expandable stent. The strut thickness was modeled to be 0.15 mm. The stent was
5 mm in diameter and ~8 mm in height. The pilot study showed that the diadtolic
loads were causing high stresses on the sutures holding the leaflet material to the stent.
This could setup the valve for catastrophic failure.

Therefore, as described in Specific Aim 2, the leaflet attachment techniques
evolved, and a moreanscatheter aortic valve replacement (TAVR) like stent design was
developed to test leaflet attachment techniques on various designs, such as Designs 2 and
3. A commissural guard introduced between two commissures acted as a buffer to

distribute diastat load that may otherwise bend and fracture the commissures.
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Design 3 was developed as an iteration to Design 2, with rounder edges and a
simpler commissural guard in an attempt to observe the distribution of the crimping loads
on a curved edge rathdrain a sharp edge. The commissures and strut thicknesses were
varied for each design, with the hypothesis that the degradation rate could be controlled in

the future. The three candidate FTPVR designs are shoviiguare 31.

Figure 31: Three candidate FTPVR stent designs each 5 mm in diameter and ~8 mm in
height

5.2.3 Mesh generation
The computer aided design (CAD) models of saht designs were created in
Solidworks Dassault Systeme¥élizy-Villacoublay, Francg. These models were then
imported into Altair Hypermesh (Altair Hyperworks) to discretize for simulations. In
general, a tetrahedral mesh was used to achieve results. A volume mesh was used to capture
all deformations within the body of the struat. The balloon was meshed with

guadrilateral membrarglements to a target element size of 0.3 mm.
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5.2.4 Simulations

A stepby-step guide to simulation setup, including the material properties etc.,
can be found iMppendix A. The simulations were performed using ABAQUS 2021
(Dassault Systems, Johnston, RI, USA), which is a finite element solver based on structural
deformations. The stent was modeled using defined elasticity and density, and the balloon
was modeled with an edaic material model both determined previously from benchtop
experiments and previous publicatiéf§>

The stent was crimped by displacing an exkugylinder in the negative radial
direction until it reached a diameter of-32nm. The balloon (modeled using dimensions
of the NuMed Tyshak Pediatric balloon of 5 mm diameter) was crimped by applying
vertical length force profiles in the negative radiakction followed by circumferential
forces. This was following similar methodology which was been used previSu3lge
stent was then expanded using a balloon volume flux, which corresponded to a set total
nominal volume, tan deflated to allow for any recoil. The volume was tuned iteratively
until the final stent diameter matched the desired stent expansion.

Each stent design was evaluated for four materials previously described. Each
designmaterial group had three sinatibns which would be used to look at qualitative
stress distributions, and quantitative metfiakg boning ratio, foreshortening and recail,

as described below:

(1) Dog boning =

(2) Foreshortening (%) = x 100
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(3) Recoil (%) = x 100

Where R, L and D are radius, length and diameter respectivelymputational matrix is
shown inTable 3.

Table 3: Computational matrix for simulations conducted on candidate stent design

Design ZnAl WE 4 3 PCL PLLA
Design S1.1 S1. 2 S1. 3 S1. 4
Design S2.1 S2. 2 S2. 3 S2. 4
Design S3.1 S3. 2 S3. 3 S3. 4

To investigate the effects of strut thickness on reduction of stresses, additional
simulations were conducted with DesigrZzBAls material. At the leaflet belly region, the
thickness of the stent was varied from the original of 0.18mm to 0.38 mm (Design2_V2)

and 0.44 mm (Design2_V3s shown irFigure 32
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Figure 32: Change of strut thickness from 0.18 mm to 0.38 mm and 0.44 mm to observe
changes in stress distribution with strut width

5.2.5 Prototype stent manufacturing

A 5 mm x 0.15 mm L605 cobatthromium alloy tube was purchased from
Vascotube (Vascotube, Germnay). The tube was cut using an OPTEC Femtosecond Laser
available for use by training at the Petit Nanoelectronics and Machining Core Lab via the
Shared User Mamgment Systems. The laser consists of both a 2 dimensional as well as a
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rotational cut. An appropriate collete was selected from the set and the tube was mounted
and arranged appropriately, to ensure that the tube is parallel to the laser X crosshair, and
is immovable. The precision laser requires no movement, and has an error tolerance of 19
pum. After the cut began, the laser runs through as many iterations as defined in the setup
stage (in this case, 100) to cut through the thickness of the materia. GAD software,

