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Abstract

Aortic stenosis is one of the most serious heart valve diseases and is the result of calcification of the
aortic valve leaflets. This calcification is irreversible and negatively affect the functionality of the heart
valves. The only treatment is an aortic valve replacement. The trend in heart valve replacement is
moving from open heart surgery towards minimally invasive techniques where a heart valve prosthesis
is placed over the native aortic valve, called the TAVI procedure.

A crimped stent that contains a heart valve prosthesis is pushed upwards through the femoral
access route with a delivery catheter. This prosthesis is placed in the aortic annulus and wedged over
the native valve. The positioning of the heart valve prosthesis is important for the success of the
procedure and durability of the prosthesis. A coaxial placement to the aortic annulus in the center of
the aorta lumen is the target during this positioning of the prosthesis.

The Medtronics and Edwards delivery systems, that are currently used, only have the possibility to
be steered with a maximum of 1 rotation, providing an alignment with the aortic annulus in the frontal
plane of the body. The rotation to provide the alignment in the sagittal plane is lacking. This report
will focus on the question if extra steerability of the delivery system will provide a better positioning of
the tip of the delivery system, which in the end, will position the heart valve prosthesis.

The Edwards delivery system will be reverse engineered to look at the current mechanisms that
are used to provide the rotation in the frontal plane. Subsequently, two experiments are performed
to select the best configuration for the modification on the tip of the delivery system. Ultimately,
the designed prototype will be validated with two tests to answer the research question if the extra
steerability will provide a better positioning.

The prototype is validated by comparing the positioning of the Medtronics and Edwards delivery
system with the prototype during an experiment where the three systems have to be maneuvered to
a predefined position in an aorta model of glass. This predefined position represents the center of
the aorta lumen in a coaxial oriëntation. Two rotations and the xyz-coordinations of the tip will be
measured by an Aurora NDI system and the results will be compared.

It showed that the prototype provided a bigger reach within the aorta lumen and a had a bigger
domain of angles in which the tip could be oriëntated than the prototype. Moreover, the prototype
provided a better alignment in the sagittal and frontal plane with regards to the reference point.

The research only focused on the positioning of the tip and didn’t take the deployment of the heart
valve prosthesis into account. Further development of the prototype is needed to make it usefull for the
TAVI procedure. In addition, more research is needed to validate the prototype in a dynamic environ-
ment that represents the reality with blood flow and more tortuosity in the access route. Nevertheless,
the prototype look promising to be used for the perfect positioning of the heart valve prosthesis which
will have a positive effect on the durability and functionality of the prosthesis.
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1
General introduction

Aortic stenosis (AS) is one of the most common and most serious valve disease problems [14]. The
prevalence of aortic stenosis increases with age and is fatal within 2-3 years from symptom onset if
left untreated [11, 36]. It’s the result of calcification of the leaflets of the aortic valve. The difference
between a healthy aortic valve and a valve that is affected by stenosis is visible in figure 1.1.

During the cardiac cycle a heart valve acts as follows. The heart valve opens completely when the
left ventricle contracts, to ensure outflow of oxygen rich blood into the aorta. When the left ventricle
is completely contracted and the pressure in the left ventricle is lower than the pressure in the aorta,
the aortic valve closes to prevent blood from flowing backwards into the ventricle [18]. When the
function of the valve is affected, the function as is described above is affected. The stenosis causes
a narrowing of the valve that is visible in figure 1.1. This narrowing causes more resistance and
turbulence distal to the valve, resulting in a pressure drop. The anatomical effects can be a thickening
of the left ventricular and left atrial wall because the heart wants to compensate for this pressure loss
[18]. People can experience breathlessness, chest pain, a feeling of heavy heartbeats or heart murmer
because of theses effects.

Figure 1.1: Normal aortic valve on the left and aortic valve
stenosis on the right. The normal aortic valve opens fully to
let oxygen-rich blood flow from the left ventricle into the
aorta. Between beats, the aortic valve closes to keep blood
from flowing backward into the heart. With aortic valve
stenosis, because the valve does not open as wide, the

heart must work harder to pump blood through the valve [7]

Figure 1.2: TAVI procedure wherein a heart valve prosthesis
is placed over the native aortic valve whilst delivered by a
catheter (image from http://www.papworthhospital.nhs.uk).

There is no medication that reverses the effect of calcification and the valve has to be replaced to
treat this condition. Open heart surgical aortic valve replacement is still the standard treatment for this
condition. The medically ill population don’t tolerate this treatment well, because the recovery from this
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2 1. General introduction

Figure 1.3: The two delivery systems with on the left hand side the Medtronics DS with the unfolded Corevalve. This stent is
crimped into the tip of the DS as the figure illustrates. On the right hand side the Edwards DS is visible with the prosthesis

surrounding the balloon, illustrating how the tip of the DS can be steered.

procedure asks a lot from the body [15]. That is why the trend in heart valve replacement is moving
toward minimally invasive implantation called the transcatheter aortic valve implantation (TAVI)to avoid
this complicated open heart surgery [4]. This procedure uses a minimally invasive technique where an
aortic valve prosthesis is implanted over the native aortic valve that suffers from symptomatic aortic
stenosis, see figure 1.2.

This percutaneous technique uses a delivery system mounted with a crimped valve prosthesis at the
distal tip of the delivery system (DS). The DS is manoeuvred through the transfemoral access route and
when the distal tip with the prosthesis is positioned correctly, the stent is wedged over the native aortic
valve. The whole procedure including the assessment and evaluation that is needed to determine the
anatomy and tortuosity of the access route to the aortic valve is explained in more detail in appendix
5.1.

Currently, two valve prosthesis are approved for the TAVI procedure and mainly used. The Edwards
Sapiën XT™ (Edwards Lifesciences, Irvine, CA, USA) and the Medtronic CoreValve™ Revalving system
(Medtronic Inc, Minneapolis, MN, USA), depicted in figure 1.3. The Edwards prosthesis consists of a
balloon-expandable cobalt chromium stent frame with a trileaflet bovine xenovalve. The Medtronic
Corevalve consists of a porcine trileaflet valve mounted within a Nitinol self-expanding stent frame
[34]. The prosthesis are deployed with delivery systems that are specifically designed for each valve
prosthesis. The Medtronic Corevalve has a DS that allows rotation in one plane, visible in figure 1.3.
The Edwards Sapiën valve has a DS that is steerable with one rotation, visible in figure 1.3.

