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Executive summary

This thesis describes the design process of a new
instrument that can be used to perform a fetal aortic
valvuloplasty procedure. Congenital heart defects occur
in 8 to 12 out of every 1000 live births. Aortic stenosis
(AS) is one of the most common congenital heart
defects. When AS occurs, the opening and closing of
the aortic valve does not work well. This is often caused
by two leaflets being fused together. I left untreated,
aortic stenosis could have severe consequences such
as the development of hypoplastic left heart syndrome
(HLHS). To prevent this, the fetal aortic valvuloplasty
(FAV) procedure is performed. In this procedure, a
balloon catheter is advanced percutaneously into the
fetal heart at = 26 weeks of gestation. The problem with
this procedure is that still many complications occur, of
which some can be attributed to the used instruments.
The currently used instruments are designed for an
angioplasty procedure in adults, and therefore quite
large. This led to the need for the design of a dedicated
device for FAV, which was the goal of this thesis.

The thesis started off with a literature study and clinical
interviews to determine the design focus, requirements
and wishes. It was found that reduction of cannula
diameter reduces the risk of complications, which
therefore became the aim of this project. Currently an
18G cannula is used, which has an outer diameter of
127 mm. It would however be preferable to use a 20G
cannula, which has an outer diameter of 0.91 mm. The
18G cannula is now required due to the crossing profile
of the balloon that is used, which does not fit through a
smaller needle. The crossing profile of a balloon refers to
the maximum diameter found between the proximal and
distal end of the balloon catheter, while it is still folded.
To be able to use a smaller needle, this crossing profile
needs to be reduced. Therefore, it was determined that
the design focus should be on reducing the crossing
profile of the balloon catheter, while still being able to
reach the required diameter at inflation.

After exploring multiple ideas and concepts, the final
conceptwasgenerated. Thisconceptis based onthe fact
that the FAV procedure requires other balloon properties
thananangioplasty procedure. Less pressure is required,
the procedure is performed under ultrasound instead
of x-ray guidance and the guidewire does not have to
be changed and used for complex steering. Based on
these differences, several design choices were made
that lead to a smaller crossing profile and enhance the
performance of the FAV procedure. Amongst others, this
new design contains a fixed guidewire, longer cones and
a low wall thickness.

Multiple prototypes were developed for testing and
validation, which was done on both clinical and mechanical
level. The clinical tests gave insights regarding preferred

shape and configuration, and established that there was
enough control and steerability provided with the fixed
guidewire. The mechanical tests provided information
regarding the force exerted by the balloon, (burst)
pressure and diameter of the balloon. The prototypes
had crossing profiles of around 0.6 mm, which is a
significant reduction compared to the crossing profile of
0.8 mm of the current balloon. This allows for the use of
a 20G cannula instead of an 18G cannula, which has an
outer diameter that is almost 0.4 mm smaller.

Thefinal design fulfilled all requirements and wishes, and
therefore a proof of principle for a suitable alternative
instrument for the FAV procedure was provided. Further
research is recommended concerning the production of
a more accurate prototype and elaborate clinical testing
to optimize the design and gain more insights in the
behaviour of this balloon.
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Introduction

1.1 Fetal Aortic Valvuloplasty

Congenital heartdefectsoccurin 8to 12 outofevery 1000
live births. One of these congenital heart defects is aortic
stenosis (Hoffman, 2013). If aortic stenosis (AS) occurs,
the aortic valve does not function properly which will
have an influence on the development of the fetal heart.
Due to a narrowing of the aortic valve, the left ventricle
is not able to pump its blood into the body through the
aorta. Instead, the development of the left ventricle will
be abnormal and possibly cause the development of
hypoplastic left heart syndrome (which will be elaborated
in section 2.1). Fetal aortic valvuloplasty (FAV), or balloon
valvuloplasty is a procedure that is performed in utero
on the fetal heart to prevent this. The goal of FAV is to
deliver a baby with biventricular circulation, meaning
both ventricles are functioning.

The mean gestational age at which this procedure is
performed is around 26 weeks, since it is said that around
that age the heart is large enough to be able to perform
the procedure, butitis still early enough in the fetal heart
development to prevent permanent anomalys to the
heart (Yuan et al, 2016). Figure 1.1 illustrates the steps of
the FAV procedure.

First, the mother is put under anaesthesia (both local and
general anaesthesia is possible). After that, it is essential
to get the fetus into the right position. This is necessary

because otherwise it is not possible to access the fetal
heartpercutaneously. Afterthefetusisintherightposition,
it receives an anaesthetic to stay in this position. This is
done by intramuscular injection. Now a hollow needle
(cannula) with sharp obturator is advanced through the
maternal abdomen into the fetal chest wall where the fetal
heart is punctured at the apex into the left ventricle (LV).
After the cannula has entered the LV, the sharp obturator
isretracted, and a 0.014" guidewire with dilatation balloon
is introduced. When the balloon is positioned across the
valve, it is inflated until the diameter is between 10 to
20% larger than the valve diameter. Depending on the
situation, inflation and deflation is repeated 2 to 5 times.
Often there are two surgeons involved in this procedure.
An obstetrician handles the placement of the needle and
ultrasound transducer, and a cardiac surgeon handles
the placement, inflation, deflation and retraction of the
balloon catheter. Sometimes the ultrasond transducer is
operated by a third person.

[T all these actions are executed, all instruments are
retracted. The procedure is defined as being technically
successful when balloon inflation across the valve has
succeeded, followed by improved flow across the aortic
valve or new aortic regurgitation indicated by color
Doppler (Pickard et al, 2020).

o B B



1.2 Problem Definition

Prior to this thesis, a literature study was performed.
Based on the results that are described in the current
literature, itis clear that the FAV procedure improves the
birth outcomes of fetuses with critically aortic stenosis.
Thetechnicalsuccessrateofthe mostrecenthighvolume
study (Patel et al,, 2020) is as high as 83,3%. This study
includes the data of different centers over the world and
is therefore representative for the current status of FAV.
Not all fetuses that underwent a successful FAV are born
with biventricular outcome, however the most recent
articles show that between 31% and 50% of the technical
success cohort does achieve biventricular circulation
(Patel et al., 2020: Pickard et al, 2020). These numbers
and outcomes validate the value of this procedure,
however there is still g risk of serious complications.

The most common complication is bradycardia. Due
to the puncture of the fetal heart with the cannula, a
small hole in the heart allows blood to accumulate in the
pericardial sac (pericardial effusion). This makes it harder
for the heart to pump, eventually causing bradycardia.
This complication is most likely to occur at withdrawal of
the instruments. In the high volume study of Patel et al,
it becomes clear that a larger cannula size increases the
risk of pericardial effusion and in general any prodedural
complications (see Figure 1.2).

This data shows that a smaller cannula is preferred,
and implies that a cannula which is smaller than 19G
would cause even less complications. It also shows that
currently 19G cannulas are used much less frequently
than larger cannulas. The three main components of
the instruments used in FAV are illustrated in Figure 1.3.
Section 2.2 elaborates more on these instruments. The
currently used instruments are balloon catheters which
are developed for adult or pediatric coronary angioplasty
procedures, not for fetal cardiac interventions. This
makes them quite large and therefore not the entirely
suitable for the FAV procedure. This leads to the problem
definition as stated below.

CANNULA SIZE AND ASSOCIATED COMPLICATIONS

| Larger cannula (<19 G) (n=76) Smaller cannula (19 G) (n=32)
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PROBLEM DEFINITION

The FAV procedure has a high risk for complications. The currently used instruments contribute to this,
since there are no dedicated instruments that are developed for the purpose of performing the fetal
aortic valvuloplasty procedure. This leads to the use of large instruments, which increases the risk for
complications. The occurrence of these complications could be lowered by using smaller and more
suitable instruments, however these instruments are not on the market.

1.3 Project Goal

The previous sections described the need for a new
instrument to improve the FAV procedure. Many aspects
contribute to the success of the procedure, but to make
thisthesisuseful itisimportanttodefine clear boundaries.
Forthis projectitis decided that the proceduralapproach
will nat change. This means that the fetal aortic valve
will still be accessed percutaneously through the left
ventricle and subsequently will be opened by dilatation.

The goal of this thesis is to provide a proof of
principle for a novel dedicated device to improve the
FAV procedure by reducing the risk of complications.

The aim to achieve this is by enabling the use of
smaller instruments.

I
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1.4 Project approach & thesis outline

This thesis presents the design process of a novel
instrument, and therefore follows a design cycle up
until the goal is achieved; the development of a proof of
principle. The course of this process is depicted by the
double diamond model, which is often used to describe
design processes. See figure 1.4.

The double diamond model is used to help designers
with defining different phases throughout the process,
and stimulates decision making at the right moments
between these phases. On one hand it stimulates
the designer to diverge by collecting information and
researching different possibilities and ideas. On the
other hand it also encourages the designer to converge
at the right time by making choices and deciding on key
aspects during the process. Throughout the report the
four phases of the double diamond will function as a
reading guide to show where in the design process you
are.

Thefirstsection isthe discover section. In this section the
project context is defined and boundaries are set, but to
be ableto dothatall relevant background information has
to be collected first. This is done by collecting relevant
information from the previously performed literature
study, but also by listening to the clinical perspective. To
gather information on this clinical perspective multiple
interviews are performed. Next to that, some key aspects
of balloon cathetersareresearched such as materialsand
mechanical behaviour. Finally, the variety of applications
for balloon catheters that are currently on the market are
evaluated and summarized.

When enough information is acquired to feel comfortable
in the field and the project context is clear, the discover
phase shifts towards the define phase. Choices regarding
focus points are made and eventually all information is

converged into a list of requirements and wishes. At this
point it is decided that the design focus should be on the
dilatation instrument. This will be the starting point for
the creative development process.

The develop section contains the creative ideation
process which is divergent again. Many different ideas
are generated regarding an instrument that has the goal
of dilating an aortic valve. Eventually the most promising
ones are developed into concepts. The most promising
concepts are worked out further and evaluated based on
relevant criteria. This leads to a weighed decision for the
final concept, which is found to be an optimized version
of a high pressure balloon developed specially for FAV.

When all relevant aspects of the design are researched
and defined, it is time to gain insight on the proof of
principle of the concept. The validation of this concept
is split into both clinical and technical validation. These
categories are tested and evaluated by separate tests.
Based on these outcomes a conclusion can be drawn on
the proof of principle of this novel design for a balloon
catheter.
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Background

The background chapter contains the most relevant information that was acquired by performing general

literature research on FAV and more specific subjects such as the balloon catheter. Next to that the clinical

need was established by performing interviews with experts on the topic. This information helps to discover

the subject of this thesis and is necessary to understand and define the requirements and wishes for the new
design.

2.1 Aortic stenosis & HLHS

As described earlier; Aortic Stenosis (AS) is a congenital
heartdefect. AS accounts for about 3-6% of the congenital
heart defects (Singh, 2019) and refers to the narrowing
of the aortic valve. A healthy aortic valve consists of
three leaflets of tissue. These three leaflets can separate
entirely, and thereby opening the valve. When AS occurs,
the opening and closing of the valve does not work well.
This can be caused by two leaflets being fused together, in
which case we speak of a bicuspid aortic valve (see Figure
2.7).

Aorta

This Is the most common cause for congenital aortic
stenosis, and with that also the most common congenital
heart defect (Michelena et al., 2011). Next to that another
anomaly is seen in which there are three leaflets (tricuspid
valve) but they are stiff and not able to move enough.
Finally, it is also possible that the valve develops into one
leaflet (unicuspid) or four leaflets (quadricuspid) but this

is quite rare (Singh, 2019). The cause of AS is believed Bicuspid aortic e
to be genetic (Singh, 2019; Schidlow et al, 2014). The (congenital defect Wi Stenos:
development of congenital AS is mostly completed by the
first trimester, but can evolve throughout the pregnancy.
The severity of AS can differ, ranging from mild to critical.
When the valve does not function properly anymore, the
condition is classified as being severe or even critical.
Critical aortic stenosis requires immediate intervention
at birth. However, when intervention is performed on a
neonate, there is a chance that the fetal heart has already
developed severe problems during gestation.

@ MAYD FOUNDATION FOR MEDICAL EDUCATION AND AESEARCH. ALL RIGHTS RESEAVED.

One problem that could be a consequence of critical
aortic stenosis is the development of Hypoplastic Left
Heart Syndrome (HLHS). Due to the narrowing of the valve
the left ventricle (LV) experiences a lot of resistance when
pumping the blood into the aorta and therefore into the
body. This results in dilation of the LV due to an overload
of blood volume, eventually causing dysfunction of the LV
(Yuan, 2014). Myocardial perfusion diminishes, eventually
resulting in the stop of growth in the V. Since the blood
that is coming into the LV can not all go to the aorta, it
flows back into the left atrium (LA). This is called mitral
regurgitation.



The dysfunction of the LV can lead to HLHS, which is
defined by Cruz-Leminietal.(2019) as "underdevelopment
of the left-sided structures of the heart, which renders
them unable, because of an inadequate size, function, or
a combination of both, to support the systemic circulation
after birth”. In this definition it is stated that the systemic
circulation is not supported after birth, because during the
pregnancy HLHS can be compensated by the fetal heart
structure. Figure 2.2 shows how this circulation goes.

As is illustrated, this circulation is dependent on an atrial
septal defect (ASD), which is a hole between the left and
right atrium. In fetuses the ASD is formed by the foramen
ovalewhichispresentineveryhealthyfetalheartduringthe
pregnancy. Besides the foramen ovale the patent ductus
arteriosus (PDA) is an important structural connection
that is required for sufficient blood flow to the body. IT AS
has led to underdevelopment of the LV, oxygen rich blood
flow will start to go in retrograde direction, meaning from
left to right. This left-to-right flow can be observed in the
foramen ovale (Yuan, 2014: Frommelt, 2014). In this case,
the blood flows through the right atrium and right ventricle
(RV) into the pulmonary artery, which is connected to the
aorta through the PDA. This means that the RV is now
responsible for pumping all blood throughout the body,
which is usually done by the LV. After birth the PDA closes,
which means that this pathway for oxygen rich blood into
the body is no longer possible. Without intervention the
prognosis of HLHS is always lethal (Graupner et al., 2019).

Due to the severe consequences of the development of
HLHS it is important to diagnose this as early as possible.
The left to right flow in the foramen ovale, severe [V
dysfunction, retrograde flow in the transverse aortic arch
(due to the blood supply from the PDA) and monophasic
mitral flow are all features that indicate the development
of HLHS (Yuan, 2014; Schidlow et al, 2014; Frommelt,
2014). Thanks to current technology these features can be
detected in utero by echocardiography and Doppler flow
measurements before there are structural changes in the
heartwhich are difficultto reverse (Singh, 2019). Regarding
the size of the LV it is observed that it first grows in size
significantly, before it starts to become abnormally small.
It is therefore key to diagnose the features that indicate
HLHS development, and perform a fetal intervention
before the LV starts shrinking, since by then the space for
intervention is too small.

The ability to diagnose AS and the development of HLHS
enables fetal intervention which can prevent irreversible
changes to the heart structure. The goal of the FAV
procedure isto do this. When the fetal heart has a stenotic
aortic valve the anatomical dimensions are different from a
healthy heart. These are of importance for the procedure
and should be kept in mind when choosing or designing
instruments for the FAV procedure. The most important
differenceisthe aortic valve diameter, whichis smallerthan
usual. At the moment of intervention it is often between
2.8 mmand 3.1 mm (Patel et al, 2020).

How a Heart With HLHS Pumps Blood

Aorta is small
PDA

Mixed Blood

Left
Ventricle
is small

Blood carrying
oxygen mixes with blood
that is low on oxygen

KidsHealth ™Al rights reserved
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2.2 FAV instruments

The three instruments that are always used for FAV are
an introducer needle (cannula), guidewire and balloon
catheter. This section discusses the purpose of the
three different components and the problems that are
experienced with the currently used instruments. Figure
2.3 shows an overview of these instruments.

,orcannulahasasmainpurpose
to provide access to the left ventricle. This is done by
puncturing the different tissues and therefore requires
a sharp tip and enough stiffness. A cannula is a hollow
tube allowing for the instruments (guidewire and balloon
catheter) to pass through its lumen. During puncture the
cannula is obturated with a sharp inner needle to provide
stiffness and a sharp tip. This obturator is removed when
the needle isin the correct position.