all i ndividual st oicenthand, toensjyreoptimaldisplacementg t h
of the rotational stage. The program was initiated and an observation window on the
software allowed to observe the progress of the cut. Depending on the precision focus of
the laser, each cut took between 1 ho@.5ohours. After which, each cut was first cleaned

with a microfiber towel and then with isopropyl alcohol (IPA) to ensure that any debris
that are still on the frame are cleaned before leaflets are attached. A detailed procedure for
setup and laser cuttins described ippendix B. The 2D drawing of the valve and the

laser setup stage is showrHigure 33.
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Figure 33 Stent engineering drawing (left) and OPTEC Femtosecond Laser setup (right)
with red circle showing mounting region for tube (rotational stent cut)

5.3 Results

5.3.1 Mesh independence study

A mesh independence study was performed with four total number of étemen
ranging from 100,000 to 5 million. Von mises stresses (MPa) were evaluated at the same
point for all simulations, and the most optimum size and computational time was chosen.
For Designs 2 and 3 (due to the similar nature of the design), a total-6fridion

elements were chosen for simulation. For Design 1, a total of ~3.3 million elements were
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chosenFigure 34 shows the dependence of str@d#a) on total number of elemerits

all designs
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Figure 34: A) Showing mesh independence for Design 1 and B) showing mesh
independence for Designs 2 and 3

5.3.2 Simulations

The results from the qualitative and quantitatiwelysis of stress distribution in

the three candidate designs, with their four candidate materials are presented below:
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5.3.2.1Design 1

In Design 1 in the ZnAlsimulations, we observed that the highest stresses during
crimping were around 225 MPa, which reduced to 200 MPa during expansion and
deflation. These stresses were observed at either the top tip of the design element or the
stent struts as shown Figure 35. The ultimate tensile strength (UTS) of this alloy is
around 270 MPa so these values were within the limit, and less likely to break.

Looking atthe same design with the WE43, we observed that the highest stress is
were around 190 MPa which decreased to around 150 and down to 50 MPa for expansion
and deflation respectively{gure 36). The UTS of this alloy is around 250 MPa, therefore
this design may be optimal as from stress distributions alone, it seems like there is less
likelihood of failure during deployment.

Looking at Design 1 PCL simafions Figure 37), the higher stresses at the
crimping stage around 40 MPa which relatively remained the same during expansion and
reduced to 13 MPat @eflation. These high stresses were also observed near the junction
and struts as seen in figure and were above the UTS of the material (16 MPa). This indicates
that PCL may not be a good candidate for this design.

In the Design 1 PLLA simulations as stin Figure 38, the higher stresses were
around 289 MPa, which is significantly higher than any other material in this design group.
The expansion decreased the stresses to around 300 MPa and deflatied refiluther
to around 65 MPa. Overall, all these high stresses were observed at the junction of the two

struts which could be high critical points although, these values lie within the UTS of the
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material (6.7 GPa). On average, in design 1, PLLA mighd good material to implement
due to its optimal qualitative distribution of loads.

Looking at these values quantitatively, as showhahle 4, ZnAls had the highest
foreshortening value as compared to the other materials. PLLA had more recoil tlman othe
materials and PCL had the lowest recoil in the group. Dog boning was approximately the

same across all metals and polymers.

Table4: Stent performance characteristics for Design 1 (all materials)

. . . Dog boning
Material Foreshortening (%) Recoil (%) Side 1 Side 2
ZnAl4 10.640 -0.268 0.012 0.013
WE43 12.194 0.132 -0.029 0.001
PCL 12.116 -2.060 0.022 0.032
PLLA 12.676 -3.270 0.042 0.017
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S, Mises
(Avg: 75%)

+2.250e+08
+2.063e+08
+1.875e+08
+1.688e+08
+1.500e+08
+1.313e+08
+1.125e+08
+9.377e+07
+7.501e+07
+5.626e+07
+3.751e+07
+1.875e+07
+0.000e+00

+6.945e+01
+5.214e+01
+3.482e+01
+1.750e+01
+1.806e-01

Figure 35 Design 1 simulated with ZnAdhowing- crimped (top), expanded (middle)
and deflation (bottom) instances with highlighted high stress and maximum stress regions
for each instance

62



S, Mises

(Avg: 75%)
+1.500e+08
+1.376e+08
+1.252e+08
+1.128e+08
+1.003e+08
+8.789e+07
+7.546e+07
+6.303e+07
+5.060e+07
+3.816e+07
+2.573e+07
+1.330e+07
+8.715e+05