Figure 1.4 shows the anatomy of the aorta of the human body. The delivery systems enter the body
in the iliac artery and are pushed upwards through the aorta to the aortic annulus, which is located
between the aorta and the left ventricle [18]. A coaxial positioning of the tip of the delivery system en
subsequently the prosthesis is very important for the success of the implantation (see Appendix 5.3).
Misplacement can lead to aortic regurgitation, shortening of the lifespan of the prosthesis, embolization
and dislocation of the prosthesis. The direct access during open heart valve replacement makes it
straightforward to navigate the aortic valve prosthesis to the correct position. The navigation of the
aortic valve with a catheter over a longer distance makes it more difficult to deploy the aortic valve on
the correct position [15].
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Figure 1.5 shows the two rotations that have to be challenged during the placement of the heart
valve prosthesis. The Medtronics DS allows rotation A when it is pushed upwards and the self expanding
stent is designed to center itself in the aortic annulus when deployed. In addition, the Edwards DS can
be steered providing rotation A in order that the tip can be aligned in the frontal plane of the aortic
annulus. However, the aortic annulus is a 3D structure where it is also possible that there is a rotation
in the sagittal plane illustrated by rotation B in figure 1.5 (see appendix 5.2). The current delivery
systems lack the possibility to steer the distal tip in a coaxial alignment in the sagittal plane and that is
where this research will focus on.

Figure 1.4: The anatomy of the aorta in the human body
showing the route from the iliac artery, which is the starting

point for the TAVI procedure, to the aortic annulus.

Figure 1.5: A simplified model of the route from the iliac
artery to the aortic annulus with on the left hand side a

frontal view and on the right hand side a sagittal view. The
two rotations that are referred to in this research are

depicted as rotation A and rotation B.

1.1. Problem description
The valve placement in the TAVI procedure comes with more variability compared to an open heart
surgical procedure [15]. The direct access during open heart valve replacement makes it easier to
navigate the aortic valve to the correct position. The navigation of the aortic valve with a catheter
over a longer distance makes it more difficult to deploy the aortic valve on the right position. The
challenge that comes with the TAVI method is to provide steerability in the appropriate location in the
distal extremity of the catheter while maintaining the rigidity in the proximal part [16].

Coaxial positioning of the valve prosthesis over the native aortic valve is very important for the
success of the prosthesis which is explained in appendix 5.3. The current delivery systems are not
steerable with more than 1 degree of freedom, causing an insufficient steerability to accurately place
the valve prosthesis in a three dimensional structure, the aortic annulus.

1.2. Research Goal
The problem description above resulted in the following research question: Does an extra rotation in
the distal part of the delivery system improve the ability to steer the tip to the center of the aortic
annulus in a coaxial oriëntation?

Two research goals are set to answer this research question:

• Develop a prototype that provides an extra degree of freedom compared to the Edwards delivery
catheter.

• Validate the functionality of the prototype with the current systems with regard to the positioning
of the heart valve prosthesis.
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1.3. Requirements
The final prototype of the minimally invasive delivery system has to comply with a list of requirements.
It is important to keep in mind that this report will only focus on the positioning of the distal part of
the prototype to answer the research question stated in section 1.2. This is the reasons why some of
the listed requirements will be defined as wishes for future development of the prototype.

These requirements can be divided in 5 different dimensions of quality: performance, durability,
compatibility, aesthetics and perceived quality. Performance comprises of the operating characteristics
of a product and its dimension which consists out of measurable quantities; durability comprises of
the life span of the product; compatibility is the state in which the delivery system and the human
body are able to exist in combination without problems or conflict; aesthetics is a subjective dimension
which explains how a product looks and feels; and lastly the perceived quality which is a dimension
that is associated with reputation compared to current systems. Literature, anatomical boundaries and
consultation with medical staff formed the basis of the following list of requirements.

Performance

• (1) The prototype cannot exceed a diameter of 6 mm [39].

• (2) The prototype has to be steerable with two rotations. Rotation A should overcome the aortic
arch with a minimum rotation of 200 degrees. Rotation B with a minimum of 15 degrees (see
appendix 5.2).

• (3) The prototype has to comply with the dimensions needed to perform a transfemoral aortic
valve implantation. (picture with all the dimensions of the current system).

• (4) The prototype has to be used without the use of power sources other than muscle power.

• (5) The prototype should ensure a bigger range in implantation possibilities in the aortic annulus
compared to the Medtronics and Edwards delivery systems.

• (6) The prototype has to be able to manoeuvre the tip of the delivery system in a coaxial oriën-
tation in the aortic annulus.

• (7) The prototype has to be able to manoeuvre the tip of the delivery system in the center of the
lumen of the aorta.

Durability

• (8) The catheter has to be designed to be disposable. (wish)

Compatibility

• (9) The delivery system should not cause an inflammatory or allergic reaction to the body’s tissue.
(wish)

• (10) The design has to cope with the wet environment of the human body. (wish)

Aesthetics

• (11) Because surgeons sometimes have to use different systems in the same hospital because of
financial reasons, the prototype should have mainly similar dimensions as the current techniques
and similarities in the use of the system compared to the current techniques. (wish)

Perceived quality

• (12) The delivery system should be as easy or easier to use than the current systems regarding
the positioning of the tip of the delivery systems. (wish)
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1.4. Thesis outline
The clinical problem together with the problem description is described above. To answer the research
question that is provided by the problem description, the following steps are taken. First, the prototype
has to be designed. This will be done by the reverse engineering of the Edwards delivery system. It is
decided that there will be modifications to the existing Edwards delivery system. Two experiments are
conducted to provide the best configuration for the modification to the Edwards system. The findings
in the reverse engineering of the Edwards delivery system and the results of the experiments are
combined to provide a prototype that satisfies the list of requirements. Subsequently, the prototype will
be validated in the final experiment in chapter 3. Lastly, the validation and the design of the prototype
will be discussed from clinical perspective and recommendations are given for future research and
development.





2
Method

To achieve the goals that were set in the previous chapter, different steps were taken to design the
prototype that will answer the research question. This chapter will focus on the designing of the
prototype. The method for the design is started with the reverse engineering of the Edwards DS
to give insight in the mechanisms that are used. Subsequently, these mechanisms are modified to
the needs of the prototype, stated in the list of requirements. Two experiments are performed to
substantiate the choices for the modification in the prototype. Lastly, the final design of the prototype
will be described.