Cannula sizes are indicated in Gauges. Gauge sizes
with corresponding diameters are shown in Table 2.1.
Currently, for FAV the 18G needle is most often used. In
some cases a 1/G or 19G needle is used but smaller or
larger sizes are rare. The inner diameter of the cannula
has to allow for the balloon catheter to be advanced
through it. This means that the choice of cannula is
based on which balloon is required and how large its
deflated diameter is. The key problem with the cannula
Is that it has to be large enough to allow for passage of
the balloon, but it should also be as small as possible
since it directly punctures the very small fetal heart. As
discussed before, a larger cannula size means a bigger
risk for procedure related complications.

is used to accommodate the balloon
catheter to the lesion site. To do this a 0.014" guidewire
is currently used. The guidewire has a floppy tip which
means that the tip is made of a different, more flexible
material. This is convenient since the floppy tip prevents
the guidewire from causing any damage during the
navigation to the lesion site. No significant problems are
experienced with the current guidewire in the FAV

procedure. However, it would be of value if it's visibility on
ultrasound is improved. This would allow for better
knowledge about the position of the guidewire, and with
that it would provide more confidence regarding the
balloon placement.

has an inner lumen which slides
over the guidewire, and therefore it directly follows its
path. The balloon catheter is used to dilate the valve.
[t follows the guidewire and is positioned across the
aortic valve. When the balloon is in the right position it
is inflated to a diameter which is 10 to 20% larger than
the valve diameter. The inflation is done with a fluid which
also enhances the visibility on ultrasound. A remarkable
finding is that the currently used balloon catheter
models are mainly designed for adult purposes. There
is no balloon catheter on the market that is designed for
fetal interventions. From the four models that are found
in literature, 3 are primarily designed with the purpose
of performing a percutaneous transluminal coronary
angioplasty (PTCA). One of them is designed for pediatric
valvuloplasty. Different requirements are important for
every procedure, and even though the current balloons
are able to perform the needed dilatation, they are not
ideal. Since they are developed for a PTCA procedure in
adults it is less important to make the crossing size as
small as possible. This is however an extremely important
feature for the FAV balloon. This is why a redesign
of the balloon catheter could lead to big procedural
improvements.

'he general conclusion concerning the instruments
for FAV is that the approach of using a cannula with
balloon catheter works well, however the currently used
instruments introduce an increased risk of complications.
herefore, ideally a new solution is designed to allow
for the use of a smaller cannula with balloon catheter
combination. The most promising way to achieve this is
expected to lie within the design of the balloon catheter.
lo validate this a more comprehensive understanding of
the balloon catheter is required. The following sections
will elaborate on some key aspects of the balloon catheter.

Gauge nr. Outer Diameter (mm) Inner Diameter (mm)
12 2,77 2,16
13 2,41 1,80
14 2,11 1,60
15 1,83 1,37
16 1,65 1,19
17 1,47 1,07
18 1,27 0,84
19 1,07 0,69
20 0,91 0,60
21 0,82 0,51




2.3 Balloon catheters

Balloon cathetersare used for many different procedures.
Every procedure asks for its own balloon properties.
Therefore balloon catheters exist in many different
shapes and sizes. The material of the balloon has a big
influence on the properties of the final product, and also
determines some possibilities regarding shape and size.
Hence it is relevant to know the most common materials
and key considerations when choosing a material. The
balloon mechanics also play an important role when
designing the shape and choosing a certain material.
Besides that it is important to get an idea on what is
currently on the market regarding balloon catheters, to
find outwhat is possible.

A key property for the balloon material is related to the
compliance it provides. The compliance refers to the
amountof pressure thatis needed to change the shape of
the balloon. Compliance is divided into three categories;
compliant, semi-compliantand non-compliant. A balloon
isdesigned and manufactured to have a certain diameter.
This diameter is called the nominal diameter (Food and
Drug Administration [FDA], 2010). Compliance refers to
the amount of pressure that is needed to increase the
diameteroftheballoonabovethisnominaldiameter. Non-
compliant materials generally increase between O and 10
% above the nominal diameter before reaching the burst
pressure. For semi-compliant materials this is between
10 and 30%. Compliant materials can expand much more
and can even expand to several times the original volume
(Jing et al, 2018). Non-compliant and semi-compliant
balloons tend to shape into the designed dimensions
with little deviation. Compliant balloons however have
a much less controllable shape and tend to adjust their
shape to their surrounding. This is preferred when the
balloon catheter is used for the purpose of occluding a
certain area, yet for the FAV purpose non-compliant and
semi-compliant materials are required. The controllable
shape of the balloon is relevant since non-compliant
balloons often have the goal of dilatating a certain lesion.
If the shape and diameter is not controlled there is a risk
of damaging or rupturing the dilated area.

Two key mechanical properties for balloon catheter
materials are the yield strength and tensile strength. The
vield strength refers to the stress at which a material

<« —— Q

undergoes plastic deformation. The tensile strength
refers to the stress at which the material will rupture. Both
of these properties are relevant since they have influence
on the failure behavior of the balloon.

The stresses that are present on the balloon wall can
be described by the model of a thin-walled pressure
vessel since the wall thickness (t) is less than a tenth of its
diameter. See Figure 2.4 for an illustration of the stresses
that act on the thin-walled pressure vessel.

The formula for the hoop stress (o) within the vessel
wall can be derived from this model, and is described in
formula 1 below:
P
oy = Tr (/D
Next to the hoop stress, also a longitudinal stress (o) is
present. This is described by formula 2:

Pr
o= 2t (2)
Since the pressure (P), radius (r) and thickness (t) of the
vessel are equal in both formulas, the hoop stress is
always twice the longitudinal stress. This means that if
the balloon fails due to a stress exceeding the ultimate
tensile strength it will always rupture in the longitudinal
direction. This is beneficial, since a longitudinal rupture
will allow for more easy retraction than a circumferential
rupture. Figure 2.5 shows an example of a circumferential
cut made into a PTCA balloon, illustrating the problem

with retraction in this type of rupture.

Ganntila

Ruptured balloon
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As stated before, when the hoop stress exceeds the
tensile strength rupture will occur. Therefore it is useful
to know the tensile strength of a material when selecting
It as a base material for a balloon catheter. Besides that
it is also useful to know the yield strength. If the yield
strength is close to the tensile strength, the diameter of a
balloon will increase very little with extra pressure before
rupture (Abele, 1980). However, also the Youngs modulus
plays an important role in the material characteristics.
It the Youngs modulus is very low only little stress is
needed to achieve strain. This means that materials will
stretch a lot before high stress starts to accumulate.
Table 2.2 shows the yield strength, tensile strength and
Young's modulus of the most common medical balloon
materials. [talso shows atwhich level of compliance these
materials are categorized. Note that these values are an
approximation based on an average. Material properties
of plastics are heavily influenced by manufacturing and
processing parameters. This is due to the amount of
crystallinity in the material which often increases upon
extrusion, stretching and heating (Sauerteig & Giese,
1998). The plastic tubing, which is the base material for
the balloon forming process, is produced by different
manufacturers. This means that the properties of these
tubings can also vary. Therefore it could be useful to
perform a tensile test on different tubings to determine
the most important properties and compare them to find
the optimal material for the required application.

The hoop stress is also directly linked to the dilatation
force that the balloon exerts. This relation is described

in formula 3:
F

= — (3)
tL

On

Inthisformula o, refersto the hoop stress, F refers to the
force exerted circumferentially on the cylindrical wall with
thickness tand length L.

Besides that, circumferential force can also be described
by formula 4

F=Tx«L (4)

Where F is still the force exerted circumferentially, T is the
wall tension and L is the cylindrical length.
Combining formula’s 1, 3 and 4 leads to formula 5:

T=Pxr (5)

Thisformula provides useful insightregardingtherelation
between balloon radius and dilating force. It shows that
for the same pressure, a balloon with a smaller radius will
provide less tension and therefore force. This indicates
that balloons with small diameters require to withstand
higher pressures and associated stresses to achieve the
same dilation force.

lo design the optimal balloon catheter it is relevant to
keep these mechanics in mind, since balloon length, wall
thickness, material properties and inflation pressures all
relate to the dilating performance of the balloon.

Youngs modulus (GPa) Yield strength (MPa) Tensile strength (MPa)
Non-compliant PET 2,76 - 3,1 65 -70 70-75
Semi-compliant PA12 (rigid) 1,08 - 1,35 348-434 45 - 55
Pebax® 65D 0,409 -0,419 16,6 - 17,4 50,6 - 55,4
Pebax® 55D 0,145 -0,349 11,1-16,5 37,5-548
0,537 8,27-13,8 10,3-21,4
0,148 - 0,152 146-154 473 -53
0,336 - 0,353 30,4 -33,6 39-46
0,0326 - 0,0334 36,9-429 36,9-429
0,006 - 0,007 13-14 13-14




Todeterminethe possibilitiesin balloondesignitis useful
toresearch the current market. To explore this marketthe
different applications for the use of balloon catheters are
reviewed. The different areas of intervention and some
balloon properties are researched and summarized in

Figure 2.6 and Table 2.3 below.

Note that this is an overview of the found information,
and the entire balloon catheter market is certainly not
covered by this table. Only relevant and interesting
aspects with an eye on this research were presented.

Properties

Big range of sizes due to
different purposes

angioplasty, but
lower pressures

Thin-walled

Pressure: 2 - 20 atm

Force required for

Dilatation
Intervention type Kyphoplasty Occlusion Stent delivery | (Cryo)ablation| Atherectomy
Angioplasty Valvuloplasty Sinuplasty
High pressure Pressure: 8 - 12 atm Non-compliant Compliant Compliant or semi- Compliant Purpase: extremely
Non-compliant Almost same as Sizes £ 3-7 mm Pressure: 8-9 atm Elastomeric compliant occluded lesions
Liquid refrigerant

where angioplasty is

Mostly 10G for .
Y Different sizes ) into balloon
access opening stent not safe
Sizes between 10- Balloon is for
occlusion

20 mm

Notable balloons

RELIEVA Spinplus

SYNFLATE system

Arctic Front

AngioSculpt (Philips)

Tyshak Mini
Artimes (BrosMed) yshai Mini Sinuplasty System Occlusafe (Terumo) R
(NuMed) (Johnson & Johnson) (Medtronic)
(Acclarent)
KYPHON IBT
Wedge (BrosMed) TrueFlow (BD) K Chocolate XD (Teleflex)
(Medtronic)

NC Emerge (Boston

Advance Micro 12
(Cook Medical)

Scientific)
NSE Alpha (Braun)
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2.4 Interviews with experts

As stated Dbefore the clinical perspective is a very
important factor in this project. Carrying out interviews
with clinicians helps to define the clinical need and
outlines a window of opportunities. Besides interviews
clinical observations would be very useful to gain insight
in the procedure, however due to the fact that FAV is not
performed often and the current COVID-19 measures,
this was not possible. The most important topics and
findings of the performed interviews are summarized
in this section. See Appendix A for a more elaborate
summary of the interviews.

Topics: Currently used instruments for FAV

At the LUMC currently PTA balloon catheters (TREK Coronary Dilatation Catheter, Abott) are used for the
performance of the FAV procedure. In most cases a 19G cannula is used. The guidewire that is used is a 0.014"
balanced middle weight guidewire with a floppy tip, and is mainly required for atraumatic steering through the
aortic valve. This could also be achieved with a smaller guidewire. A main improvement that could be achieved
regarding the guidewire would be an increased visibility on ultrasound. Other than that, not much needs to be
changed regarding the guidewire. The wish for dedicated instruments is confirmed, yet there are some key
design considerations that need to be kept in mind that are required for the balloon catheter or a substitute
device to work properly. Some of these considerations are that uniform pressure needs to be exerted, the
diameter needs to be precisely controllable and feedback regarding the position needs to be provided. An
important insight is that Dr. Blom expects that for the opening of the valve only 2 to 4 atmospheres pressure
Is required, whereas angioplasty procedures require around 14 atmospheres. A limitation that is currently
experienced is that the limit of an operable valve diameter is around 3 mm, due to the available instruments.
Yet lesions of larger diameters also occur and would also be useful to operate. Increasing the range of operable
lesions would allow for more succesfull interventions. Other considerations can be found in Appendix A and are
included into the list of requirements and wishes.

Topics: Different applications of balloon catheters and balloon properties

For neurological interventions, balloon catheters are mainly used for stent placement and coiling. Stent
placement requires non-compliant or semi-compliant balloons. In neurological interventions a long distance
needs to be covered to reach the lesion site. Therefore the catheter needs to be flexible enough to follow the
path of the guidewire, yet also requires enough pushability. Balloons used for stent placement should provide
enough force to open a stent, but this needs to be very controlled since otherwise there is a risk of rupturing
the vessel. Compliant balloons are mainly used to support the coiling procedure. During this procedure an
aneurysm is filled with coiling to prevent it from rupturing. This coiling should not enter the bloodstream,
so a compliant balloon is used to close off the aneurysm. Balloon diameters between 2 to 4 mm are used in
neurological interventions. It is important to keep in mind that the crossing profile of a balloon increases after
inflation and deflation. Different materials result in different levels of re-folding.


Eline


Dr. A.J. Moon-Grady, pediatric cardiologist and director of USCF Fetal
Cardiovascular Program (USCF Benioff Children’s Hospital)

and

Dr. L.E. Wilkins-Haug, gynaecologist and clinical lead at the Maternal Fetal
Care Center (Boston Children’s Hospital)

and

Dr. M.C. Haak, gynaecologist and fetal therapist (LUMC)

Topics: Currently used instruments for FAV and resulting complications and limitations

The visibility is a big concern during the FAV procedure. Mostly in the interventions at an early gestation the
visibility is difficult. This is due to the small LV and surrounding capillary muscle. It would be useful if there is any
way to differentiate the wire or cannula from the surrounding. Often there is a seperate operator responsible for
the ultrasound imaging. The poor visibility is mostly a problem since this means there is less feedback regarding
the position of the guidewire and catheter. A pressure sensor at the tip of the guidewire could help determining
this position, and this is something a research group in Michigan is working on. It is agreed upon that changing
the instruments is a more useful improvement than changing imaging technigue, since it would be a more
generalizable change. Not all institutes have acces to advanced imaging techniques. Sometimes the balloon
is inflated up to its burst pressure when the intended diameter is not reached otherwise. If this happens, the
balloon catheter is not retracted through the needle, but needle and balloon catheter are retracted seperately.
Not all institutes use this as a common approach. The reduction of size of the instruments is seen as a big
improvement. It is discussed that in a research based on the IFCIR (International Fetal Cardiac Intervention
Registry) database, of which Dr. Moon-Grady is founding member of the steering committee, the difference
between 18G and 19G needles is determined. In this research it is established that using a 19G needle already
reduces complications. Using a 20G needle will therefore reduce the complications even more, and therefore
be a big step forward.

The conclusion that can be drawn based on the
interviews would be that the need for dedicated
instruments is confirmed. Improvement of visibility
during the procedure is a big wish, yet the main focus
point for redesign should be the reduction of size of the
instruments. Based on previous research and experience
thisisassumedtocause a big reduction incomplications.
Unfortunately in other areas where catheters are used,
no balloon catheters which are both non-compliant and
this smallin size are available yet. There are some design
possibilities such as a reduced amount of pressure which
is probably required. Requirements and wishes that were
obtained based on these interviews are included in the
list of requirements and wishes, discussed in the next
chapter.
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Product context

Based on all information that is acquired in the previous chapters, choices are made and design boundaries are

set. This leads to a design focus allowing for more in depth research on this topic. From all information of the

previous chapters key requirements and wishes are extracted and summarized into a list. The final product will
have to fulfill all these requirements and preferrably the wishes are taken into account as well.

3.1 Design focus

As it became clear during the literature research, over
the past 20 years merely the same instruments have
been used. These instruments are not designed for
the purpose of performing FAV but for performing
angioplasty inadults. FAV is a procedure with a quite high
complication rate of which a notable amount could be
prevented by using the right instruments. Therefore the
clinical need arose for the development of a dedicated
device. The current equipment consists of three
components; cannula, guidewire and balloon catheter.

As illustrated in Figure 3.1, the design focus should be

at redesigning the balloon catheter as this will reduce
the size of the required instruments. A challenging yet
realistic goal is to aim for the use of a 20G needle instead
ofan18G needle. Table 3.1shows the related dimensions.

Gauge size  Outer diameter (mm) Inner diameter (mm)
18 1,27 0,84
20 0,91 0,60
Difference 0,36 0,24
Cannula

«needs to be large for the balloon
- smaller cannula = less complications

-

|

Clinical need
for new device

Guidewire \/

(

Balloon catheter
smaller balloon = smaller cannula



3.2 Requirements and wishes

The information of previous chapters is summarized into
a list of requirements and wishes. This list will be used
as a guideline when working out and evaluating the new
concepts.