S, Mises

(Avg: 75%)
+1.565e+02
+1.436e+02
+1.306e+02
+1.176e+02
+1.046e+02
+9.168e+01
+7.871e+01
+6.574e+01
+5.277e+01
+3.980e+01
+2.683e+01
+1.386e+01
+8.957e-01

|
Max: +1.565e+02

S, Mises
(Avg: 75%)

+4.721e+01

2.721e+01

Max: +4.72%

Figure 36: Design 1 simulated with WE43 showingrimped (top), expanded (naile)
and deflation (bottom) instances with highlighted high stress and maximum stress regions
for each instance
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Figure 37: Design 1 simulated with PCL showingrimped (top), expanded (middle)
and deflation (bottom) instancestlvhighlighted high stress and maximum stress regions
for each instance
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Figure 38 Design 1 simulated with PLLA showingrimped (top), expanded (middle)
and deflation (bottom) instances with highlighted high stress and maximum stress regions
for each instance
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5.3.2.2Design 2

In Design 2, ZnA performed adequately well with the stresses being close to but
still less than the UTS in the crimping stage, and being at the bottom of the stent rather
than this junctionsHigure 39). However, during expansion and deflation the stresses
exceeded the UTS slightly, and this can be modified by increasing the thickness of the
stents in further iterations. ThHeghest stresses what observed at the crighptage of
WE43 on the <curve of the stents. These
indicating that this design is not suitable for this a(léigure 40).

Similarly with PCLas shown irFigure 41, the stresses exceeded the UTS greatly,
with maximum stresses being around 80 MPa and the &li®) around 16 MPa. This
design is also not suitable for PGRLLA performed favorably in this design, with the

values being under the critical limit for failure (UTS) as showfigure 42

S 1

Looking at theseTabal)ge & oguwamtoirttatnii megl ywa

desivemrad I , with afoesabkkceaazhBlngRECeox ¢ e pta

hi gherncdandsP compda3dr eadn dt oPLWEA wi t h t he f

or

2.2% and the 10at8t%.r [Dboeg woeoemi ndg 5was gener al

al | materi al s.

Table5: Stent performance characteristics for Design 2 (all materials)

: Foreshortenin . Dog boning
Material (%) g Recoil (%) Side 1 Side 2
ZnAl4 -13.714 0.401 -0.011 -0.043
WE43 1.280 0.337 0.005 -0.001
PCL 10.186 -0.068 0.001 0.001
PLLA -0.621 0.611 -0.013 -0.013
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S, Mises
(Avg: 75%)

+5.625e+07
+3.750e+07
+1.875e+07
+0.000e+00

S, Mises
(Avg: 75%)
+3.000

Figure 39: Design 2 simulated with ZnAshowing- crimped (top), expanded (middle)
and deflation (bottom) instances with highlighted high stress and maximum stress regions
for each instance
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S, Mises
(Avg: 75%)

S, Mises
(Avg: 75%)
+ e+0

Figure 40: Design 2 simulated with WE43 showingrimped (top), expanded (middle)
and deflation (bottom) instances with highlighted high stress and maximum stress regions
for each instance
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S, Mises

(Avg: 75%)
+7.940e+07
+7.279e+07
+6.619e+07
+5.959e+07
+5.298e+07
+4.638e+07
+3.977e+07
+3.317e+07
+2.657e+07
+1.996e+07
+1.336e+07
+6.754e+06
+1.500e+05S

S, Mises

(Avg: 75%)
+7.663e+01
+5.000e+01
+4.585e+01
+4.170e+01
+3.755e+01
+3.340e+01
+2.925e+01
+2.509e+01
+2.094e+01
+1.679e+01
+1.264e+01
+8.491e+00
+4.340e+00
+1.892e-01

S, Mises

(Ava: 75%)
+1.582e+01
+1.000e+01
+9.167e+00
+8.333e+00
+7.500e+00
+6.667e+00
+5.833e+00
+5.000e+00
+4.167e+00
+3.333e+00
+2.500e+00
+1.667e+00
+8.333e-01
+0.000e+00

Figure 41 Design 2 snulated with PCL showingcrimped (top), expanded (middle)
and deflation (bottom) instances with highlighted high stress and maximum stress regions
for each instance
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Figure 42 Design 2 simulated with PLLA showingrimped(top), expanded (middle)
and deflation (bottom) instances with highlighted high stress and maximum stress regions
for each instance
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