2.1. Reverse Engineering
To get a clear image on the current technique that is already steerable with 1 rotation, the Edwards
system is disassembled to have a closer look at the mechanisms that are used to provide rotation of
the tip. The DS is visible in figure 2.1 and all the different components are marked in different colors.
The handle and the outer catheter are the focus points of this research because these contain the
techniques that provide the rotation.

Figure 2.1: Edwards delivery system with the inflatable balloon on the distal end of the DS(Red) the outer catheter (Green),
the handle (Blue) and the inner catheter (Yellow). The inner catheter is connected to the inflatable balloon and runs through

the handle and outer catheter.

The handle consists out of two parts that are visible in part C of figure 2.2. The proximal part is
visible on the left hand side of section C and the distal part is visible on the right hand side of section
C. The distal part of the handle is used to control the rotation of the tip of the delivery system. The
proximal part of the handle is used to control the depth of the inner catheter relative to the outer
catheter.

First, the mechanism for tip deflection is explained and the mechanism is visible in section B. These
parts are normally placed inside the distal part of the handle. Part J is normally placed over the rails,
visible at the lower part of section C. Part J has a screw thread on the outside, but it also has a screw
thread on the inside. The white knob, called part K, is placed on the rails and moves in a linear line
over the rails, as is displayed by the red arrows. Part K is moved through the inside of part J when
part J is rotated. This movement is created by rotating wheel E which ensures a rotation of part J and
subsequently the movement up or down the rails of part K, dependent on the rotation clockwise or
counterclockwise of wheel E. The metal wire that is depicted in section A of figure 2.2 runs through a
duct on the inside of the outer catheter. One end of the metal wire is connected to the above mentioned
part K visible in section B that can move over the rail. The other end of the metal wire is connected to
the distal part of the outer catheter.

7



8 2. Method

Figure 2.2: The steel cable that runs through the outer catheter is depicted in section A. The mechanisms for tip deflection is
depicted in section B. The handle of the Edwards catheter(C) with the rotation wheel for deflection (E); the flex indicator (F);
the rotation wheel for depth control of the inner catheter (G); and a lock and release knob for fixation and release of the inner
catheter (H). Lastly, the steps for the control of the depth of the inner catheter relative to the outer catheter is shown in

section D.

Summarizing, wheel E ensures a rotation of part J, which ensures a translation of part K in section
B that subsequently puts tension on the metal wire. This tension force, that is exerted on the distal
part of the outer catheter, causes the tip to rotate. Lastly, the flex indicator at point F gives the user
an indication on the amount of rotation of the distal part of the catheter.

The mechanism for the depth control of the inner catheter and the balloon relatively to the outer
catheter will be explained and is visible in section D of figure 2.2. The movement is created by rotation
wheel G and the lock and release knob H in section C. The steps for the movement of the inner
catheter are displayed in section D of figure 2.2. During step 1, knob H is unlocked and the handle can
be translated over the inner catheter without moving the inner catheter by wheel G. When knob H has
arrived in a more proximal position, depicted at step 2 in section D, the knob can be rotated ensuring
a lock to the inner catheter displayed at step 3. Lastly, the inner catheter, that is locked to knob H, can
be moved to a more distal position relative to the outer catheter by rotating wheel G counterclockwise.
These steps can be repeated or reversed which causes movement of the inner catheter relative to the
outer catheter.

The distal tip of the outer catheter has a structure that is displayed in figure 2.5 in which the folded
heart valve prosthesis, that is visible in figure 2.3, can be placed. The placement of the prosthesis in
the structure of the tip of the outer catheter ensures that the prosthesis moves in the direction that
the tip is pointing. The outer catheter has a length of 1050 mm and in 100 mm of the distal part of
the outer catheter a metal casing with laser cuts is placed in the wall of the catheter. This ensures that
the distal part of the catheter doesn’t fold when it is bend in an angle.

The inner catheter has two different functions. First, the inner catheter in combination with the
handle mechanism, that is explained above, gives controllability of the implantation depth of the heart
valve prosthesis. Moreover, the inner catheter serves as a duct for the fluid that is used to inflate
the balloon during balloon valvuloplasty to unfold and anchor the heart valve prosthesis in the aortic
annulus.

The inner catheter with the balloon mounted on the tip can move in a straight line up and down
in the angle of the outer catheter that is set with rotation wheel E. Inflating the balloon slightly will
ensure a connection of the prosthesis to the balloon by friction between the prosthesis and the balloon.
The movement of the inner catheter relative to the outer catheter with the prosthesis connected to
the balloon, provides control over the implantation depth of the heart valve prosthesis in the aortic
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annulus.

Figure 2.3: The distal part of the Edwards DS with the folded heart valve prosthesis, showing the rotation of the distal tip of
the DS.

Conclusion
The focus of the research question is on the positioning of the heart valve prostheses, hence the interest
in the steering mechanism in the outer catheter and handle explained in the previous chapter. The
mechanism for the rotation of the distal tip of the Edwards DS is a proven concept. Not only does this
mechanism satisfy the requirements for the performance, but it also satisfies the requirement to make
it easy and recognizable for the user, which is the surgeon.

The backwards engineering of the handle and the catheter showed the different mechanisms that
ensure the delivery and positioning of the heart valve prosthesis. Combining the outer catheter with
the distal part of the handle in figure 2.2, provides the steerable degree of freedom of the Edwards
catheter. The inner catheter in combination with the proximal part of the handle in section C of figure
2.2 controls the depth of the balloon and subsequently the prosthesis when the outer catheter is placed
in the correct angle.

Figure 2.4: Isolated part from the Edwards catheter with the steerable technique isolated. This part is used for further
development of the prototype.

Future steps after the reverse engineered Edwards DS
To design a prototype that provides the extra degree of freedom in the form of an extra rotation,
described in chapter 1, these parts have to be modified to the needs stated in the list of requirements.
The Edwards DS is disassembled until the mechanism for the rotation of the delivery system is isolated,
this is visible in figure 2.4. This part will ensure rotation A, which is described in chapter 1. The proximal
part of the handle, visible in section C of figure 2.2 and the inner catheter are removed, because this
mechanism doesn’t aid in the steer ability of the distal tip of the DS and will not be needed within
the scope of this research. The removal of this mechanism opens possibilities to adjust the existing
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delivery system.
A discussion between the author and the instrument maker led to the conclusion that the inner

catheter can be replaced with the material Poly(ether-ether-ketone) (PEEK) which is cheap and easy
to modify. The PEEK has to be modified to the needs that are specified in the list of requirements and
that is why an experiment is needed to explore the effects of modifications on PEEK.