The list is divided into three categories:

- FAV context: in which context is the device used and
which general requirements are defined by the FAV
procedure

- Intended use: how and by whom is the device used

- Structural: structural demands for the device

O The general process of the procedure should not
change:
® The aortic valve of a fetus is dilated by the device
e [he fetal heartis accessed percutaneously
e [he fetal aortic valve is accessed through the left
ventricle
O The device should not introduce new complications or
enlarge the occurrence of current complications
O The device should not occlude the aortic valve longer
than 15 seconds
e After 15 seconds at least 50% of flow through the
valve should be restored.
O An ‘average’ fetal aortic valve on £ 26 weeks of
gestation should be able to be dilated
e Dilationissuccesfulwhenvalve diameteris expanded
by 120%
® The diameter of a valve at this gestation is between
2,7 and 3, Tmm
® \Wish: dilatation of a valve with a diameter of 4mm is
also possible
O The device is used under ultrasound guidance:
e The ultrasound (US) guidance provides enough
visual feedback to determine location of the cannula
®\Wish: the guidewire tip is clearly visible on US
O The device can be used in dim lighting in an OR

O One (fetal) surgeon controls needle placement
O One (cardiac) surgeon controls catheter handling
O Feedback on the position of the balloon and guidewire
Is integrated
e [t should be clear when the guidewire extends the
cannula by 1,5cm
® [t should be clear when the entire length of the
balloon catheter has left the cannula

General
O Wish: As many existing materials as possible should
be used

Balloon
O The balloon should not exceed the measurements of a
20G needle in deflated state
O The balloon should be able to expand into 1,2 times of
the operable aortic valve
O The balloon should be able to provide enough force to
open the valve
® [he material should be rated as non-compliant or
semi-compliant
O The length of the cylindrical body of the balloon should
be between 10 and 15 mm
O Inthe case of a catheter configuration
e he length from distal to proximal is 40-60 cm
O The diameter and shape of the balloon needs to be
known at a certain pressure
O The balloon needs to be able to be retracted through
the cannula after inflation and deflation
O The balloon needs to behave consistently after
multiple inflations and deflations

Needle

O The needle should not exclude the dimensions of a
20G needle

O The needle is obturated during puncture and
placement

O The needle has a sharp tip for puncturing

O The length of the needle is between 12-20 cm

O The needle with obturator is able to puncture the
maternal abdomen

Guidewire

O The diameter of the guidewire should not exceed

0,014

O The guidewire has a floppy tip

O The guidewire is able to cross the valve with £ 1,5 cm
® The distance between balloon and guidewire tip is
minimally 1,5cm

O The guidewire is able to cross the stenactic valve lesion
eThereisalways an opening of T mm in the valve
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Concept design

Ideation and concept selection
Conceptembodiment

* Markers for visibility
* Fixed guidewire

* Balloon shape

* Folding and pleating
* Material selection

* Catheter assembly
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Concept design

This section describes the diverging part of the second diamond. The develop phase consists of generating

many ideas first, which are evaluated on their feasibility and improvements. Hereafter the most promising ideas

are worked out further, resulting in three concepts. These concept are again evaluated and one final concept
is developed into detail. This concept will then continue to the next phase; prototyping and testing.

4.1 Ideation and concept selection

Tostartthediverging phase, a brainstorm was conducted.
In this brainstorm as many ideas as possible were
thought of and written down, without directly thinking of
the limitations and feasibility of each idea. The generated
ideas can be found in Appendix B. After the brainstorm
a c-box was generated to decide which ideas should be
worked out further. On the horizontal axis of the c-box
is the feasibility. This takes into account whether the
idea would work, keeping in mind the procedural and
production aspect. With regard to the procedure some
ideas are just simply not possible or desirable (e.g.
crossing the valve with the needle is not desired). With
regard to production it is important to keep in mind that
is has to be structurally possible to develop the concept,
keeping in mind that production is in a millimeter scale.

Onthevertical axis of the c-box procedural improvements
are measured. This refers to how much this new idea will

improve the way the FAV procedure is performed. This
includes the reduction of complications but also the ease
of use. If the idea is feasible but does not bring enough
procedural improvements it is still not really useful.

The upper right quadrant shows the most promising
ideas sincethey are both feasible and will bring significant
procedural improvements. At this stage the ideas are no
more than just a basic principle. The three best ideas
are then worked out into a real concept that can be
rated on some key properties. These three ideas are the
compression, double balloon and balloon optimization.
Thethree concepts are summarized into Figures 4.2, 4.3
and 4.4, a more elaborate research on the concepts can
be found in Appendix C.

Many procedural improvements

Balloon in needle

Double balloon
Balloon optimization
Compression

Carpal tunnel

Flexible outer

needle Balloon

folding

Not feasible

Balloon over needle

Biopsy needle

Barbing system

Balloon material
research

Donut balloon
Needle material

Diamond shape research

Feasible

Flexible inner
needle

No procedural improvements



Concept 1

Concept 2

Concept 3

~

=P Lessdistance
oy tolesion

Less force

required
( Guidewire

fixed

The 'compression’ and ‘double balloon” ideas led to
Concept 1 and Concept 2 respectively. Both concepts
are quite complex regarding handling and production,
though simplicity is preferred in such small devices.
The basic design of the balloon that is currently used
is simple and effective. However, it is developed for
the main purpose of performing a different procedure
and therefore has some main disadvantages, the most
important being that it is too large. Therefore Concept
3 focuses on optimizing a balloon catheter for the main
purpose of performing FAV.

To determine which concept is a feasible solution and
the biggest improvement compared to the current
instruments 5 key properties are important. The final
concept ofcourse has to fulfill all requirements, however
it is hard to evaluate concepts on these requirements at
this stage. Hence these 5 key properties are now used
which are based on the requirements and will therefore
indicate the feasibility of the design:

. “Thedimensionsofthefinal product
will be very small, which complicates the manufacturing
process. A complex product with mechanical systems
and multiple parts icreases the complexity of this already
challenging manufacturing process. Therefore simplicity
of the product is preferred.

. - The goal of the new concept is
that as little procedural changes as possible should be
introduced. This means that the aortic valve is still dilated
by expansion of some sort. If as many instruments and
actions stay the same the new product is more likely to be
adapted by the users.

. - The main goal of the project
is to develop a product which reduces complications of
the FAV procedure and one of the ways to do this is by
minimizing the crossing profile.

. - There is only limited space in the LV, so
as little actions as possible should be performed in utero.
Besides that there is also limited visibility asking for an
intuitive and easy control of the device.

- The shape and dimensions of
the dilating part of the device is necessary to guarantee
the safety of the product. It is important to know outside
of the body what is happening inside, also when there is
bad or no visibility of the device. This means for example
that the diameter of the balloon has to be directly related
toacertain measured pressure. Besides that, the product
must work in the same predictable way every time and in
all conditions.

These properties are evaluated and scored for the three
concepts. For each property each conceptis rated -2, -1,
+1or+2whichissummarizedinthe socalled Harris Profile
(see Figure 4.5). This gives a visual indication on which
concept isthe most promising and determines which will
be worked out further. The rating is done based on the
performed research on the three different concepts.
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Concept 3

+2 -2 -1 +1

Concept 2

-2 -1 +1 +2

Concept 1
2 a1 a2
Reduced complications
Manufacturability
Procedural changes
Fase of use
Predictable behavior

Based on the Harris Profile it becomes clear that the
third concept, the optimization of the balloon, is the
most viable concept. Both concept 1 and 2 have the
ability to reduce complications, however to achieve this
the product would have to become very complex. This
has a negative influence on the manufacturability since
the production and assembly of mechanical structures
and parts at this scale is very complicated. Concept 1
introduces procedural changes since the cannula now
has a flexible tip which takes over the function of the
balloon. This also has an influence on the ease of use
of the product since compression of the material will
require a pulling action at the proximal end while at the
same time keeping everything in position. When the
product is placed in the right position the material will
behave predictable since it can be directly reasoned
how the pulling distance results in dilatation. This will
always be the same due to material properties. Concept
2 also introduces procedural changes due to the use of
two balloons instead of one, which also complicates the
actions to be performed since they have to be positioned
very precisely in a very tight spot. The use of two balloons
also introduces a risk of unpredictable behavior since
they could slide away from each other, or be positioned
incorrectly in the first place. Concept 3 shows the most
promising properties since the basic principle of the
balloon staysthe same. Therefore the procedure does not
have to change at all, but due to changes in the structure
of the balloon it might become harder to maneuver it
through the valve. Besides that the visibility and control
of the balloon is currently experienced as a challenge
and this will probably not change very much. Optimizing
the balloon for the purpose of FAV is a concept which has
high simplicity, and strips down the balloon leave only
what is strictly needed for this procedure.

Out of many generated ideas a final ¢
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4.2 Concept embodiment

Based on research and conversations with medical
experts as well as medical device manufacturers, the
optimization of a balloon catheter for a FAV will lead
to a significant decrease in complications due to the
decreased size of equipment. Figure 4.6 shows some
key differences in development reguirements between a
percutaneous transluminal coronary angioplasty (PTCA)
balloon, which is currently used, and the ideal balloon
for FAV. This shows that there are several aspects in the
design of a new balloon catheter for the FAV procedure
that could lead to a smaller crossing profile. Removing
unnecessary parts and making different choices
regarding structural and material properties contribute
to this. The crossing profile of the balloon is a key aspect
for the design, since this defines the cannula size that
is required. The FDA defines the crossing profile (CP)
of a balloon catheter as “the maximum diameter found
between the proximal end of the balloon and the distal
tip of the catheter’ (Food and Drug Administration [FDA],
2010). The goal of the balloon catheter redesign is to
minimize the crossing profile as much as possible, and
the components in Figure 4.6 all contribute to this goal.
The following subsections will elaborate on the changes
of the design and their influence on the crossing profile.

PTCA balloon

e provide force for dilatation of calcified area
approx. 1010 14 atm

e flexibility for difficultlesions

e visibility on x-ray

e pushability (catheter used on long distance)

Wall thickness & material
optimised for PTCA required forces

Balloon seal at
distal end

Radiopaque markers

Guidewire lumen

(>0.36mm)

Sharp conus
(20°)
Soft tip

FAYV balloon

* provide force for dilatation of fetal aortic valve
approx. 2 to 4 atm

* visibility on ultrasound

* ultralow crossing profile (CP)

* short distance, straight path

Wall thickness & material
(probably) have to provide less force
in FAV

Remove radiopaque markers
> decreases CP

Remove guidewire lumen
> decreases CP

Make conus longer
>more efficient folding
> easier retraction

Attach fixed guidewire
> no lumen required

Seal balloon catheter

more distal
(beyond cannula length)
> decrease CP
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In most of the current balloon catheters one or two
marker bands are placed on either the center or both
ends of the balloon respectively. These markers are
radiopagque and often made outof platinum-iridium, gold,
or tantalum (Boyden, 2020). The markers provide visible
feedback regarding the position of the balloon catheter
under X-ray imaging. The basic principle of X-ray is that
different tissues or materials absorb different amounts of
electromagnetic radiation. Therefore the metal markers
are clearly visible under x-ray guidance. However, the
FAV procedure is performed under ultrasound, which
decreases the functionality of these markers. Ultrasound
works with the reflection of high frequency sound waves.
Due to the small size and smooth surface the reflections
are not clearly visible. If the markers do reflect the
ultrasound waves there is also a risk of them causing too
much reflection or scattering and with that ruining the
imaging field. Besides the functionality of the markers
the location is not optimal for FAV either. It would be
more useful if there were markers at the tip of the balloon
as well as at the tip of the guidewire. This provides more
useful information regarding the positioning of the
balloon (personal communication with experts).

Therefore the current marker bands can be removed
from the inner lumen of the balloon and replaced for
markers at the tip of the balloon and guidewire, made out
of an echogenic material. Instead of using metal marker
bands, other technologies such as coatings or sensors
could also provide a useful alternative (Sahagian, 1999).

To find out what the possibilities are two manufacturers
of ultrasound enhancing techniques were contacted.
The first of which was B.Braun regarding the Onvision®
technology. Figure 4.7 illustratesthe keyworking principle
oftheirtechnology. Itallows for visibility of a selected point
by means of a colored dot or circle. In this case, the tip of
the needle is the selected point, which contains a sensor
that allows for the positioning feedback. Currently this
technology is not yet applicable for the FAV procedure
since the needle that is integrated into this system only
allows for the passage of fluids. Instruments such as the
balloon catheter and guidewire can not pass through
this needle. As for the development of this technology,
allowing for passage of other instruments could be
something that is featured later on, as well as applying
this technology to balloon catheters or guidewire tips.

The second possibility that was explored was the
Sono-Coat ™ technology developed by Encapson. This
technology uses a coating that enhances ultrasound
visibility. The coating uses microspheres, which enhance
the reflections of ultrasound and therefore enhance
visibility of the part that is coated (see Figure 4.8). This
coating can be applied to many different materials
amongst which are Nylon, Pebax, PVC but also steel,
nitinol and titanium. Application is done by dipcoating,
meaning that the product is dipped into the coating.
Therefore it is possible to coat the two ends of a balloon,
however the estimation is that at least a length of 5 mm
would need to be coated. Further research would have to
be done to figure out what would be preferred regarding

these dimensions. Itis believed that the coating does not
have a significant influence on the mechanical behavior
of balloon catheters, and would add approximately 0.03
to 0.04 mm of material to the surface. Since the product
needs to be dipcoated application to a guidewire would
be challenging. Thisisduetothe coil of which a guidewire
often consists, and If the coating would come between
the coll, itloses its flexible property. Therefore application
of the coating to a guidewire would only be possible it this
consists of a soft tip.

Removing the markers inside the balloon will allow for a
more tight folding since there will no longer be the risk of
damaging or puncturing the balloonwall material with the
metal bands. Besides that, the extra thickness caused by
the markers is also removed. A suitable replacement for
the current marker bands would be the application of a
coating such as Sono-Coat ™to both ends of the balloon.

Tip Sensor

Outside of Plane
Neddle-tip Tracking
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Processing
Alorithms

@
|
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trigger
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Most balloon catheters contain a lumen for a guidewire.
The lumen has, depending on the configuration, an
opening at the distal end of the catheter (‘over the wire")
or ataround halfway the catheter shaft (“rapid exchange”).
This lumen enables insertion of a guidewire through
the catheter. The guidewire is often used to make sure
the catheter follows a controlled path to the lesion site
and helps crossing small lesions. Due to the guidewire
lumen In each catheter exchanging a catheter can be
done easily while keeping the guidewire in place. For
the FAV procedure this feature is not needed. The main
function of the guidewire in this procedure is to allow for
atraumatic crossing of the valve without damaging any
tissue. This is possible due to the floppy tip it contains.
It also helps to steer the guidewire into position, since it
can be moved and twisted at the proximal end. However,
the guidewire only needs to be steered over a very small
distance since the needle is positioned right in front
of the aortic valve (see figure 4.9). Next to the short
distance, the blood stream also makes positioning within
the aortic valve easier. The direction of the blood flow
goes from the mitral valve to the aortic valve, and this flow
also guides the guidewire and balloon in the direction of
the aortic valve instead of the mitral valve. This allows for
a fixed guidewire at the tip of the balloon. The distance is
set and defined by clinical testing. Due to the fixation of
the guidewire, a lumen is no longer required. This adds
simplicity to the balloon design and reduces the crossing
profile. The influence of removing the guidewire lumen
on the crossing profile is explained in section 4.2.4.

There are two possible configurations regarding the
fixation of the guidewire, both shown in Figure 4.10. As
is illustrated the first option is to let the guidewire start
at the distal leg of the balloon, where it is sealed off at
the end. In this configuration, both a 0.014" (0.36 mm)
and 0.011" (0.25 mm) guidewire is possible. It would be
dependent on clinical preference which would be used.
In the second configuration the guidewire goes through
the balloon, and ends at the distal catheter shaft. In
this configuration it is assumed that only the 0.011"
guidewire would be suitable since the 0.014" has a too
large diameter. A suitable 0.011" guidewire would be the
Terumo® Radifocus® guidewire. Based on clinical testing
itis determined which configuration is preferential.

Configuration 2:
0,011” guidewire fixed through all

Configuration 1:
0,014"or 0,011” guidewire at tip

An important property to monitor during clinical testing
is the ability to push and control in configuration 1, since
the stiffness of the guidewire is gone. This introduces
a risk of kinking, which is not desirable. Section 6.1 will
discuss the clinical test and the corresponding results
and choices.

Mitral valve

Aortic valve

+1cem

Left Ventricle
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4.2.3 Balloon shape

Many different shapes and sizes are available for non-
compliant and semi-compliant balloons. Since these
shapes are very controllable many variations exist (Saab,
2000). For the FAV procedure a standard balloon is
sufficient. Figure 4.11 shows the shape of a standard
balloon. It contains a cylindrical body, two conical tapers
(cones) and a proximal and distal neck.