Figure 2.5: The tip of the Edwards delivery system in which
the stent is placed to provide support
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2.2. Effects of notch configuration on PEEK specimens

Introduction
To explore the effects of modifications to catheter strip that are made from Polyether-ether-ketone
(PEEK), an experiment is conducted. Insight in the effect of different modifications to the PEEK catheter
strips will help to choose the correct configuration for the application in the prototype of the delivery
system. PEEK strips will be modified by adding notches on two sides of round PEEK strips, 180 degrees
apart from each other which is visible in figure 2.6.

A pulling wire (PW) is attached to the tip of the catheter. When tension is put on the wire, the
catheter tip starts to rotate in the directions of the red lines that are visible in figure 2.7. The inde-
pendent variables that can be manipulated for this experiment are (1) the amount of notches over
a distance of 20 mm of 40 mm PEEK strips, (2) the width of the body between the notches and (3)
the diameter of the PEEK strips. The three independent variables result in a total of 8 experimental
conditions (EC). The goal of this experiment is to analyze the effects of these independent variables on
the dependent variables which are in this case the force in the pulling wire and the angle of rotation
of the catheter specimens in degrees.

Material
The material that will be used for the catheter speciemens is Polyether-ether-ketone which is cheap
and easy to modify. It has a very good mechanical property spectrum with a modulus in the range (3
to 150)GN mዅኼ at 23°C and strength in the range (100 to 2,000)MN mዅኼ at 23°C [17]. Two sizes will
be used for this experiment: 1.8 mm outer diameter and 2.0 mm outer diameter. These will be cut
into strips of 40 mm of which 20 mm will be used to mill notches of 0.3 mm wide. The notches will
be milled 180 degrees apart from each other with configurations given in table 2.1. The milling of the
notches will give more flexibility in the directions given in figure 2.7.

Experimental Condition (EC) Outer Diameter PEEK Amount of Width of body between
(EC) [mm] notches [n] notches [mm]
1 2.0 20 0.6
2 1.8 20 0.2
3 2.0 10 0.3
4 1.8 10 0.5
5 1.8 10 0.2
6 2.0 10 0.6
7 1.8 20 0.5
8 2.0 20 0.3

Table 2.1: Configuration of the notches in the PEEK specimens applied over a length of 20 mm of the material.

Equipment
For this experiment a linear stage is used to provide the movement needed to put tension on the wire
that will deflect the tip of the catheter. A clamping holder is fabricated to clamp the catheter specimens
in a vertical configuration, see figure 2.6. Moreover, a 9 Newton FUTEK load cell is placed between the
linear stage and the tension wire of the specimen to measure the increase of force during the linear
movement of the stage and consequently increase of the tension in the pulling wire. This load cell is
connected to a Labjack UE9 Series with a 0-5 Volt Maximum Analog Input Range. The software Matlab
2015b is used on an Apple Macbook Pro to process the data.

Method
The following steps are performed to conduct this experiment. First, the specimen is put in the clamping
holder and clamped with the body between the notches in the middle and the notches pointing to each
side, see figure 2.7. Behind the specimens there is a protractor to measure the angle the specimen
makes when it is rotating. The pulling wire is attached to the load cell that is connected to the linear
stage. The starting point is set for the linear stage as the point where the wire under tension. In this
phase, the setup is ready for the run and the movement of the linear stage is initiated with Matlab with
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Figure 2.6: Experimental setup with all the equipment depicted on the left and an enlarged view of the catheter specimen on
the right.

a speed of 0.1mm/s for a distance of 2mm, together with the starting of the camera to record the run.
When the run is completed, the linear stage will move back to the starting position, the video recorder
will be stopped and the catheter specimen will be changed for the next specimen. The experiment
is conducted 5 times on each specimen in random order to reduce bias, making a total of 40 runs.
The randomization was performed by the function ”Rand” in the software Matlab. The raw data was
processed in Matlab with a moving average filter with kernel size 20 to reduce the amount of noise in
the data and the raw data was multiplied with a factor 0.85 to convert the data from Volt to Newton.
After the all the experiments are completed, the video of each run is inspected and the deflection in
degrees, read from the protractor behind the the PEEK specimen, is noted.

Results
When the experiment was conducted, it showed that there was no rotation of the tip of the specimen
in EC6, but this was still considered as a result, hence a total amount of runs of 40 which were included
in the experiment.

Figure 2.7: The route the tip will travel during rotation is
visualized by the red lines.

Figure 2.8: Effects plot of the independent variables on the
dependent variable force in Newton that is needed for 1

degree of rotation.

Figure 2.9 shows the amount of rotation in degrees of the specimen per 1 Newton of tension. It
shows that the EC 1, 4, 6 and 7 are the experimental conditions with the lowest deflection per Newton
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Figure 2.9: The amount of rotation in degrees per Newton of tension in the tension wire of the catheter specimen.

tension. These are the conditions with the biggest body between the notches. Moreover, EC 2 and 5
are the experimental conditions with the lowest width of the body between the notches, 0.2 mm, and
resulted in the highest deflection per Newton tension in the wire. In comparison, the specimens with
the lowest deflection per Newton tension, are the specimens with the highest width of body between
the notches, 0.6 mm.

If we look at the effects plot, which displays the means for each group within each experimental
condition, we see what kind of effect the independent variable has on the dependent variable. The
effects plot of the experiment in figure 2.8 for the independent variables shows that the biggest effect
is realized with the width of the body between the notches. Moreover, the ANOVA shows that the
means are significantly different with p-values for respectively the diameter, body width and amount of
notches of 0.0345, 0.0009, 0.0182. This also shows that the effect of the notch width has the lowest
p-value indicating the biggest difference in means for both states within the independent variable.

Discussion/Conclusion
Eight different experimental conditions were created by modifying catheter strips that were made from
the material PEEK. The specimens were placed under a linear stage and a tension wire, that was
connected tot the tip of the specimen, was connected to the linear stage. When tension was applied
to the wire by the movement of the linear stage with a speed of 0.1mm/s, the tip of the PEEK started
to rotate. Video footage of the runs was used to read the maximal amount of rotation in degrees by
a degree bow behind the specimen. Moreover the amount of force on the tension wire was measured
during the run. Knowledge of the deflection and the amount of force needed for the deflection for
every EC will help in the selection of the best configuration needed for the prototype.