Proximal Body Distal

Proximal cone cone Distal

neck neck

T N

Balloon length (L)

4 mm 15 mm 4 mm

Figure 4.11: Standard balloon shape. Measurements of currently used balloon
indicated in blue

For the FAV procedure, the total length L of the balloon
is preferred to be as small as possible. This is due to the
limited space within the fetal LV. However, the cylindrical
body needs to be long enough to enable positioning in
the valve with some tolerance. Due to the poor visibility
of the balloon it can be difficult to know the exact position
of the balloon and if the cylindrical part is very short, the
positioning would require too much precision. Only the
cylindrical body of the balloon will reach the required
diameter soifitis not positioned correctly, the procedure
will not be technically successful. The right balance
needs to be found between these considerations.

In Figure 4.11 dimensions of the current balloon are
indicated in blue. The length of the new balloon design
should not exceed the current length of 23mm. It is
expected that the cylindrical body should not be shorter
than 10 mm, yet this dimension is also tested and defined
inthe clinical testin section 6.1.

seal

As can be seen, the cones are quite short in the current
model. This has two disadvantageous consequences,
the first of which has to do with the folding and will be
elaborated in the next section (424) The second
consequence is regarding the retraction of the balloon.
A longer conus means that there is a more gradual
transition towards the cylindrical part and therefore
easier retraction Is expected. All above mentioned
considerations result in two proposed new balloon
shapes which will both be tested on performance and
functionality (Figure 4.12)

3mm

Guidewire tip

— it

Balloon 1

“wl a: il f

- 0.55 mm
\\\ l

15 mm 7 mm 7 mm 7 mm
3mm
seal |
. S 0.55 mm

Guidewire tip / \ |
i/ g Balloon 2 il

15 mm 5mm 10 mm 7 mm

Figure 4.12: Proposed shapes for new balloon design. The upper balloon is a symmetrical balloon with a total length of 21 mm. The lower balloon is an asymmetrical balloon with

a total length of 22 mm. Guidewire is fixated at distal end of the balloon



4.2.4 Folding and pleating

The folding and pleating process of balloon catheters is
an important determinant for the final crossing diameter.
Efficient folding and pleating leads to the smallest
crossing profile as possible. The folding and pleating
process is depicted in Figure 4.13.

As the figure illustrates, the process starts with the
so called folding. The most common are 3- or 5-fold
balloons. Depending on balloon diameter and wall
thickness it is decided which amount of folds is the
most efficient. The crossing profile is at its lowest when
the folds overlap each other minimally after pleating.
However, the folds need to be long enough in order to
be pleated correctly and stay pleated. The inner lumen
also plays an important role in the amount of folding that
can be done. As Figure 4.13 illustrates, if the lumen inside
the balloon is smaller, the folds can be longer, eventually
resulting in a smaller crossing profile. Currently a 0,014"
guidewire is used which corresponds to a diameter of
0,36 mm. When keeping in mind that the goal is to make
a balloon catheter with a crossing profile no larger than
0,6 mm in order for it to fit through a 20G needle, the
diameter of the guidewire is guite large. To eliminate the
lumen for the guidewire already decreases the crossing
profile, but when the guidewire is also thinner or there
is no guidewire inside the balloon at all (as discussed in
section 4.2.2), this is effect is enhanced even more.

The elongation of the cones as discussed in section
4.2.3 enables more tight folding and pleating as well.
As Figures 4.14 and 4.15 show, the cones are critical
points when it comes to folding. If the cone angle is
sharp, material adds up during folding, kinking occurs
and the stresses become high (Geith et al, 2019). If the
cone angle is more indistinct and the diameter increases
gradually, this phenomenon occurs less. However, the
cones will always be the least efficient folding area of the
balloon. The crossing profile will be the largest at the
conical areas, which are therefore also sometimes called
the 'shoulders' of the balloon.

A quick search showed that most of the balloon catheters
with a diameter of 3 mm are 3-fold (see Appendix D foran
overview of the found data). This is however still with the
configuration where a guidewire lumen is present. If this
is removed a b-fold configuration also has a potential of
working. It is expected that a 5-fold configuration would
resultin an even lower crossing profile.

Inflated balloon

Folding

foldingjaw _\

guidewire lumen

Pleating

with guidewire lumen without guidewire lumen

Figure 4.13: Cross-sectional view of balloon folding and pleating process. Balloon is
indicated in blue, 18G cannula in black and 20G cannula in grey.

Detail distal taper

Kink point

Figure 4.14: Detail of distal taper in simulated
balloon folding process. Source: Geith et al., 2019

view direction

proximal end

sectional plane

distal end

Figure 4.15: Side view of simulated balloon while being semi-folded. Source: Wiesent et al., 2019
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The balloon material has an important influence on
its performance, as discussed in section 2.3.1. Some
considerations regarding the FAV procedure also
influence the balloon mechanics. Firstofall, itisassumed
that the dilation of the fetal aortic valve requires less
force than dilation of calcified vessels (see Appendix A).
Thiswould mean that the balloon wall thickness could be
thinner or made of a more compliant material. Making
the wall thickness as thin as possible would be beneficial
for minimizing the crossing profile. Next to that, it would
be ideal if one balloon has a wide range of diameters at
which the required dilation force is achieved. To achieve
this, a material would preferably have a moderate to high
Young's modulus since it needs to be compliant enough
tohave a significantforce and controllable shape. Besides
that, the tensile strength is preferably a little bit higher
than the yield strength. This allows for a slight change in
diameter yet still providing enough force.

Due to the procedural approach where the balloon is
retracted through the cannula, the balloon must have
the ability to form back into its original shape. This makes
retraction after deflation easier and introduces less risk
of balloon rupture at retraction.

Based on these requirements and wishes, the available
information on different materials and the knowledge of
experts Nylon (PA12) and Pebax® with a high durometer
(70D/72D)would seemto bethe most promising materials
for the FAV balloon. Both materials are categorized as
being semi-compliant. The non-compliant material PET
would belesssuitable. Thismaterialhasahigher stiffness,
and is therefore more difficult to refold which makes it
harder to retract the balloon (Saab, 2000). Materials that
are softer and more compliant would require higher wall
thickness and allow less control over the shape of the
balloon.

TREK Coronary Dilatation Catheter
(currently used)

Total working length: 1450 mm

Finally, some optimizations do not have to do with the
balloonitself, yetrefertotheentireassembly ofthe balloon
catheter instead. The first of which is the seal where the
balloon is shrunk onto the catheter tube. Currently, this
Is done directly at the end of the proximal cone after a
short proximal neck. This transition of balloon material
onto the catheter shaft brings a slight thickening with it.
By enlarging the proximal neck up to 20 cm, the length
of the cannula, this thickening will not have to cross the
cannula and is therefore less of a limitation. Figure 4.16
illustrates this.

The entire length of the catheter can also be reduced
to 40 cm. This makes catheter handling easier for the
attending cardiologist. The proximal catheter shaft
can be constructed in the same way as current balloon
catheters but without the guidewire lumen. Most
proximal catheter shafts are made out of thin, flexible
metal.

A second improvement regards the marking at the
proximal end of the catheter. This marking serves as a
positioning feedback mechanism outside the body. It
allows the surgeons to know when the balloon is entirely
emerged out of the cannula. However, this marking
system is currently not integrated into the balloon
catheter design, so it is added to the instruments
manually. Pre-operatively the catheter is advanced
through the cannula, and when the balloon is fully
emerged out of the cannula, a tape that serves as marker
is added to the proximal end (Marshall et al., 2005; Pedra
et al, 2014; Galindo et al,, 2017). It would be optimal if
this marking system is already included in the catheter
design. For this marker system it needs to be kept in
mind that the procedure is performed in dim lighting, so
the marker has to be visible in a dim environment as well.
To integrate this marking system in the catheter design,
laser marking can be used. This is an approved method
for medical devices and is used for reusable instruments
but also long-term internal medical products such as
pacemakers and implants. Laser marking can be applied
to all sorts of materials, among which metals and plastics
(MECCO®, 2015; Trotec® , n.d.). This laser marking
method would allow for an integrated marking system
as isillustrated in Figure 4.16. Since the proximal shaft is
often made out of metal, a black laser marking is likely to
provide enough contrast.

Proximal
seal

FAV balloon catheter

Total working length: 500 mm
(new design)

250 mm

Proximal
seal

Balloon extrudes
cannula completely

Balloon tip at
tip of cannula



Conclusion

Takingthe FAV procedureasastarting pointforthe design
instead of a coronary angioplasty allows for some key
changesinthe balloon catheter design. Differentaspects
in the design are believed to cause an improvement in
functionality and decrease the crossing profile. Since
the procedure is performed under ultrasound instead of
x-ray, the radiopaque markers can be removed. Removing
the radiopague markers allows for more tight folding and
eliminates scattering from the ultrasound image. These
markers could be replaced with an echogenic coating
applied to both ends of the balloon. The guidewire is
only needed for atraumatic crossing of the valve, vet
steering is required to a minimal extent. Therefore, the
removable guidewire is not needed and it can be fixated.
This allows for the removal of the guidewire lumen and
guidewire through the balloon, again allowing for a more
tight folding. By enlarging the cones, smooth retraction
should be enhanced and the shoulders are reduced.
The required forces and pressures are expected to be
different for the FAV procedure compared to the PTCA
procedure. Therefore, a different materialwith a lower wall
thickness can be used. Lastly, by changing the position of
seals to a more proximal part and integrating a marking
system, the entire product will be more fit to perform a
FAV procedure due to a reduced crossing profile and
better-suited properties.
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Production and prototyping

To validate the design, a prototype is produced. Development of the prototype of the FAV balloon catheter was
done at Medical Production Technologies (MPT) in Leek, Groningen. They provided knowledge and equipment
that made it possible to make a true scale prototype. This chapter elaborates on the production process of
balloon catheters in general step by step. Parallel to that, the prototyping process is illustrated and differences
and outcomes are discussed. During the process many different parameters determinant for the successful
production of a balloon. Based on literature (Jackowski et al, 1991; Fu et al., 2017; Menary & Armstrong, 2006)
and previous experience of the people at MPT, starting parameters were set. After that, based on the outcome,
these parameters were tweaked. All parameters were documented and can be found in Appendix E.

5.1 Material selection

Based on the considerations as discussed in the material
selection section (4.2.5), it was chosen to search for a
high durometer Pebax® , or Nylon (PA12) extruded tube.
Considering availability and dimensions, 12 possible
tubes were selected. See Appendix F for an overview of
the considered materials and their properties. On the
website of the tubing supplier information regarding wall
thickness, innerdiameter and outer diameter is provided.
Based on this information, calculations were done to
estimate the resulting wall thickness for the balloon.
These calculations can also be found in Appendix F. The
four materials with the best outcomes were ordered, see
Table 5.1. The materials will be referred to the names as
described in column 1from now on.

A simple stretch test was performed with the four
materials. This was done to see the necking behavior
of the different materials. Next to that, it was evaluated
whether the materials were able to achieve the required
diameter to fit into the mold (0.55 mm at the legs). Al
materials except for Nylon_1 could reach the required
diameter. Both Pebax_1and Pebax_2 were not suitable for
cold stretching due to their improper necking behavior.
Instead of necking, the entire tubing would stretch
without a sharp transition to an unstretched area. This is
required for the production process, as will be discussed
inthe following paragraphs. This led to the use of Nylon_2
for the production of the prototype.

Inner Outer Wall thickness Expected wall
Material Diameter Diameter (tube) thickness (balloon) Item number
Pebax_1 Pebax 72D 0,46 0,86 0,20 0,02 115-1366
Pebax_2 Pebax 72D 0,56 081 0,13 0,01 115-0821
Nylon_1 Nylon 12 0,74 0,99 0,13 0,02 115-2588
Nylon_2 Nylon 12 042 0,85 0,22 0,02 115-0526



The production of balloon catheters starts with extruded
tubes of the chosen material. It depends on the
manufacturer if this tube extrusion is done in house or
externally. Ifitisdone externally, itisimportantto be aware
of the properties of the provided tubing, as discussed
in section 2.3.1. The first step of balloon production is
the generation of the so-called parison, which is done
by stretching the material. The parison is generated
by stretching the tube material so that necking occurs.
Doing this mechanically and automated will allow for
precise and repeatable outcomes. Therefore, the tubing
is clamped and pulled on both sides through a die at a
set temperature and speed until the parison has the
desired length. During this process a part of the tube
should not be pulled, this part is called the parison.
The tubing becomes reinforced at the pulled area's due
to realignment of the molecular chains that increases
the crystallinity (Shrivastava, 2018). Due to this step,
the parison is lower in crystallinity than the 'legs, and
therefore the parison will eventually be the area which
will expand during blow molding. Since the parison is the
only part that will form the balloon, the length should be
carefully determined. When it is too long there is a risk of
material build up atthe conesand a thicker wall thickness,
butwhenitis too small there is a risk of rupture.

During the prototyping process, this first step was done
manually due to the absence of the right equipment
for this small tubing diameter. Therefore, the tube was
clamped by a plier between two flexible silicone pads as
shown in Figure 5.2. The silicone pads were added so
the material would not be compressed. Both ends were
then pulled with another plier to stretch the tube. By
clamping the middle of the tube it was ensured that the
parison would be formed in the middle. However, while
clamping between the silicon pads, the precise length of
the parison could not be seen and measured. Therefore
the last part was free stretched above a caliper showing
the correct length as shown in Figure 5.3. By trial and
error the correct length of the parison was eventually set
at4,5 mm.

First of all, the tubing that was used has been delivered
by an external party introducing the risk of certain
unknown deviations in material properties amongst the
delivered tubes. There is no guarantee on the quality
and uniformity of each tube. Information regarding the
material properties of the tubing was requested, yet not
provided by the manufacturer. Next to that, stretching
the parison manually adds another factor of inaccuracy.
The speed and force at which the material is pulled
can vary between each parison. This can result in small
differences between each parison, introducing the
possibility of each of them reacting differently to the
subsequent production steps.

Tube stretching

Granulate

Tube

Leg

Parison

—

Leg

T

Necking
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The parisonisinserted intothe balloon molding machine.
An illustrated cross section of the machine is shown in
Figure 5.4. The parison is placed within the so-called
center mold which is an insert for the heating block. The
center mold is closed off by a conical taper mold on both
sides. Figure 5.6 shows a blow molded balloon with the
center mold on the leftand the conical taper mold on the
right. Both molds are ideally made of a beryllium copper
alloy, since this has great heat conductivity (Lalli, 2006).
The design of these molds determines the shape and
diameter of the final balloon, and many variations are
possible. When the parison is in place and the legs are
clamped by the grippers, one of the legs is closed off at
the end. The other leg is connected to a compressed air
supply to enable the blow molding process. The first step
is heating up the heating block. When this is at the right
temperature, a timer is set to enable the mold and inner
material to get to temperature. The set temperature
and time are changeable parameters and depend on
material, size and wall thickness amongst others. Next,
the pressure valve is closed, meaning that the built up
pressure is now applied on the balloon material. At the

Clamp

Heating element

Aluminum
mold

START POSITION

0K oy LOCK / UNLOCK.
- RM RIGHT CONE ™ RIGHT TENSION UNTY

Heating element

Blow molding

same time, a quick short pull is applied on both legs.
Thisis done to enhance the blow molding of the parison.
The applied pressure, pull speed and distance are again
changeable parameters that influence the outcome. By
now a rough version of a balloon should be formed. A
second, much slower pull is now initiated. The pressure,
temperature and distance of this second pull can be set.
This second pull ensures the material is well distributed
providing an uniform wall thickness, and should remove
any material build up at the cones. After the balloon is
fully shaped, the balloon is heated up once again to
ensure it will keep its shape. This is called heat setting.
This is done at a set temperature for a defined amount
of time. After this the balloon can be removed from the
mold and inspected.

Pressure

Clamp




For the prototyping the BFM-500-52 balloon forming
machine of MPT was used. Instead of a center mold
and two taper molds, aluminum split-molds were used.
This was done due to the small scale of the product
and production costs and time. Two different shapes as
described in section 4.2.3 were milled into the molds as
shownin Figure 5.7. The parison was placed in the middle
of the mold and the two halves were placed onto each
other. This cylinder was then putinto the balloon forming
machine the way the center mold would be placed. The
process of determining the right pressure, temperature,
heating time and pulling speed was a process of trial
and error as discussed before. See Appendix E for
the datasheet with the different parameters. Figure

5.8 shows a well-formed balloon just after it got out of
the blow-molding machine. After the first balloon was
successfully blow molded the process optimization
started. This means that gradually the second pull and
later on the heat setting steps were added. This way, not
too many parameters were changed at once.