The effect plot shows that the biggest effect on the amount of force needed for rotation is achieved
with the variation in width of the body between the notches. This can be explained by visualizing that
the body between the notches is the area around which the specimen will rotate. The bigger this area
is, the more resistance it will provide against the rotation.

Another interesting observation was that the variance in the amount of rotation was high for the
experimental conditions: 2, 3, 5, 7 and 8 (respectively 133.3, 34.5, 238.2, 54.7 and 134.8). This could
be explained by the technique in which the tip was deflected. The specimens were produced with two
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tensions wires connected to the tip for a deflection to either side of the specimen. These wires could
have been rotated around each other in the catheter strip, resulting in a tension that is not exerted on
the outside of the specimen. This causes the force to be more to the center of the specimen which
could result in a smaller rotation compared to other runs in the same EC. Moreover, the two tension
wires were connected to a cap that was put on the tip of the specimen, but this cap could rotate
because it was not firmly fixated to the specimen. The rotation of the cap also results in a force that
is more exerted on the center of the catheter specimen which results in a smaller deflection. So the
rotation of the wires around each other and the cap relatively to the catheter specimen could be an
explanation for the high variance of the deflection per Newton within the experimental conditions.

A limitation of this experiment is the small amount of runs per experimental condition. The results
show an effect, but the variance for the rotation is high within the experimental conditions. For further
research the amount of independent variables have to be scaled down so more runs can be performed
per EC, increasing the statistical power.

In conclusion, this experimental setup gave insight in the behaviour of modifications to the catheter
strips. Both the diameter as the body width and the amount of notches caused an effect on the
amount of force needed for 1 degree of deflection of the catheter specimens, but the biggest effect
was found in the variation of body width of the catheter strips. Further research is needed to select
the best configuration for the prototype. Recommendations for further research are to focus on one
independent variable: the body between the notches. Furthermore, a recommendation is to increase
the amount of runs per experimental condition to improve the statistical power. Lastly, modifications to
the catheter strips have to be performed to remove the effect of the twisting of the pulling wire around
each other. In addition the rotation of the cap in the catheter to which the pulling wire is attached has
to be prevented.
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2.3. Selection of PEEK specimen after variation of body width
Introduction
To satisfy the list of requirements stated in the introduction of this report the best configuration of
the PEEK catheter strip, that is going to be a modification to the current Edwards catheter, has to be
selected. The list of requirements shows that a rotation of 15 degrees has to be provided to satisfy the
needs of the prototype. The pulling wire of the modification will run through the outer catheter to the
handle. The handle will control the amount of force exerted on the modification. The amount of force
needed for this rotation has to be as low as possible, because it would otherwise affect the shape of
the outer catheter. The configuration that provides a rotation of 15 degrees with the least amount of
force is preferable. This results in the research question: What configuration of the catheter specimen
will create a rotation of 15 degrees with the least amount of force needed for the rotation?

To answer this question a follow up study of experiment 1A is conducted. The independent variable
in this experiment will be the size of the body between the notches and the dependent variables will
be the angle of rotation of the tip of the catheter and the force in the pulling wire. The force in the
pulling wire will be created by the movement of a linear stage.

The experiment in chapter 2.2 concluded that the biggest effect is realized with variation of the
body between the notches. Moreover, the recommendation were to modify the catheter strips, reduce
the amount of ECs and increase the amount of runs per EC. These recommendations are taken into
account in this experiment and the results of this experiment will provide a clear recommendation for
the selection of the modification for the prototype.

Material
The modification will be placed on the tip of the isolated part of the Edwards catheter that is visible
in figure 2.4. The inner diameter of this outer catheter is 3mm. Therefore, PEEK catheter specimens
with an outer diameter of 3.1 mm will be used for this experiment, so that a tight fit can be achieved
when it will be mounted to the isolated part.

Moreover, the catheter strips are adjusted to overcome the problems with the tension wires that
were experienced in the previous experiment. The pulling wire is still attached to a cap that is placed
in the tip of the catheter, but for this experiment there is only 1 pulling wire attached to this cap to
resolve the problem of tangled pulling wires. Additionally, the cap is glued to the tip of the catheter
tips to prevent the cap from rotating relatively to the catheter specimen.

The notch width was determined by calculating the ratio between the diameter of the catheter and
the body between the notches in the previous experiment. This resulted in a configuration with a body
of 0.35 mm for the smallest configuration. If we calculated the ratio for the highest body between the
notches, this gave a configuration of 0.95 mm. Because this configuration resulted in no rotation in the
previous experiment, so a smaller body is chosen. Ultimately, four PEEK catheter specimens with an
outer diameter of 3.1 mm are tested with the configurations of the notches given in table 2.2. On each
specimen 20 notches are evenly divided over 20 mm opposite to each other, resulting in a distance
between the notches of 2 mm.

Experimental Condition (EC) Outer Diameter PEEK Width of body between
(EC) [mm] notches [n]
1 3.1 0.35
2 3.1 0.50
3 3.1 0.65
4 3.1 0.80

Table 2.2: Experimental conditions with the configuration of the notches in the PEEK specimens.

Equipment
Also for this experiment a linear stage is used to provide the movement needed to put tension on
the wire that will deflect the tip of the catheter. The same clamping holder is fabricated to clamp the
catheter specimens in a vertical configuration, see figure 2.6. For this experiment a 22 Newton FUTEK
load cell is placed between the linear stage and the PW of the specimen to measure the increase of
force during the linear movement of the stage and consequently increase of the tension in the pulling
wire. This load cell is connected to a Labjack UE9 Series with a 0-5 Volt Maximum Analog Input Range.
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The software Matlab 2015b is used to process the raw data.

Method
The same method as in experiment 2.2 is used for this experiment, the description is visible in chapter
2.2. The modification in the method compared to the method in experiment 2.2 is a factor of 2.355 for
the conversion of the output in Volt to the force in Newton and the amount of runs. There are a total
of 4 ECs and every EC is tested 15 times. To add validity and to provide protection against systematic
influence of uncontrolled variables, the experimental runs are randomized with the function ”rand” in
Matlab.