The optimization of this process can take a very long time
since there are so many parameters to be tweaked, and
theyallinfluence each other. Itistherefore difficultto know
which parameter to change in order to get the perfect
balloon. Since the goal of the prototypes is to deliver a
proof of principle, the shape should be formed and the
balloon needs to be sealed and watertight. This way tests
can be performed and the new crossing profile can be
measured, yet balloon mechanics and behavior could
still be suboptimal. Next to that, the use of an aluminum
split-mold instead of a beryllium-copper center mold
introduces insecurities. There is a risk that a parting line
forms due to the use of two halves, which could influence

the stress distribution in the balloon. Besides that, the
set temperature Is measures at the heating block. Due
to the thick aluminum mold it is difficult to say at which
temperature the parison is at the time of blow molding.
Aluminum generally is also a good conductor, yet not as
good as the beryllium-copper alloy.
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Depending on the final application of the balloon it will
be assembled. There are many different applications
and configurations for balloon catheters. Next to that
manufacturers do not prefer sharing detailed information
regarding the production specifics. Therefore itis difficult
to specify one general approach for the assembly of
the balloon catheter. An essential assembling step that
needs to be fulfilled in all cases however is sealing the
balloon onto a catheter and ensuring it is leak-free. One
way to do this is by welding it using heat shrink material.
At this moment also the guidewire lumen (if present) is
inserted and fixated.

For the purpose of testing different concepts with the
fixed guidewire, two configurations were made during
assembly: one where a wire was advanced through the
balloon and ends at the proximal neck, and a second
configuration where the wire was welded onto the distal
neck of the balloon and ends before the distal cone
starts. Since the small guidewire that is integrated into
the design was not available, it is now substituted for a
0,25 mm copper wire. The main goal of making the two
different configurations is to outline the steerability and
pushability of the balloon. To assemble and seal the
balloon, the wire was advanced through the balloon as

During the welding of the guidewire onto the balloon,
some heat is also applied onto the distal cone. This
caused the first balloon to deform as can be seen in
Figure 5.11. After this, the distance between cone and
seal was increased which resolved the problem. However,
it is possible that it had influence on material structural
level which is not visible by microscope. Besides that,
this caused the distal tip to be longer than designed.
This will need to be taken into account during the user
performance test.

Assembly

far as needed, and heat shrinking material was advanced
over the wire/balloon combination at the distal neck (see
Figure 5.9). This assembly was then fixated in the welding
machine as shown in Figure 5.10. The temperature of
the welding heat was set to 70°C for 20 seconds. This
caused the heat shrink material to shrink, and the nylon
material to melt onto the copper wire.
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The general steps of the folding process have been
discussed in section 4.2.4. A balloon catheter is inserted
into the folding machine while being slightly inflated.
A variable amount of blades will fold the balloon into a
star shape. If the blades are at their maximum position,
the balloon is drawn vacuum. When the balloon is still
vacuum, it is inserted into the pleating machine which
will shape the balloon into its final shape. The pleating
blades move together to the smallest possible diameter.
This is done under temperature guidance with a set
maximum force. When the pleating blades can not move

Since a 5-folding machine was not available at this
small diameter, a 3-folding machine was used. This was
a manually controlled machine. When in the machine,
the balloon was drawn vacuum by a syringe. The balloon
forming machine and folded balloon are shown in Figure
512 and 5.13.

Folding and Pleating

any further, the force is maintained for a set time to make
sure the material stays in the demanded shape.

After this, the folded balloon was inserted into the
pleating machine. Pleating was done at a temperature of
7/0°C, under a force of £ 140N. When the pleating blades
could not move any further, they were kept in place for 30
seconds (see Figure 5.14). The result is shown in figure
515, which shows a folded balloon just out of the pleating
machine.

Due to the absence of a suitable 5-fold machine, it
was not possible to test if this would also be possible.
However, based on the experience of the people at MPT,
it is assumed that this would result in an even smaller
crossing profile. Besides that, using a mechanically
driven folding machine instead of manually would also
provide more repeatable and accurate results.
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5.2 Final result

During the prototyping process a total of 10 fully
assembled prototypes were developed. Another 11
balloons were made, but those were not assembled due
to time limitations. The assembled balloons will be used
for both clinicalas mechanical tests to determine the final
design and evaluate the concept. Of these assembled
balloons, 7 balloons were folded and pleated. This allows
evaluation of the decrease of crossing profile. As the
balloons were folded, they were measured and resulting
crossing profiles are shown in table 5.2.

As the table shows, the crossing profiles are close to
0.6 mm. As the goal of the project is to make a balloon
catheter that fits through a 20G cannula, which has an
inner diameter of 0.6 mm, this is an important outcome.
These pratotypes prove that it is possible to make a
balloon that has a higher nominal diameter (from 2.5 mm
to 3 mm), combined with a smaller crossing profile (from
0.85to £ 0.6 mm). Keeping in mind that the production
process of these balloons Is far from optimized, it is
assumed that if this proces is optimized the crossing
profile would not exceed the 0.6 mm.

Table 5.2
Balloon nrs of produced prototypes with corresponding measured crossing profiles
Balloon nr. 17 33 43 44 59 60 61
Crossing profile (mm)| 0.62 0.69 061 0.59 0.61 0.62 0.66

The table also shows that one of the balloons, balloon nr.
44 has a smaller crossing profile than 0.6 mm. Therefore,
this balloon does fit through the 20G cannula as can be
seen in Figure 576. Figure 5.1/ shows one of the fully
assembled balloons as it s inflated.

Figure 5.16: Prototype balloon advanced through 20G cannula

Figure 5.17: Inflated prototype balloon with copper wire through balloon and
symmetrical shape

The final prototypes show promising outcomes for
this new FAV design. The final crossing profiles of the
assembled balloons are close to the 0.6 mm which is
the eventual goal. Keeping in mind that the current
production process was not yet optimized and many
steps were done manually, it can be assumed that if this
is optimized the crossing profile of 0.6 mm is achieved.



Concept validation

To validate if the changes in design do not influence the functioning of the balloon catheter tests are performed.
This validation is split into two categories: clinical validation and mechanical validation. The clinical validation will
mainly focus on the user interaction. Therefore the clinical validation will be done in collaboration with medical
experts at the LUMC. The mechanical validation is more focused on the functionality of the balloon and will
determine if the design choices will not decrease the ability of the balloon to perform a safe dilatation of the
aortic valve. The following sections will discuss the goals, methods and results of the performed tests.

6.1 Clinical validation

To determine which model is preferred based on
the clinical perspective a test is performed. This test
mainly focuses on the steerability and control of the
new catheter. To gain relevant insights regarding these
aspects, four different configurations were produced as
discussed in the concept embodiment section. In the
datasheetin Appendix G, the balloons that were used for
testing are highlighted. To acquire information about the
user interaction and optimal design of the balloon, the
following research questions need to be answered based
on the test:

1. Is there enough control and steerability on the proximal
end when there is no guidewire throughout the balloon?
+ Is it possible to steer the balloon into the aortic valve
instead of the mitral valve”?

2. Does the folded balloon provide enough stiffness to
reach and cross the aortic valve without a guidewire?
« Ifkinking occurs, there is not enough stiffness

3. Which balloon shape is preferred? Looking specifically
at:

*Is a length of 7 mm too short for the cylindrical part?

+Is the total length of the balloon too long?

+Do the longer cones provide more easy retraction?

Materials and method
Togetanswerstothesequestions,atestsetupasshownin
Figure 6.1 was used. The testis performed on a simplified
3D printed model of a left ventricle in a fetal heart of = 23
weeks gestation. See Appendix H for the measurements
and production of the heart model. During the test a fetal
surgeon and pediatric cardiologist performed the same
test with the four different configurations. They were
assigned to puncture the left ventricle, place the balloon
catheter correctly and inflate and deflate it. Beforehand,
marking was applied to both the distal and proximal end
of the balloon. Also the proximal end of the catheter a

marking was applied where the balloon has fully emerged
the cannula. The four balloons were used in combination
with an 18G cannula of 11,5 cm, together with an inflation
device with a coupling piece to allow connecting the
prototype balloons.

Before the test, it was discussed to which aspects
attention should be paid. The test was recorded and
notes were taken. See Appendix | for the notes.

ation device

Figure 6.1: Clinical validation test setup with camera view (upper left), marked
prototypes used for the test and heart model (upper right) and setup overview (bottom)
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Results

All four configurations were easily placed within the
aortic valve and inflated (see Figure 6.2). No kinking
occurred, and none of the balloons were accidentally
placed in the mitral valve. However, to be able to place
the balloon correctly, the cannula had to be retracted
a little bit. This was due to the limited space in the left
ventricle in combination with the length of the balloon.
The LV model was thought to be a bit smaller than in
reality, and therefore the total length of the balloon was
experienced as being quite long. Even though the length
of the balloon isno longer than the currently used model.
It was observed that the cannula is placed very close to
the valve, and very little steering was required to achieve
correct positioning. No difference was experienced
between the configuration with guidewire atthe tip or the
guidewire through the balloon. One of the balloons had a
longer guidewire tip than the others (20 mm instead of
15 mm). It became clear that this is not preferred, since a
risk of entering the descending aorta or other branches
of the aorta.

Figure 6.2: Model of left ventricle with balloon prototype inflated at
aortic valve

During the placement of the balloon the applied marking
was proven useful. [t would be optimal if these markers
were also visible on ultrasound. However, using this
type of marking makes it less convenient to use the
asymmetrical configuration since it is more difficult to
determine correct placement of the cylindrical part of
the balloon. After the balloon was in the correct position,
it was inflated. At around 1 bar of applied pressure the
balloon deployed and at =2,5 bar the balloon achieved
the required diameter (3 mm). This was the same for all
balloons.

Due to the coupling piece that was used it was not
possible to pull the balloon entirely vacuum. Therefore
retraction through the cannulawas only possible in one of
the four balloons. Thiswill have to be tested in a separate
test. It could be observed that the balloons reshaped into
their original folded shape very well.

Limitations

Since this test setup was a simplified situation of the
reality some conditions were neglected. The influence of
these limitations is discussed in this section.

Blood flow

The direction and influence of the blood flow was not
simulated, however this does have an influence on the
ability to steer the balloon. In reality the blood is pumped
from the mitral valve into the aortic valve, which is
beneficial forthe placement of the balloon. The blood flow
steers the guidewire through the aortic valve, enhancing
correct placement. Since it is likely that the blood flow
does not have a negative influence on the steering and
placement, the results regarding steerabllity are still
useful. If it is possible without this factor, it is likely that it
willwork when this influence is present as well.

Visibility

In the real situation the left ventricle is only visible under
ultrasound instead of directly visible and open. Next to
that, the balloon and cannula are poorly visible, which
is one of the challenges of this procedure. However, the
behavior of the balloon and the ability to steer (which
were the aspects to be tested) are not influenced by
the visibility. The cannula is already sufficiently visible
on ultrasound to allow for close positioning to the aortic
valve. Since this can be achieved, the path to be traveled
is short. The location of the markers could be evaluated
inthistest because the goal of these markers would be to
ensure that they are well visible under ultrasound.

Copper wire

Due to the unavailability of the correct guidewire at
production, a copper wire with the same diameter
(0.25mm) was used instead. This copper wire does not
have the same material properties of the proposed
guidewire and is much less flexible. Therefore, during
placement the wire sometimes got caught into the wall
of the aorta model. This would not happen with the
guidewire due to its flexibility and atraumatic tip. The
copper wire did also introduce some extra stiffness to
the balloons with the configuration where the guidewire
goes through the balloon. However, since little difference
was experienced between the two configurations, it can
be assumed that this will not be of great influence. It is
thought that using the flexible guidewire in combination
with the movement of the blood flow will enhance
positioning since the flexible guidewire will be easily
caught in the blood flowand follow that direction.

LV size

As mentioned earlier, the size of the LV seemed to be
a bit smaller than in reality. However, this is difficult to
determine since this is variable for every procedure. The
sizes of this model were based on literature, yet it is of
course possible that in reality, these sizes are different.
In general, the aim is to perform the procedure at the
moment the LV is above average. It is possible that the
data in the literature did not capture this moment since
it requires very precise timing. Next to that, the setting
and use of material could also influence the perception
of size onthe LV.



18G cannula

Due to the limitations in the prototyping process as
discussed in chapter 5, the balloons that were used for
testing did not fit through a 20G cannula. Therefore,
an 18G cannula was used. With regard to puncturing, it
is known that the 20G cannula also provides sufficient
force due to data found in the literature (Debska et al,
2020; Guseh et al, 2020). Therefore, it is expected that
the use of a 20G needle instead of an 18G needle will not
influence user interaction and procedure performance.

Balloon retraction

Since the retraction test could not be performed during
the clinical testing moment this was done separately. A
few balloons were inserted into the needle at the distal
tip and retracted from the proximal end. During this test,
it became clear that the balloons that were not initially
folded were not able to be retracted. Not all balloons
could be tested due to the length of the balloon catheter
(which was shorter than the length of the cannula). The
influence of the extended cones on the ease of retraction
is difficult to determine since the production process of
the balloon was not optimized yet. Therefore the shape
of the cones might not yet be representative. Besides
that, there is no suitable balloon that would allow for
comparative testing since cones with different lengths
and angles should be tested to determine the optimal
shape.

Conclusion

Key takeaways that should be kept in mind for the final
concept design based on this test are as follows:

+ Anasymmetrical shape is not preferred since this makes
it harder to determine whether the balloon is positioned
correct. When the balloon is symmetrical it is easier to
establish the middle of the balloon, which is relevant
since this is the part that needs to cross the aortic valve.

+ The guidewire should not exceed the balloon tip for
more than 15 mm.

*The cylindrical part of the balloon should not be smaller
than 7 mm, yet it would be preferred if the cones are
shorter. However, if this means the crossing profile
increases significantly, it should not be done.

+ No significant difference in use is observed between
assembling the guidewire at the tip or through the
balloon.

+ Cannula positioning is a significant determinant for the
ease of performance of the procedure. When the cannula
is positioned right before the valve, the guidewire and
balloon require very little steering.

+ Marking at both ends of the balloon would be useful.
No other markings should be added since this would
influence the ultrasound image too much.
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6.2 Mechanical validation

To determine whether the new balloon configuration still
fulfils the mechanical requirements to dilate the fetal
aortic valve, some tests were performed. These tests aim
to measure key properties, mainly related to the pressure
within the balloon. The balloon pressure is a relevant
property since itisrelated to both the dilatation force and
the compliance of the balloon, as discussed in section
2.3.1. Todetermine if the balloon fulfills the requirements,
the test was also performed with a PTA balloon that is
currently on the market that has the same dimensions
(Gateway™ 3.0 mm x 9.0 mm, Boston Scientific). Now
that it is known which properties this balloon has the
developed prototypes can be compared and it is known
whether they function the same way. For the mechanical
validation, the following research questions were set up:

1. Does the balloon provide enough force to open the
aortic valve?

2. Which diameter corresponds to a certain pressure?
+ At which pressure is the nominal diameter reached?

3. Is the burst pressure of the balloon above 14 bar?

By means of three separate tests, these questions are
answered. These tests will be discussed separately in the
following sections.

6.2.1 Test 1: force vs pressure

The aim of the first test is to answer the first research
guestion. By measuring the force at a specific pressure
for the prototype balloons, and compare this to the
measured values of a reference balloon an answer to this
question can be found. The reference balloon is known
to be able to provide enough force since this is currently
used in similar procedures.

For this test eight of the fully assembled and folded
prototypes were used, as well as the GatewayTM for
comparison. These balloons were inserted into the test
setup, as shown in Figure 6.3.

The setup contains two sensors: a force sensor (LSB200
JR S-Beam Load Cell, FUTEK) and a pressure sensor
(Compact Low Pressure OEM Pressure Transmitter,
3500 series, GemsTM). The force sensor was fixated at
a set height, and connected to an amplifier, converter
and laptop. The height of the force sensor was set at 3
mm above the trench to be able to measure at which
pressure the balloon has reached its nominal diameter.
The second sensor is the pressure sensor. To attach this
sensor the analogue pressure gauge was replaced with
the pressure sensor. This sensor was also attached to
an amplifier, converter and laptop. The laptop recorded
the measurements of both sensors simultaneously by
using Labview and provided an xls output file with the
raw data (values in Voltage). This file also consisted of the
converted data into Newton and Bar. The tested balloon
is attached to the inflation device and positioned into a
3D printed bed with a trench of 3.2 mm. This ensures
that the balloon will not move during inflation yet still
allows for full circumferential expansion.

Before inflation, the balloon number was noted and the
crossing profile was measured with a digital caliper. The
balloon numbers correspond to those in Appendix G.
After the measurements, the balloon is attached to the
inflation device. The inflation device is filled with water,
and any air bubbles are removed. Next, the balloon is
positioned into the 3D printed trench. When the balloon
is in place, the Labview recording starts running and all
data is measured. The balloon is inflated manually with
the inflation device until a pressure of 14 bar is reached.
This was chosen to be the end pressure since It is the
burst pressure of comparable balloons. It was chosen not
to inflate beyond this 14 bar since rupture of the balloons
would makethem uselessafter,andtherewould bearisk of
water coming in contact with the electronics. After 14 bar
was reached, the end diameter of the balloon was noted
and it was then deflated. This protocol was repeated for
eight prototype balloons and the Gateway TM balloon.