Results
All the 60 runs were successfully completed and are taken in consideration in the results. The summa-
rizing plots are visible in figure 2.10 and 2.11.

Figure 2.10 shows the amount of force that’s needed for 1 degree of rotation of the tip of the speci-
men. It shows that in increase in body between the notches results in an increase in force that’s needed
to rotate the tip. Moreover, it shows that the variance decreased a lot compared to experiment 1A with
values for increasing body between the notches of respectively 6.1454eዅኺ኿, 2.1936eዅኺኾ, 2.6732eዅኺኾ

and 3.3604eዅኺኾ. In figure 2.11 a boxplot is displayed for the dependent variable, force per degree of
rotation, per EC.

Besides the amount of force that was measured per EC, the angle of rotation for the different ECs
are determined. It showed that a pulling distance of 2.5 mm resulted in a rotation of the tip of the
catheter of 20 degrees in EC2. For EC1 there was a rotation of 30 degrees and EC3 and EC4 didn’t
manage a rotation of 15 degrees with a pulling distance of the linear stage of 2.5 mm.

Figure 2.10: The amount of rotation in degrees per Newton
of tension in the PW of the catheter specimen.

Figure 2.11: Boxplot of the dependent variable per EC.

Discussion/Conclusion
Four different experimental conditions were created for this experiment by modifying catheter strips
that were made from the material PEEK. This was a follow up study on experiment 2.2 were there were
some imperfections in the experimental setup and inconclusive results. Modification to the catheter
strips and the amount of runs resulted in a clear image to answer the question: ”What configuration
of the catheter specimen will create a rotation of 15 degrees with the least amount of force needed for
the rotation?”. Combining the results of the dependent variables force and angle on the independent
variable notch body width can answer this question.

It showed that EC2 can manage a rotation of 20 degrees with a force of 0.6 Newton. EC3 and EC4
couldn’t manage a rotation of 15 degrees when the pulling wire was pulled for a distance of 2.5 mm.
Furthermore, there is a higher force needed to rotate the tip of the catheter 15 degrees than in EC2.
EC1 showed a rotation of 30 degrees which is double the amount of the rotation that is needed for the
prototype.

In conclusion, the results showed that EC2 with a body width between the notches of 0.5 mm gave
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the possibility to rotate the tip of the catheter tip at least 15 degrees when the PW was pulled for a
distance of 2.5 mm. From these results is concluded that this configuration that is going to be used
for the prototype will be a PEEK catheter strip with a outer diameter of 3.1 mm modified with a total
amount of 20 notches, 10 on either side, with a width between the notches of 0.5 mm.
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2.4. Final Concept
The mechanism for the handle and the modification of the tip are discussed in the previous chapter.
The tip that is selected from experiment 2.3 is added to the isolated part from the Edwards delivery
system depicted in figure 2.4. Moreover, the handle is modified so that the second rotation, referred
to as rotation B in figure 1.5, can be controlled. The prototype is visible in figure 2.4 and the two
sections that are modified are depicted in section A and B. Section A displays the tip of the prototype
and sections B shows the handle. This chapter will elaborate on the mechanisms of these parts and
the specifications.

Figure 2.12: The prototype with an enlarged image of the tip of the prototype depicted in A and the handle depicted in B.

2.4.1. Handle
The mechanism of the handle is based on the the proven concept of the Edwards delivery system that
is disassembled in chapter 2.1. The part of the handle that controls rotation A is kept the same and is
explained in chapter 2.1. The modification on the handle is depicted in section 1 of figure 2.13. Part
A and B move over the rails in the directions indicated by the green arrows. The metal pulling wire
that runs through the handle and catheter to the tip is connected to part B. The handle that is visible
in section 3 has a screw thread on the inside of the handle indicated at the green arrow. This part is
placed over the rails with part A and B and locked with a clip indicated in section 2 by the green arrow.
The rotation of the handle clockwise or counterclockwise ensures movement of part A in section 1.
A rotation counterclockwise will ensure a movement of part A to the distal part of the handle. This
causes tension in the pulling wire that is connected to the modification in the tip and this tension will
cause a rotation of the tip. When the tension is released by rotating the handle clockwise, resulting in
a movement of part A to the left in section 1, the tip will straighten out by the elastic properties of the
material of the modification at the tip. The amount of movement of part B in section 1 of figure 2.13
is 32 mm and a rotation of 1040 degrees is needed to get maximum rotation of the tip.

2.4.2. Catheter
The catheter tip that is made from the material PEEK is displayed in section A in figure 2.4. The
configuration selected in chapter 2.3 is chosen for this modification resulting in a tip with a width of
3.1 mm with a notch configuration of 20 notches evenly spread with a body between the notches of
0.5 mm. The catheter strip is pressed into a base with a diameter of 4 mm. This base is glued into the
tip of the isolated part depicted in figure 2.4 to provide a strong connection. A similar cap as in figure
2.6 is placed inside the tip of the modification with 1 steel pulling wire. The pulling wire runs trough
the inside of the catheter to the handle and is connected to part B in figure 2.13. The modification of
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Figure 2.13

the tip has a length of 35 mm and the maximum width is 6 mm at the point where the modification is
connected to the outer catheter.





3
Validation

3.1. Introduction
To answer the research question, ”Does an extra rotation in the distal part of the delivery system
improve the ability to steer the top to the center of the aortic annulus in a coaxial oriëntation?”, a
validation study is performed. The focus of this experiment will be on the positioning of the tip of
the delivery system in a glass phantom model of the aorta. An Aurora system will track the position
of the tip of the delivery systems in a 3D environment. The Medtronics delivery system, which is not
steerable, the Edwards delivery system, which is steerable with 1 rotation and the prototype that is
steerable with 2 rotations will be compared in this study.

A total of two technical tests are performed and one user test. First, a technical test is performed
where the reach and possible angle oriëntations of the three different systems in the aortic annulus
will be compared. Moreover, the ability of the three systems to be steered to a reference point that
reflects the center of the aorta lumen coaxial to the ascending aorta. The third test is a user test where
thorax surgeons will execute the technical test for feedback on the handling of the delivery system. To
answer the research question, the results of the two tests will be discussed to determine whether the
prototype is better in the positioning than the current techniques.