Figure 6.4 shows a plot of the pressure set out against the
force. The data showed fluctuations due to the manual
inflation and the accuracy of the sensors. Therefore,
the polynomal trendline is shown in the plot. The
corresponding raw data is plotted in the background.
The Rvalues are all very close to 1. The reference balloon
(Gateway) is plotted in the red dotted line, the other
lines all represent one of the other tested balloons. The
data shows that all balloons except for two are able to
exert the same force or higher for a given pressure. The
balloons that did not reach these forces are balloon nr.
20 and 60. Both balloons start to exert force later and
have a much lower force at the end pressure. Balloon 60
however does provide significant force up until 12 bar, yet
does not increase enough after that. Balloon 20 never
meets the required values. Next to that, balloons nr. 33
and 43 only provide data up to 9 bar, yet shows that up
until then the balloons follow a path that exerts enough
force. The remained 4 balloons all show a more gradual
increase of measured force, and all exceed the values of
the reference balloon.

Interpretation of data

The R values of the trendlines are all close to one,
meaning they are representative for the data. Therefore,
these lines are used for the interpretation of the data. As
is illustrated, during measurement two balloons seemed
not to be able to exert the same forces as the reference
balloon. The two balloons were balloon nr. 20 and 60. The
cause of this is different for both balloons. For balloon nr.
20 the diameter was measured at 2.9 mm at the end
pressure of 14 bar. Since the force sensor was set at a
height of 3.0 mm it is understandable that this balloon
was not able to exert enough force. Balloon 60 showed
avery small leak at the distal seal after inflation. It is likely
that the leak developed during inflation and pressure
bulld up. This explains why up until a certain point the
balloon functions properly, yet is not able to reach the
end force. Balloons nr. 33 and 43 were measured with a
pressure sensor that was limited at 9 bar, and therefore

onlyinformationupuntil 9baris presented. Unfortunately,
both balloons bursted during the use of this old pressure
sensor, and therefore the measurements could not be
repeated. Yet, this data up until 9 bar is useful regarding
the predicted behavior. Based on the data, it can be said
that the prototype balloons start to exert force earlier,
indicating that for a certain pressure, these balloons
provide more force. This could be due to a decreased wall
thickness, see Section 2.3.1. It could also indicate that
the reference balloon is slightly more compliant than the
prototype balloons.

Limitations to the setup

Due to the availability of balloons, only eight different
balloons could be tested. Next to that, only one reference
balloon could be tested. Some of the prototype balloons
had also been used for the clinical test, however that does
not seem to have had any influence on the performance.
The inflation device was handled manually. Therefore,
the increase of pressure was not applied at the same
speed for every balloon. This could have an influence on
the measured force and stress build up in the balloon.
Lastly, the force was now measured at one point by the
force sensor. However, in reality the force is exterted
circumferentially on a lesion. Measuring the force at one
point and restricting the balloon in all other directions
could provide unrepresentative values for the force
exerted on the aortic valve. Yet assuming both balloons
are non-compliant, the shape should not be influenced

Conclusion

By means of a comparative test the goal was to
determine whether the balloon prototypes are able to
perform sufficiently. This means that the values could
be unrepresentative for the forces that are exerted on
the aortic valve. However it can be determined that the
prototype balloons are able to exert the same amount or
even more force than the reference balloon. Since the
reference balloon is known to be able to open lesions, it
can be assumed that the prototype balloons contain of
the right properties regarding dilatation force.
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6.2.2 Test 2: pressure vs diameter

The aim of the second test is to answer the second
research question. The relationship between the inflated
pressure and balloon diameter is relevant to know since
this must be constant and predictable. Next to that, it
provides insight regarding the level of compliance the
material has.

The setup for this second test is comparable to the one
used intest 1, yet the force sensor is not used in this test.
Inthistest, the goalistofind out the relationship between
pressure and balloon diameter. To measure the pressure,
the pressure sensor is still connected to the inflation
device. To measure the diameter, a digital caliper with
an accuracy of 0.01 mm is used (Hogetex, O-150mm).
Even though the diameters for a specific pressure in the
reference balloon are provided on the packaging, this
balloon was also measured. This is done to ensure the
comparison can be made. The measurement method
of the manufacturer is probably different from this
method and therefore by doing it all the same it will be
more representative to make a comparison. This test was
performed with ten produced balloons.

The balloon is measured and then attached to the
inflation device. The balloon is inflated with steps of 1 bar,
and at each interval the diameter is measured with the
digital caliper and noted. Again, the pressure limit was
setas 14 bar.

Figure 6.5 shows an overview of the retrieved data. Again,
the reference balloon is plotted with the red dotted
line. Two balloons, nr. 14 and 16, show the lowest values.
Both of these balloons do not reach the aimed nominal
diameter of 3 mm. All other balloons easily reach 3 mm.
The maximum diameter of these balloons lies between
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371 and 3.2 mm. The pressure to diameter ratio is
comparable for all of these balloons. It can be observed
thatas the diameter increases, more pressure is required
to cause a further increase in diameter. Therefore the
plot starts to flatten more the higher the pressure and
corresponding diameter gets. The reference balloon
increases more gradually than the prototype balloons
and is able to reach a higher final diameter.

Interpretation of data

The two balloons that do not reach the aimed diameter
were the first two balloons that were successfully blow
molded. At this time in the prototyping process, the
process was not yet optimized. These two balloons were
not heat set (see chapter 5) and therefore it is likely that
they did not hold on to their initially blown diameter.
The flattening of the plot curve at a certain diameter
is attributed to the compliance of the balloon. Non
-compliant balloons generally do not expand far above
their nominal diameter. The more a balloon increases
above this nominal diameter, the more compliant it is.
Therefore it can be assumed that the reference balloon
is more compliantthan the prototype balloons, since that
curve increases more gradually and reaches a higher
diameter.

Limitations to the setup

The measurement of the balloon diameter at each
interval was done manually with the digital caliper.
This approach is quite sensitive to errors, since the
caliper can also compress the balloon a little bit during
measurement. Each balloon was measured the same
way by choosing the value at which the balloon could still
move back and forth between the caliper with the same
resistance. Doing this the same for every balloon, this risk
was minimized.

Conclusion

The maximum diameter that the
balloon prototypes could achieve
lies between 3.1 and 3.2 mm. This
means that an aortic valve of 2.7
mm can be dilated with 120%, and
therefore fulfills the requirements
as set in section 3.2. Since the
balloons do not exceed its nominal
diameterwith more than 10%, these
balloons would be categorized as
being non-compliant.

12 14 16
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6.2.3 Test 3: Burst pressure

To answer the third and last research question this test
is performed. If the burst pressure is unknown, there is a
risk of the balloon bursting inside the patient, which could
lead to complications. In this test it is tried to determine
whether the balloon prototypes can at least reach the
rated burst pressure of the currently used balloons.

Materials and method

For this test only the pressure sensor was used for
measurements. Next to that, the inflation and burst of the
balloon were recorded with a slow-maotion camera. This
test was performed with four balloons.

Protocol

Prior to attachment to the inflation device the double wall
thickness of each balloon is measured with the digital
caliper. The balloon is then inflated until it bursts while
the pressure is measured.

Results

Table 6.1showsthevaluesof the four measured pressures
at which the balloons ruptured. It shows that the values
vary between 16 and 26 bar. It is relevant to keep in mind
that for both test Tand 2, all balloons (n=18) were inflated
toa pressure of 14 bar, and none of them ruptured before
reaching this pressure. Another relevant resultisthatall of
the balloons ruptured into the longitudinal as expected.
Figure 6.6 shows images of the ruptured balloons.

Table 6.1
Balloon numbers with related burst pressures in bar

Balloon nr

Burst pressure
(bar)

229 195 16.5 26.4

Discussion

Interpretation of data

All balloons (including those of the previous tests) were
able to handle pressures up to 14 bar. This indicates that
the material is strong enough to withstand comparable
forces to the balloon that is currently used, as this has a
rated burst pressure of 14 bar. Balloon nr. 35 reaches the
highest pressure of 26.4 bar. This could be explained by
the fact that the wall thickness of this balloon was also
measured to be the highest. However, the measurement
of this wall thickness is more of an estimate since this
could not be done very accurately.

Limitations to the setup

The key limitation to this setup is the number of samples
that is used. Only four balloons could be measured. Next
to that, due to availability, these balloons had already
been used for test 2 and were therefore already inflated
and deflated before. This should however not influence
the performance of the balloon in a negative way, since
in reality it also occurs that balloons are also inflated and
deflated multiple times.

Conclusion

The currently used material can withstand at least 14
bar of pressure before rupturing with the produced wall
thickness and shape. The measured balloons ruptured
at pressure between 16 and 26 bar, yet no exclusive
conclusion can be drawn regarding the rated burst
pressure of the balloons due to the small data set. The
fact that the balloons all ruptured into the longitudinal
direction indicates that the material is well distributed,
and the stresses on the balloon are present as expected.

Figure 6.6 a,b,c: Pictures of three longitudinally ruptured balloons
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Final concept design

The clinical and mechanical tests provided the proof of principle for the designed concept. Based on the
outcomes of these tests, the last design choices were made and the final concept is developed. Figure 7.1
shows the final concept design of the fetal aortic valvuloplasty balloon catheter.

7.1 Final concept choices
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For the final design, it was decided to use the balloon
model that has two equal cones and a cylindrical length
of 7 mm. During the clinical test, it was determined
that a symmetrical model has the preference over
an asymmetrical model due to ease of placement
The optimal length of the cones should be further
investigated. However, it would be preferable if this was
shorter than 7 mm. In the asymmetrical model one of the
cones was 5 mm. Due to the fact that those cones were
also able to be folded into the low crossing profiles it is
assumed that decreasing the length of the cones to 5
mm would not increase the crossing profile significantly.
The cones were not only made longer for folding but also
for retraction. Therefore, the final value of the cones is
now set at 6 mm. However, as stated before, to optimize
this value, further research is recommended.
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Since no significant differences were noticed between
the use of both guidewire configurations it is chosen to
include the guidewire into the tip and not let it extend
through the balloon. In this configuration the currently
used guidewire size(0.014")can stillbe used. Sincethisisa
more conventional guidewire size, thiswill lower the costs
and it is known that this works well with the conditions of
the FAV procedure. During the clinical test, it was noted
that most of the steering and positioning is determined
by cannula placement. Therefore the fixation of the
guidewire Is thought to be possible. In the mechanical
test, it became clear that some balloons showed leaking
at the distal seal point. This has to be taken into account
for the final assembly process.



By testing the prototype balloons, nylon has proven to be
a suitable material for the development of the balloon.
This material is able to withstand the required pressures
and provide enough force and shows non-compliant
behavior. Next to that, the material is suited for tight
folding, which provides strength during the placement
of the balloon. Based on the outcomes of the mechanical
tests it is assumed that the wall thickness could be
reduced even further, possibly resulting in an even lower
crossing profile.

To improve the visibility it is recommended to apply an
ultrasound enhancing coating to both cones of the
balloon. The radiopague markers are removed to prevent
scattering from occurring and allow for a more tight
folding.

The current prototypes have been 3-fold. However,
based on expert knowledge, it is assumed that a 5-fold
configuration would also be possible. Therefore in
the final design, a 5-fold configuration is included to
minimize the crossing profile. If this turns out to be less
beneficial, the fallback option of a 3-fold balloon is always
possible and already proven to be useful.

7.2 Requirements and wishes evaluation

In section 3.2, the requirements and wishes for the new device have been determined. In this section it is evaluated
whether the new concept design meets these requirements. Some requirements are met and do not clarification,
and are therefore only marked green. For requirements that need clarification, the explanation is added below in blue.

@ The general process of the procedure should not change:
e The aortic valve of a fetus is dilated by the device
e The fetal heartis accessed percutaneously
e The fetal aortic valve is accessed through the left ventricle
@ The device should not introduce new complications or enlarge the occurrence of current complications
@ The device should not occlude the aortic valve longer than 15 seconds
o After 15 seconds, at least 50% of flow through the valve should be restored.
During the clinical and mechanical tests, it has been observed that the balloon shows the ability to inflate and deflate
rapidly. Even though the final balloon catheter will have an increased length, it is not likely that the inflation and
deflation time will increase so significantly that the aortic valve will be occluded for longer than 15 seconds.
@ An ‘average fetal aortic valve on + 26 weeks of gestation should be able to be dilated
e Dilation is successful when valve diameter is expanded by 120%
e The diameter of a valve at this gestation is between 2,7 and 3,1 mm
The new balloon has a nominal diameter which has the ability to expand to 3.2 mm. With these dimensions, a valve of
2.7 mm can be expanded by 120%.
¢ \Wish: dilatation of a valve with a diameter of 4mm is also possible
@ The device is used under ultrasound guidance:
® The ultrasound guidance provides enough visual feedback to determine the location of the cannula
The cannula has not changed, yet the visibility of the cannula on ultrasound is already sufficient in most cases
®\Wish: the guidewire tip is clearly visible on US
Guidewire tip visibility is not increased, yet a coating should provide increased visibility on the balloon, which allows
for more precise positioning.
@ The device can be used in dim lighting inan OR
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® One (fetal) surgeon controls needle placement

® One (cardiac) surgeon controls catheter handling
® Feedback on the position of the balloon and guidewire is integrated

e [t should be clear when the guidewire extends the cannula by 1,5 cm

e [t should be clear when the entire length of the balloon catheter has left the cannula

For this purpose, a marking system is included at the proximal end of the catheter.

a &

@

General

e \Wish: As many existing materials as possible should be used

The cannula thatis used stays the same (except for a smaller size). The tip of the currently used guidewire is included
in the final design, and the balloon is new. However, the basic principle of a dilatation balloon has stayed the same.

Balloon
@ The balloon should not exceed the measurements of a 20G needle in deflated state
@ The balloon should be able to expand into 1,2 times of the operable aortic valve
@ The balloon should be able to provide enough force to open the valve
e The material should be rated as non-compliant or semi-compliant
@ The length of the cylindrical body of the balloon should be between 10 and 15 mm
The length of the cylindrical body is decreased to 7/ mm. Based on the clinical test, it was noted that this should also
work.
@ In the case of a catheter configuration
eThe length from distal to proximal is 40-60 cm
@ The diameter and shape of the balloon needs to be known at a specific pressure
@ The balloon needs to be able to be retracted through the cannula after inflation and deflation
@ The balloon needs to behave consistently after multiple inflations and deflations
Thisis not tested, however, it is assumed that the balloon functions as other balloons that are currently on the market
that are also made out of this material. Therefore, it is assumed that the new balloon will behave consistently.

Needle

No changes were made to the needle; it is known that the 20G needle is able to puncture the maternal wall since this
is already used.

@ The needle should not exclude the dimensions of a 20G needle

@ The needle is obturated during puncture and placement

@ The needle has a sharp tip for puncturing

@ The length of the needle is between 12-20 cm

@ The needle with obturator is able to puncture the maternal abdomen

Guidewire
® The diameter of the guidewire should not exceed 0,014”
@ The guidewire has a floppy tip
@ The guidewire is able to cross the valve with + 1.5 cm
e The distance between balloon and guidewire tip is minimally 1.5 cm
It was found that the distance between balloon and guidewire tip should be maximally 1,5 cm instead of minimally.
@ The guidewire is able to cross the stenotic valve lesion

*There is always an opening of 1 mm in the valve

As can be seen, the new design fulfils all requirements and some of the wishes. Therefore, the concept should
function properly in the aimed context. The new instrument is expected to properly replace the current instrument
and improve the procedure by reducing complications.



Discussion

Aortic stenosis is a congenital heart defect which refers
to the narrowing of the aortic valve. This is often caused
by the fusion of two valvular leaflets (Michelena et al,
2071). Aortic stenosis could lead to severe consequences
and to prevent these, fetal aortic valvuloplasty (FAV)
is performed. The FAV procedure is performed
percutaneously with the instruments as described in
section 2.2. This method was first described by Maxwell
etal. in 1991 and has not changed much ever since. Due
to the fact that there is still no dedicated instrument, the
used instruments that are described in literature are
often PTCA balloon cathetersin combination with an 18G
cannula. These instruments are not developed for the
purpose of performing fetal intervention, and are quite
large. A larger cannula increases the risk of complications
(Patel et al., 2020). Therefore the goal of this thesis was
to design a dedicated instrument for the FAV procedure
with the aim of reducing complications by decreasing
the cannula size. This aim assumes that the procedural
approach and other factors remain unchanged. To be
able to reduce the cannula size, the crossing profile of
the balloon catheter needs to be reduced, since this
needs to be advanced through the cannula.

The solution presented in this thesis was based on the
theory that the PTCA procedure requires other balloon
properties than FAV. By comparing these properties
and eliminating the components that are not required
for FAV, it should be possible to make the crossing
profile of the balloon smaller. The balloon catheter that
is currently used by the LUMC is the TREK 2.5 mm
Coronary Dilatation catheter (Abbott). This balloon has
a nominal diameter of 2.5 mm and a crossing profile of
0.817 mm. Changes in the design such as removing the
guidewire lumen and elongating the cones as described
in section 7.1 have reduced this crossing profile to + 0.6
mm while allowing a nominal diameter of 3.0 mm. This
new balloon design enables the use of a 20G cannula
which is significantly smaller than the currently used 18G
cannula, and therefore complication risks are decreased.
Next to that, this design contributes to enhanced visibility
and balloon retraction. Compared to the currently
used balloons, this design provides a more suitable
instrument since the key problems that are currently
experienced are mainly associated with bad visibility and
complications due to a large cannula (bradycardia). The
changes in design also decreased the complexity of the
product, and therefore it is assumed that this balloon
would be cheaper to produce. Since the demand for
this very specialized balloon is low, this is an important
improvement,

To validate the design multiple prototypes were
developed. There were a number of limitations to the
production process as discussed in chapter 5, resulting
in a prototype that does not have the same accuracy
as those available on the market. However, this balloon
was only required to provide a proof of principle and for
this purpose the accuracy was sufficient. Clinical tests
provided insights regarding the user experience and
showed that the adjusted design still allows for enough
steering and control. Mechanical tests showed that the
developed balloons have the same or even improved
properties related to force exertion and (burst) pressures.
This validation provided a proof of principle for this new
design. The crossing profile of the new balloon design
is significantly smaller than the original balloon which
proves that the optimization of the balloon is useful.

This thesis underlines the importance of carefully
researching possibilities regarding medical instruments.
Over 20 years the same instruments have been used,
even though it is possible to develop an instrument that
reduces complications and enhances the performance
of the procedure. Ifthe needs for performing a successful
procedure are carefully researched and subsequently
transformed into a product, complications can be reduced.
However, this would require precision engineering in very
specialized markets which is not always possible. In those
cases it is important to constantly stay informed on the
available products and evaluate whether the products
that are currently used are still the most suitable for this
application.

8.1 Limitations of the study

Fven though the results of the different tests that are
performed show promising outcomes, it is important to
keep in mind the limitations and assumptions that were
made during this process. This section discusses several
limitations to the process that could have influenced the
outcomes.

The thesis contained several decisions based on
information retrieved out of literature research. This
literature research functioned as a starting point and,
based on the retrieved information, the problem was
defined. It is possible that some relevant literature or
information was not included or data was not published
at the moment of searching. Research was also done to
explore the current balloon catheter market. However,
getting to know all balloons that are currently on the
market is extremely time consuming and requires
many resources, and only little information is provided
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on the specifics of medical devices by manufacturers.
Consequently, it is possible that there are products
on the market that already provide the solution for the
stated problem butthey are just not used yet. However, all
research was performed in a structured way to minimize
the risk of excluding relevant information.

As stated frequently throughout the report, the clinical
perspective has been relevant and useful. [t could be
debated whether the opinion of one or two surgeons
represents the clinical perspective properly. A limitation
within the research to the subject of fetal cardiac
interventions isthe factthatitis a very specialized area, in
which only a few people in the Netherlands are involved.
To reduce this effect, key decisions such as the problem
definition and reqguirements and wishes were also
discussed with experts from Boston and San Francisco,
which are both leading institutes in this field.

Al certain points in the design process, choices were
madetobeabletogetfurther. Thisstartswithdefiningthe
scope of the design and determining that nothing about
the procedural approach should change. It continues
throughout defining the design focus and choosing the
final design concept. Choices were always made based
on all available information at that moment. By making
these choices, It is possible that other areas of interest
were excluded from the research. However, without these
choices at certain key moments, the research area would

have been kept to broad and no concrete results could
have been produced within the given time.

During the development of the prototypes, only one
material turned out to be suitable for the production
process. Due to delivering time and costs, it was not
possible to make a comparison between materials with
regard to optimal performance for this concept. The
material that was used in the final prototype is currently
also used for the production of many medical balloons.
Therefore, it is known that this is a suitable material
which has the potential of being implemented in the final
product.

Mechanical functionality of the balloon prototypes
were determined by three different mechanical tests.
The amount of produced prototypes was limited, so
some samples had to be used for multiple tests and
the total amount of performed tests was not enough to
make conclusive assumptions regarding the properties.
However, that was also not the goal of the mechanical
tests. The goal was to show that this design and material
provides a promising starting point for the development
of a new product. For this purpose, a comparative
research suffices since it is known that the reference
balloon is able to perform as required.

Conclusion

The goal of this thesis was to provide a proof of principle for a new medical device that reduces the complications for
the fetal aortic valvuloplasty procedure. It was determined that one way to reduce these complications is by allowing
the use of a 20G cannula, instead of the currently most often used 18G cannula. To achieve this while still performing
the procedure similarly and safe, the balloon catheter was optimized. This optimization had to reduce the crossing
profile of the balloon from 0.85 mm to <0.6 mm, since that is the inner diameter of the preferred cannula. A new
balloon design is provided, which is able to withstand pressures up to at least 14 bar, is able to expand up to 3.2
mm and shows non-compliant behavior. The crossing profiles of the produced prototypes are close to 0.6 mm (0.59
— 0.67 mm). This is an indication that with an optimized production process the new balloon design reduces the
crossing profile significantly allowing it to fit through the 20G cannula. This means that the research goal of this thesis
was achieved and the new balloon concept provides a valuable solution for the defined problem.



Future recommendations

Nowthatthe proof of principle forthisconceptis provided,
the next steps are to be determined. Recommendations
regarding what should or could be done in the future are
provided in this section.

To acquire more accurate data regarding the
performance of the new design, the production process
needs to be optimized. Therefore, more research needs
to be done to the production parameters and their
influence on the final result. This way, a product which is
more representative for the final product can be made.
An optimized production process also means that it is
possible to produce balloons of higher quality, which
allows for more data acquisition.

When a prototype is produced thatis more representative
for the final product, more clinical tests should be
performed. A test setup that imitates the real situation
more accurately should be used eventually working
towards in vivo tests. This will give more insights on the
functionality and use of the product and allows for design
iterations. Conditions that should be included in these
tests are for example human body temperature, blood
flow direction, cardiac contractions and visibility of the
operable site.

For the mechanical tests also applies that a more
accurate prototype will provide more relevant data. The
FDA suggest several tests which a new balloon catheter
design should undergo (Food and Drug Administration
[FDA], 2010). These include, but are not limited to:

+ Define the rated burst pressure and nominal pressure
« Test the balloon fatigue (will the behavior of the balloon
change after multiple inflations?)

+ Define the inflation and deflation time

« Test the reaction to approved sterilization methods
Since the current balloon is an adjustment to existing
balloon catheters, these tests are likely to provide
comparable results. However, to get a new product on
the market FDA and/or CE approval needs to be granted.
This will only be done when detailed information is
provided regarding the performance and properties of
the device.

As stated before, some aspects of the design are
researchedtoabasiclevel. However, toeventually produce

the best product possible, more research is required.
Mainly the following topics should be researched:

+ Material and wall thickness

More non-compliant and semi-compliant materials
should be tested to see which performs optimally for this
purpose. The key focus of the following material research
should be which material is able to provide the lowest
wall-thickness while still providing enough force.

+ Required force

The wall thickness and material should be optimized
while providing ‘enough’ force, however it is not known
how much force exactly is enough force for this
procedure. Therefore, during the performance of future
procedures it would be useful to gain insight regarding
the forces that are required to open the aortic valve. If
this is not possible, computational simulation would be
an alternative. However, simulations will not be able to
provide as much certainty regarding the accuracy of data.
* Visibility

Fornowtheuseofanechogenic coatingisrecommended.
However, the usability of echogenic coatings should
be tested. Therefore, a prototype should be made in
collaboration with one of the coating manufacturers. The
possibilities and limitations of this technology should
then be pointed out. Besides that, it is also relevant to
research whether there are better alternatives for the
improvement of ultrasound visibility. Clear ultrasound
visibility is a problem that does not only occur for this
procedure, which makes this a relevant research to
perform with many stakeholders.

The area of application for this device is very specialized.
This makes the market demand for the product quite low.
Therefore it would be very useful to make an accurate
cost estimation and define whether some design choices
could be made that reducethe costs. Since the conceptis
rather a simplification of the currently marketed balloons
instead of introducing extra complications, this is already
taken into account. Choices regarding materials for
example should also include the associated costs.

As discussed in the previous paragraph, currently the
design is developed for the purpose of one single
procedure. Thereforeitisnotyetlikely that manufacturers
would be interested in investing in further development.
However, if research shows that this balloon (albeit with
some modifications) could be useful in more (fetal)
interventions this chance would be increased.

o1
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Apex

Anaesthesia

Angioplasty
Anomaly

Aortic stenosis
Balloon compliance

Biventricular circulation
Bradycardia
Burst pressure (in balloon)

Congenital heart defect

Crossing profile

Crystallinity (of plastics)
Distal

Doppler flow
Echocardiography

(Fetal) aortic valvuloplasty

Gestational age

Hypoplastic left heart
syndrome

In utero
Intramuscular
Leaflets

Left ventricle
Lesion site
Lethal

Nominal diameter (in balloon)
Obstetrician

Percutaneously

Pericardial sac

Proximal

Glossary

The blunt extremity of the heart formed by the left ventricle

State of controlled, temporary loss of sensation or awareness that is induced
for medical purposes

A minimally invasive endovascular procedure used to widen narrowed or
obstructed arteries or veins

Something that deviates from what is standard, normal, or expected

A narrowing of the aortic valve opening

Balloon property related to the amount of pressure that is needed to increase
the diameter of the balloon above its nominal diameter

Blood circulation in the heart when both ventricles function properly
A sustained fetal heart rate less than 110 beats per minute
The pressure at which 99.9% of balloons can survive with 95% confidence

A defectin the structure of the heart or great vessels that is present at birth

The maximum diameter found between the proximal end of the balloon and
the distal tip of the catheter

The degree of structural order and regularity in molecular arrangements of a
plastics material

The more (or most) distant of two (or more) ends

A type of ultrasound that uses sound waves to measure the flow of blood
through a blood vessel

The use of ultrasound waves to investigate the action of the heart.

The widening of a stenotic aortic valve using a balloon catheter inside the
valve (in fetuses)

Length of time that a fetus grows inside the mother’s uterus

A congenital heart defect in which the left side of the heart is severely
underdeveloped

In the uterus, before birth

Within or into the muscle

The cusps or flaps of which a valve consists

One of the four chambers of the heart

Site of damage or abnormal change in the tissue of an organism
Sufficient to cause death

The diameter that the balloon is designed and manufactured to have

A doctor with special training in how to care for pregnant women and help in
the birth of babies

Access provided through skin

A conical sac of fibrous tissue which surrounds the heart and the roots of the
great blood vessels

Toward the beginning, the nearer of two (or more) ends
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Clinical interviews

Prof. Dr. N.A. Blom
Pediatric cardiologist at the LUMC
Topics: currently used instruments, especially the balloon catheter.

Findings:

General:

- Surrounding in operation room has dim lighting to enable ultrasound visibility

- Atthe LUMC PTA instruments are used, in combination with a 19G needle in most cases
- The balloon:annulus ratio that is used is between 1.7and 1.2

- When the guidewire is positioned, the balloon is still in the needle.

Guidewire:

- The current guidewire is a 0.074" balanced middle weight guidewire.

- Guidewire with floppy tip is nice, 0.014" is the right size. Not much should change with regard to the guidewire

- [twould be useful if the visibility of the tip of the guidewire is better, so you know exactly when the position is
correct

- Currently an improvised marking system is used to know when the balloon is entirely out of the needle. This system
works with small pieces of tape, but could be improved

- The guidewire goes up to = 1,5 cm past the valve.

Balloon catheter:

- The balloon should be 10-15 mm long

- The total length of the catheter should be reduced to = 40-60 cm. The cardiologist is standing next to the fetal
surgeon, so it should be long enough for him/her to control the catheter, but when it's much longer its inconvenient
- Over the wire configuration is preferred

-+ 14 atm is needed to inflated a balloon in a PTA procedure, but perhaps an aortic valve is easier to dilate and
requires less pressure

- Lesions up until = 3 mm can be treated with the current materials. Sometimes lesions of = 4 mm also occur, it
would be nice if those were also treatable

Dr. G.A.P. de Kort
Interventional radiologist at UMC Utrecht
Topics: the different applications of balloon catheters and balloon properties

Findings:

- For brain interventions balloon diameters between 2 to 4 mm are used.

- The most common application of balloon catheters in the brain is for stent placement and coiling

- Toreach the intended location a flexible catheter is often desired.

- PTA (dotteren) requires non-compliant balloons, otherwise they are not able to dilate the vessel enough

- Coiling requires compliant balloons. They are used to close off an aneurysm before coiling. This is done to prevent
the coil from entering the bloodstream

- Stent placement requires semi-compliant or non-compliant balloons. They should provide enough force to push
open the stent, but not too because then the vessel might rupture. Other than that, in interventionradiology semi-
compliant balloons are not really used.

- If the tip of the guidewire is roughened, its visibility on ultrasound is improved

- The crossing profile of the balloon becomes larger after inflation and deflation. This is due to less optimal folding
and some residue in the balloon. The recommended sheath diameter takes that into account and is found on the

packaging



A.J. Moon-Grady, MD
Pediatric cardiologist and Director of UCSF Fetal Cardiovascular Program
Founding member of the steering committee for the International Fetal Cardiac Intervention Registry

And

L.E. Wilkins-Haug, MD, PhD
Clinical Lead, Maternal Fetal Care Center at Boston Children’s Hospital

And

Dr. M.C. Haak
Gynaecologist and fetal surgeon at the LUMC

Findings:

General procedural:

- There is a seperate operator for the ultrasound imaging

- Two or three people are working on needle placement

- Interventional cardiologist threads the guidewire and balloon catheter through the needle

- Improving the instruments would be a more useful improvement than changing the imaging technigue, since it
would be a more generalizable change. Not all institutes have access to all imaging techniques.

Visibility:

- Visibility is concerned as a big concern during the FAV procedure

- Mostly in early gestation the visibility is difficult. This is due to the small LV and capillary muscle that is around

- If there is a way to differentiate the wire or trocar from surrounding it would be very useful. For example by applying
a pattern which is visible on ultrasound

- The current echogenic tip of the trocar does not help enough

- Injecting saline contrast to enhance position visibility is not possible since you can not make as many the catheter
changes

- A pressure wire could help defining the position of the guidewire, a research group in Michigan is working on that
(refer to articles)

- MRI guidance for FAV has not been tried yet

Balloon catheter:

- In Boston, if the balloon is not able to reach the intended diameter by just inflating up to the rated burst pressure,
they routinely burst it on purpose at the last inflation. In that case there is a theoretical risk of severing off a piece of
material. At the LUMC and UCSF this is not common.

- It would be more convenient to decrease the length of the balloon catheter, and could perhaps mean that it is
possible to reduce the personnel.

Fetal placement:
- Itis more difficult to position the fetus correctly in mothers with a higher BMI

Needle:
- Inthe IFCIR registry it is shown that the complications are less with 19G needles than with 18G. Using a 20G
needle will mean even less complications. This will be a real step forward.
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Concept 1 & 2

Concept 1: Compression

The compression started from the idea where a balloon
would have some extra material in the length, and as the
balloon is inflated it has not achieved its full diameter yet.
To achieve extra circular diameters, the balloon would be
compressed by pulling a guidewire. The idea was inspired
on some existing medical instruments as shown at the
right (Figure C.1). This idea led to two possible concepts.

The first concept was based on the compression of a
solid material with the right properties. However, based
on a SolidWorks simulation with a silicone rubber
material it was determined that material compression at
these dimensions will not cause the demanded material
behavior. Therefore this concept was not worked out
further,

The second concept possibility is based on the
compression of multiple elements that would expand
as shown in Figure C.2. However, a problem with the
use of these so-called 'scoring elements is that it would
not provide a uniform pressure on the valve, which is
an important requirement. Therefore the addition of
an elastic material sleeve was explored. However, this
all seemed far-fetched. Therefore an iteration on this
concept was made. Braided nitinol has the ability to
stretch and compress as shown in Figure C.3. Due to
the thickness of nitinol and the use of such a structure,
it is not likely that this would fit through a 20G needle,
however by means of an iteration an interesting concept
came of this.