3.2. Materials
3.2.1. Test specimens
Three different delivery systems are used for this experiment: The Edwards delivery system; The
Medtronic delivery system; and the prototype that is developed in chapter 2. The Medtronics delivery
system is not steerable but allows 1 rotation in direction A, depicted in figure 1.5. By pushing the
system upwards, the tip will be deflected by the resistance of the artery wall. The Edwards delivery
system is steerable with 1 rotation to align the tip in the frontal plane to the aortic annulus, depicted in
figure 1.5 as rotation A. Lastly, the prototype will provide the same steerable rotation as the Edwards
catheter but is also steerable with a rotation in the sagittal plane, depicted in figure 1.5 as rotation B.

3.2.2. Equipment
The setup for this experiment, depicted in figure 3.2, consists of the glass aorta model and two stands
that hold the glass model in position. The stands are taped to the table with double sided tape to
ensure that the model doesn’t move during the experiment. The phantom model is made from glass
with the dimension described in Appendix 5.2.

The position of the tip of the delivery systems is important for the positioning in the aortic valve,
hence the use of an Aurora NDI system to track the position of the tip of the delivery system. Each
delivery system is equipped with an Aurora 5DOF Sensor 0.5 mm x 8 mm that gives information about
5 degrees of freedom in a three dimensional space: xyz-coordinates and the rotation around the x-
and y-axis.

To define the point which represents the center of the aortic annulus and coaxial to the ascending
aorta of the model, a cap that perfectly fits on the aortic phantom model is 3D printed. In this cap

21
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Figure 3.1: The setup of this experiment, where the cap for
the definition of the end position is visible at point A, the
chiba-tip needle at point B, the entry of the aorta model at

point C and the delivery system at point D.

Figure 3.2: The Aurora system that creates a magnetic field
to track the sensors in a 3D environment is visible at point

A. The delivery system enters at the right and is
manoeuvred to the other side of the glass model to position

the tip in the aortic valve.

a 5 mm deep hole with a diameter of 1.2 mm is drilled so that a Chiba-tip needle with a diameter of
1.2 mm perfectly fits in this hole. This cap in combination with the chiba tip needle ensures a coaxial
oriëntation of the needle in the center of the aortic annulus. In figure 3.1 this combination is visible at
point A and B and is used to define the reference point for the user to manoeuvre the tip of the distal
part of the delivery systems towards.

Data acquisition and the control of the Aurora system are achieved using the provided Aurora
Toolbox ”Track” on an Apple Macbook Pro. The recording of the data can be initiated and ended with
this software. The sampling frequency of the Aurora system is 50Hz. The following variables for the
sensor on the delivery system and the reference point were stored on the computer: (1) coördinates
on the x-, y- and z-axis; (2) the rotation around the x- and y-axis.

3.2.3. Users
The technical tests used for the data acquisition will be done by the author. Moreover, two thorax
surgeons will use the three systems in the experimental setup for a user test. Their feedback on the
handling of the prototype in comparison with the current techniques will be discussed.

3.3. Method
3.3.1. Procedure
After setting up the equipment stated above in the arrangement depicted in figure 3.2, the experimental
runs were performed by the author. There were always two persons present, the user to perform the
runs with the delivery systems and a helper to start and stop the runs in the toolbox for the Aurora
system on the Macbook Pro.

Two tests will be performed in this experiment to validate the functionality of the prototype in
comparison to the existing delivery systems. First, the reach of each delivery system in the aortic
annulus of the model is determined. Second, the ability in which the tip of the delivery system can be
steered to the reference point is determined by measuring the error in position and rotation.

Technical test 1
The position of the wall of the aorta lumen will be determined by moving the tip of the chiba tip
needle sensor in a helical movement up and down the wall of the ascending aorta of the glass model.
The boundaries of the inside of the glass model are acquired in a three dimensional space by this
movement. Hereafter, three runs will be performed the three delivery systems will be maneuvered to
the ascending aorta and moved around in all the possible positions the delivery system will permit. The
Medtronics delivery system can only be pushed upwards and downwards into the glass model. The
Edwards delivery system has three options for manipulation. (1) It can be pushed upwards and pulled
back into the aorta. (2) The tip can be rotated with the flex wheel E, depicted in figure 2.2. (3) Lastly,
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the handle of the Edwards delivery system can be rotated to produce torque in the outer catheter. The
rotation of the handle will be done for a maximum of 180 degrees in each direction. The same options
account for the prototype, but in addition this delivery system has an extra rotation resulting in rotation
B in figure 1.5 of the tip. The amount of rotation is controlled by an extra flex wheel, depicted in figure
2.13.

Technical test 2
The experimental runs will be performed 5 times with each delivery system resulting in a total amount
of runs of 15. To lower the time between runs and to lower the chance of malfunctioning of the sensors
because of the need to change the connections to the Aurora system, the run for every delivery system
is repeated 5 times, starting with the Medtronics delivery system, followed by the Edwards delivery
system and ending with the prototype. Manipulation of the delivery system is only allowed on the
proximal end of the delivery system.

The protocol for a single experimental run was the following:

1. (1) Set up the experiment as is depicted in figure 3.1

2. (2) Put the delivery system at the entry point of the glass model, visible at the right side of figure
3.1

3. (3) Set the name for the specific run in the software and select the two sensors that have to be
recorded.

4. (4) Start the recording of the data.

5. (5) After a minimum of 100 samples are taken, remove the cap with the needle depicted at point
A and B in figure 3.1.

6. (6) Let the user start maneuvering the tip of the delivery system in a coaxial position in the center
of the aortic annulus and tell him to say ”stop” when he thinks the perfect end-position is reached
and stop the recording of the data.

7. (7) Remove the delivery system from the glass model.

User Test
The user test will use the same procedure as technical test 2, but the surgeons will only perform the
runs once for each delivery system. In this way they can compare the handling of the three delivery
systems to each other.

3.3.2. Data processing
Technical test 1
The data set acquired from this test is used to determine the reach of all the three delivery systems
within the aorta lumen. To visualize the position of the tip of the DS, the The traveled pathway is
plotted together with the rotations around the x- and y-axis.

Technical test 2
The data set obtained from this experiments consist of time histories of positions and angles of two
sensors in a three dimensional space. The points of interest of this dataset are the first data samples
of the chiba tip needle sensor that is visible at point B in figure 3.1 and the last data samples of the
sensor that is mounted to the tip of the delivery system.