In this concept, the tip of the outer needle consists of the
braided nitinol material (Figure C.4). During puncturing,
the inner needle provides sharpness and force just as it
is happening right now. After puncture, the sharp inner
needle is removed and the needle tip is positioned inside
the valve. Optionally a guidewire is passed through the
cannula beforehand which will help positioning. When
positioned correct, the braided tip can be compressed
which will allow for the material to expand in diameter
and exert force on the aortic valve.

Key considerations to decide not to continue with
this concept were the complexity, insecurity whether
this would provide enough force and difficulties with
controlling the shape. Next to that, the cannula would
have to be able to position within the valve without
causing any trauma, which is a task of which it is not sure
whether it is possible.

Multiple ‘scoring’ elements provide force
(material: nitinol?)

Uniform pressure is required, therefore:

- elastic material ‘sleeve’around?
\'1 —~

/1



Concept 2: Double Balloon

The double balloon concept takes two small balloons as a
starting point. The idea is that these two balloons together
are able to reach the required 3 mm or more for dilatation,
while upon insertion the balloons have a smaller crossing
profile. To figure out whether this could work, research
was done to the smallest balloon catheters. The idea was
based on the NUMED Multi-Track™ which is developed
for mitral dilatation, as is illustrated in Figure C.5 (B.Braun
Interventional Systems Inc., 2020).

The concept of the Multi-Track catheter would be
used, but changed towards the needs of FAV. The new
concept would be that one of the guidewires is fixed to
the coupling piece, while the second guidewire can slide
through.However, te currently used guidewire is a 0.014"
guidewire which equals 0.35 mm. Two of these guidewires
parallel to eachother do not fit through the 20G cannula
(Figure C.6). This would mean that smaller guidewires are
needed.

The smallest balloons that could be found had a crossing
profile of £ 0.5 mm. This means that the guidewire can
not be larger than 0.1 mm (since the balloon always is
advanced through the cannula while one guidewire is
next to it). However, the problem with the found balloons
is that they can only reach a diameter of 1 mm when the
crossing profile is 0.5 mm (Orbus Neich Sapphire Il Pro &
SIS Medical NIC Nano Hydro). Therefore, both avery small
guidewire and balloon would have to be designed since
there are no suitable options currently on the market.

The final concept as shown in Figure C.7 is therefore
difficult to realize. Some concerns regarding this concept
are that the use of two seperate balloons complicates the
procedure, since they have to be alligned perfectly for it to
work. Next to that, the balloons would either have to have
a half-cylindrical shape or the dilatation shape is oval.
There is also an risk of the guidewire causing damage to
the balloon when it is advanced through the cannula.

Lastly an important consideration was that if a new
balloon is designed with a smaller crossing profile, which
is needed for this concept to work, it would be easier to
just optimize 1 balloon catheter. Therefore, based on
the dimensions and sizes, this concept would be very
challenging.

Guidewire }
Couplingpiece 1 //
Fixed guidewire
[
0.6 mm
Valve




Balloon ftolds

A quick search was done to figure out how many folds
currently are applied to high pressure non-compliant
balloons. This research is not exclusive, yet rather used
for clarification on the current situation. As not many
manufacturers provide information regarding this aspect
of the balloon, not much data was found.

Freeway 035 PTA balloon catheter, Eurocor Tech

4 -5 mm 4 fold
6 -8 mm 5 fold

Passeo-35 PTA Balloon,Biotronik
3-10 mm 5 fold
Senri® PTA Balloon Dilatation Catheter,Terumo

2 -6 mm 3 fold
7 -8 mm 4 fold

Passeo-14 PTA Balloon,Biotronik

1,5-4 mm 3 fold
Passeo-35 High Pressure PTA BalloonBiotronik

3-9mm 3 fold
10-12 mm 5 fold

Everest PTCA catheter, Blue Medical

1,5-4 mm 3 fold




Production parameters

This information is confidential as it describes the parameters that were used for the iterative process of
production procedure as developed in collaboration  developing the balloon. If a balloon was succesful, it
with MPT Europe. This datasheet shows the different obtained the number of the attempt.

Second pull Heat setting
Pulling Parison Pulling
Temp Time Pressure distance length | Pressure Temp distance |Temp Time
Nr ('c) (sec) (bar) (mm) (mm) (bar) ('c) (mm) ('c) (sec) Notes Uitkomst
day 1 1 80 200 24 10 5 Geen ballon, wel lucht door tube
03-mei 2 90 200 30 14 5 kleine verdikking?
mold 1 3 90 200 35 20 5 eerste microscoop foto gebarsten, scheur in lengte
4 90 200 35 17 5 parison iets kleiner gebarsten, scheur in lengte
5 90 200 35 14 5 gebarsten, scheur in lengte
6 90 120 30 7 5 niet gebarsten, kleine vorm verandering
7 90 120 35 7 5 microscoop foto iets opgeblazen, geknapt
8 90 120 32 7 5 minder opgeblazen dan recept?, lengte geknapt
9 90 120 35 5 5 iets opgeblazen, niet geknapt, nog niet genoeg opgeblazen
10 90 120 38 5 5 vroeg geknapt, voor trekken
11 90 120 36 6 5 in lengte geknapt, druk omhoog of minder trekken
12 90 120 35 7 6 recept 7 reproduceren lengte geknapt, iets opgeblazen (minder opgeblazen dan recept 7)
13 100 120 30 7 6 niet geknapt, vormverandering
14 110 120 30 7 4 BALLON
15 110 120 30 7 4 recept 14 reproduceren ballon 2
16 110 120 30 85 4 ballon
17 110 120 30 12 4 meer kraaienpoten dan bij 16 door te veel strek ballon
18 110 120 30 12 3 scheur in lengte, niet volledig gevormd ?
day 2 19 110 120 30 12 4 herhaling recept 17 scheur in lengte, niet volledig gevormd ?
04-mei 20 110 120 30 10 4 kraaivorming ballon dubbele wanddikte £ 0,075
21 110 120 30 8 3.5 24 120 3 135 60 stappen toegevoegd scheur bij eerste pull, parison te kort
22 110 120 30 8 4 24 120 3 135 60 scheur bij eerste pull
23 110 120 30 10 a4 24 120 3 135 60 foto ballon in mal ballon dubbele wanddikte + 0,04 gebruikt voor pleat test
24 110 120 30 10 4 24 120 3 135 60 tweede pull langzamer scheur bij eerste pull
25 110 120 30 10 4 24 120 3 135 60 scheur bij eerste pull
26 110 120 30 10 4 24 120 3 135 60 ballon
27 110 120 30 10 a4 24 120 5 135 60 snelheid eerste pull van 150mm/s naar 100mm/s scheur bij eerste pull
28 110 120 30 10 4 24 120 5 135 60 snelheid eerste pull van 150mm/s naar 200mm/s scheur bij eerste pull
29 120 120 30 10 4.5 24 120 5 135 60 materiaal te warm scheuren voor eerste pull
30 120 120 24 10 4 24 120 5 135 60 scheur bij eerste pull
31 110 120 30 10 5 24 120 5 135 60 mooi & strak, weinig kraaivorming ballon
mold 2
32 110 120 30 10 5 24 120 5 135 60 mold 2 ballondesign is 1 mm langer scheur bij eerste pull
33 110 120 30 10 4.5 24 120 5 135 60 ballon
34 110 120 30 10 4.5 24 120 5 135 60 scheur bij eerste pull
35 110 120 30 10 4.5 24 120 5 135 60 ballon
36 110 120 30 10 4.5 24 120 5 135 60 ballon
37 113 120 30 10 4.5 24 120 6 145 60 scheur bij eerste pull
38 107 120 30 10 4.5 24 120 6 145 60 scheur bij eerste pull
39 110 120 26 10 45 24 120 6 145 60 niet genoeg geblazen, scheur bij heat set temp
40 110 120 28 10 45 24 120 6 145 60 niks geblazen
41 110 120 29 10 4.5 24 120 6 145 60 scheur bij eerste pull
42 110 120 34 10 4.5 24 120 6 145 60 plop bij opwarmen, wil al blazen bij opwarmen
43 110 120 32 10 4.5 24 120 6 145 60 mooi & strak, weinig kraaivorming ballon dubbele wanddikte +0,037
44 110 120 32 10 4.5 24 120 6 145 60 ballon
45 110 120 32 10 4.5 24 120 6 145 60 ballon
46 110 120 32 10 4.5 24 120 6 145 60 scheur bij eerste pull
47 110 120 32 10 4.5 24 120 6 145 60 luchtgaatje toegevoegd aan mal scheur bij eerste pull
48 110 120 32 10 4.5 24 120 6 145 60 scheur bij eerste pull
49 110 120 33 10 4.5 24 120 6 145 60 plop bij opwarmen
50 107 120 33 10 4.5 24 120 6 145 60 kleine cone niet helemaal strak ballon
mold 1
day 3 51 107 120 33 10 4.5 24 120 6 145 60 plop bij opwarmen
05-mei 52 107 120 33 10 4.5 24 120 6 145 60 scheur bij eerste pull
53 105 120 33 10 4.5 24 120 6 145 60 weinig kraaivorming ballon
54 105 120 33 10 4.5 24 120 6 145 60 scheur bij eerste pull
55 105 120 33 10 4.5 24 120 6 145 60 meer kraaivorming ballon
56 105 120 33 10 4 24 120 6 145 60 scheur bij eerste pull
57 105 120 33 10 4.5 24 120 6 145 60 scheur bij eerste pull
58 105 120 33 10 2 24 120 6 145 60 scheur bij eerste pull
59 105 120 33 10 4.5 24 120 6 145 60 kraaivorming 1 kant ballon
60 105 120 33 10 4.5 24 120 6 145 60 minder kraaivorming ballon
61 105 120 33 10 4.5 24 120 6 145 60 ballon
mold 2
62 105 120 33 10 4.5 24 120 6 145 60 ballon
63 105 120 33 10 4.5 24 120 6 145 60 scheur bij eerste pull
64 105 120 33 10 4.5 24 120 6 145 60 ballon
65 105 120 33 10 4.5 24 120 6 145 60 scheur bij eerste pull
66 105 120 33 10 4.5 24 120 6 145 60
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Prototyping materials

This table shows the materials that were considered for
the production of the prototypes. To determine whether
the material was suitable, the inner and outer diameter
were reviewed, as well as the wall thickness and material.
For the outer diameter, it had to be considered that
the tube should have the ability to be stretched to an
outer diameter of <0.6 mm. Wall thickness and material
properties play a role in whether this can be achieved

or not. The materials that are marked with an * are the
materials that were eventually ordered. It was chosen to
use 2 different materials with varying wall thicknesses.
By doing this, the likelihood that one of them is usable
is increased. The material selection was limited to the
online availability of the supplier Nordson Medical. The
item numbers refer to their material database.

Inner Diameter| Outer Diameter | Wall thickness Expectad
Material Itam number wall

(mmj) (mm} (mmj) thickness
Pebax 63D 0.406 0.914 0.254 115-0640 0.028
Pebax 70D 0.533 0.991 0.229 115-0881 0.029
Pebax 72D° 0.559 0.813 0.127 1150821 0.015
Pebax 72D 0.457 0.965 0.254 115-1367 0.030
Pebax 72D° 0.457 0.864 0.203 115-1366 0.023
Nylon 12° 0.419 0.851 0.216 1150526 0.023
Nylon 12 0.584 1.016 0.216 115-0529 0.029
Nylon 12° 0.737 0.991 0.127 115-2588 0.018

Nylon 12 115-2585

= 0.406 0.660 0.127 e poas 0.011
Pebax 72D 1.397 1.651 0.127 115-0578 0.033
Pebex 550 0.737 0.991 0.127 115-2586 D018

The expected wall thickness of the balloon is also a very
relevant property of the tubing. This was calculated
based on the information of the inner and outer diameter
and wall thickness. The material properties were left out
of consideration in these calculations so it is not known
whether the material will in reality be able to shape into
this wall thickness. The expected wall thickness was
calculated by using the following formulas:

In these calculations, it was assumed that the volume of

the material stays the same. The length (h) is doubled,
and the outer diameter of the balloon is 3.0 mm since
that is the aimed balloon shape.

Based on these calculations, the values as shown in the
Table above were acquired.

7'[*(1‘012 —1"112)*}11 =V (W)
2 _ _ 2
T * hz - TOZ - 1'12 (2)
|4 (f)
2 _ — Q)
10, — rl,
1‘02 - TIZ = WZ <4>

where:

0, = outer diameter of original tube
rl, = inner diameter of original tube
10, = outer diameter of balloon

rl, = inner diameter of balloon

h, = length of tube

h, = length of balloon

A% = volume of material

W, = expected balloon wall thickness

~
U1



Tested balloons

This table shows an overview of the balloons that were
used for the different validation tests. The balloon
numbers correspond to those in the datasheet in
Appendix E: Production parameters.

Mechanical

Balloon nr | Clinical test
test 1

Mechanical
test 2

Mechanical
test 3

17

20

33

43 X

>

44

59 X

60

61 X

62

P I I I 4

64

45

35

23

31

53

26

14

16

50

36

KX (X [X | XX |X | X |[X|[X




Appendix
Heart model

For the clinical validation test, a simplified model of the

left ventricle of a fetus was made. The dimensions were Data regarding L\/ngtr)#eer'js';ons from literature
based on literature (McElhinney et al., 2009; Luewan _
et al, 2011 Galindo et al, 2017). Table H.1 shows an

overview of the measurements as described in this HLHS Healthy HLHS
literature. These five key dimensions define the overall Peris e LT 29 mm 27 mm
shape of the left ventricle. It is important to note that the

values as provided by Luewan et al. (2011) are regarding Mitral valve diameter 5.8 mm
a healthy fetal heart at 23 weeks of gestation. During the TR e

development of HLHS the left ventricle expands, and diameter 126 mm | 88mm | 10.5mm
therefore it is understandable that their value for the

diameter is lower Left ventricular length 18.8 mm 16.1 mm
Based on these measurements, the heart model with Wal thickness 2.2 mm

dimension as shown in Figure H.Twas produced. Thiswas
done by making the 3D model as also shown in Figure
H.1 in SolidWorks. This model was then 3D printed with
the Form 3 SLA printer. The material that was used is the
Elastic 50A Resin of Formlabs. This is a flexible silicone
like material with a low durometer and tensile strength
(see Datasheet).

To allow for convenient use in the test set up, the heart
model was printed on a square surface which allows for
fixation by double sided tape and will keep the model in
place during testing. See Figure H.2 for the printed heart
models.

/ Wanddikte :3mm

Aortic valve diameter = 2,9 mm,
Opening =+1mm

Figure H.2: 3D printed left ventricle models based on dimensions Figure H.1: Simplified heart model with dimensions and SolidWorks model.
from literature. Without support square (left) and with support
square (right).
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Appendix

Clinical test notes

78

Balloon 33

Advancing feels stable and smooth

yes

Balloon needs to placed in center of marking. Needle
requires slight retraction to allow for entire balloon to
exert needle. Copper wire feels stiff so difficult with bend
in aortic valve, normally this is not a problem.

No

Yes, 2 times

Inflates smoothly. At 1Tbar deployment of balloon. Inflated
up to 4 bar. Balloon is occluding valve totally. Rapid
deflation.

No

Balloon could notbe drawnvacuumentirely dueto leaking
connection system. Therefore retraction not possible

Balloon 43

yes

Little difference noticed regarding positioning between
with/without guidewire through balloon. This one went
easier due to more optimal needle placement. Steering
mostly done through needle. Balloon only ahead.

No

Yes, 2 times

Inflates smoothly. At Tbar deployment of balloon.

No

Balloon could notbe drawnvacuumentirely dueto leaking
connection system. Therefore retraction not possible




Balloon 59

Seems to it more accurately than others. Balloon seems
long In relation to LV. LV probably a bit smaller than in
reality.

No

Yes

Inflates smoothly. At Tbar deployment of balloon. Inflated
upto4 bar. Balloonisoccluding valve totally. Airin inflation
device. Deflation not smooth.

No

Balloon could notbe drawnvacuumentirely duetoleaking
connection system. Therefore retraction not possible

Balloon 61

Needle adjusted by retracting to give balloon enough
space. Marking applied to balloon is useful, would want
to see that on ultrasound. Entire balloon marked/coated
Is not preferred.

No

Yes

Deflation succusful, more vacuuum than others.
Connection system works better now.

Yes

Due to successful vacuum, retraction was possible.

General notes

* Tip should not be longer than 15 mm
+ Copper wire is too stiff, influences experience
+ Retraction not tested properly

+ Steering mostly done by needle
+ Model might be too small, therefore balloon is
perceived to be too long

+ Guidewire can be very thin and floppy, does not require  « Asymmetrical balloon is more difficult to position

force

correctly