The accuracy error of the Aurora system is stated as 0.7 mm in Aurora user guide. To filter this error,
the average over 100 samples is used for the chiba tip needle sensor that represents the reference
point. The average over the last 20 samples is used from the sensor data from the tip of the delivery
system to define the end-position.

The two points of interest are examined and the position of the chiba tip needle is taken as reference
point. To examine the position of the tip of the delivery system with regards to the reference point, the
xyz-coordinates of the reference point are subtracted from the xyz-coordinates of the sensor on the tip
of the delivery system, giving the error of the position of the tip in every axis relatively to the reference
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point. This error (SE) in the distance from the sensor on the delivery system to the reference point is
calculated using formula 3.1 where X, Y and Z are the coordinates on every axis.

𝑆𝐸 = √(𝑋።፧፬፭፫፮፦፞፧፭ − 𝑋፫፞፟፞፫፞፧፜፞)ኼ + (𝑌።፧፬፭፫፮፦፞፧፭ − 𝑌፫፞፟፞፫፞፧፜፞)ኼ + (𝑍።፧፬፭፫፮፦፞፧፭ − 𝑍፫፞፟፞፫፞፧፜፞)ኼ (3.1)

Moreover, the error in the angle on the X an Y axis is determined by subtracting the angle of the
reference from the angle of the tip of the delivery system. The results will be elaborated in the following
chapter.

3.4. Results
3.4.1. Technical test 1
The experimental run for every DS is plotted in figures 3.3. The figures show the wall of the glass aorta
model that is constructed by the helical movement of the chiba-tip needle sensor in red. In addition,
the pathway of the delivery systems are plotted in blue. It is important to visualize that the view is
from inside the ascending aorta looking to the aortic annulus. It is clearly visible that the Medtronics
DS, which is not steerable, can only remain on one side of the aortic model. The Edwards DS, which
is steerable with one rotation can be steered to the inside of the aortic lumen, as the second plot in
figure 3.3 clearly shows. Lastly, the prototype which is steerable with two rotations, has a reach that
covers most of the lumen of the aorta.

Figure 3.3: Illustrating the reach of the three delivery systems in blue within the aorta lumen. The aorta wall is depicted in red
and the blue lines illustrate the position of the tip of the delivery system over time. The view is from within the ascending aorta

to the aortic annulus.

Besides the reach in xyz-coordinates, the rotation around the X- and Y-axis are acquired during
the runs. In figure 3.4 the rotation around the x-axis is plotted over time. This is the rotation is
depicted in figure 1.5 as rotation A. In this figure only the data of the Edwards DS and the prototype
are plotted because these delivery systems are steerable in this plane. It shows that the prototype
has a bigger reach concerning the angles which it can achieve within the constraints of the glass aortic
model compared to the Edwards delivery system.

The rotation around the X- and Y-axis was determined for the ascending aorta of the model by
aligning the chiba-tip needle with the glass aorta model. It indicated a rotation of 17.7 degrees on
the Y-axis and a rotation of 21.9 degrees on the X-axis. It is important to keep this in mind for the
following result.

The rotation around the Y-axis is visible in figure 3.5 for the tip of each of the delivery systems. This
plot represents the sagittal plane showing rotation B from figure 1.5. The results the following ranges
for the delivery systems in the Y-axis: for the Medtronics DS a range of 3.2∘ < 𝑌ፚ፧፠፥፞ < 15.5∘ , for the
Edwards DS a range of 3.6∘ < 𝑌ፚ፧፠፥፞ < 11.8∘ and a range of 7.8∘ < 𝑌ፚ፧፠፥፞ < 34.9∘ for the prototype.

The rotation around the X-axis is visible during the experimental run for the Edwards DS and the
prototype in figure 3.4. This rotation represents rotation the frontal plane showing rotation A from
figure 1.5. In the plot it is also visible that the prototype has a bigger reach with a range of 6.4∘ <
𝑋ፚ፧፠፥፞ < 38.4∘ for the prototype compared to a reach of 3.7∘ < 𝑋ፚ፧፠፥፞ < 32.5∘ of the Edwards DS.
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Figure 3.4: The rotation around the X-axis for the Edwards
DS and the prototype during the experimental run.

Figure 3.5: The rotation around the Y-axis for each delivery
system during the experimental run.

3.4.2. Technical test 2
The final positions of all the runs for the Medtronic DS, Edwards DS and the prototype are plotted in
the ZY-plane in figure 3.7, 3.9 and 3.11 respectively. It is visible that the Medtronics DS always has
an error in the positive Y-direction. Moreover, the Edwards DS and the prototype which are steerable
in this plane, have a smaller error in the Y-direction. Another interesting observation is that all the
delivery systems overshoot the target point (illustrated in blue) in the Z-direction.

The table showing the errors for the tip of the delivery system compared to the reference point of
each run is visible in figure 5.10 in Appendix 5.4 and shows that the prototype has the smallest error
compared to the Medtronics and Edwards DS. Interesting to see is that the error for the Medtronics
and the Edwards system is almost the same.

Lastly, all the experimental runs are plotted in figure 3.6 and shows the angle in which the tip was
aligned in the final position compared to the reference point in the XZ-plane. The plot shows that the
Edwards and the Medtronic system cannot achieve the rotation in the XZ-plane to provide a coaxial
alignment in the XZ-plane. In addition, the results show that the prototype does achieve a coaxial
alignment in the XZ-plane but not for every run.

Figure 3.6: The final oriëntation of each run in the XZ-plane for the Medtronics DS (Red), the Edwards DS(Green) and the
Prototype (Blue) compared to the Reference point (Magenta).
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Figure 3.7: Showing the final position of the tip of the
Medtronic DS in the YZ-plane in red relatively to the

reference point in blue.

Figure 3.8: Showing 1 run of the Medtronics DS in the
frontal plane of the aorta model.

Figure 3.9: Showing the final position of the tip of the
Edwards DS in the YZ-plane in red relatively to the reference

point in blue.

Figure 3.10: Showing 1 run of the Edwards DS in the frontal
plane of the aorta model.

Figure 3.11: Showing the final position of the tip of the
prototype in the YZ-plane in red relatively to the reference

point in blue.

Figure 3.12: Showing 1 run of the prototype in the frontal
plane of the aorta model.
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3.4.3. User Test
During this experiment it became clear that the surgeons prefer an oblique implantation and the reason
is depicted in figure 3.14. By implanting the Edwards Sapiën valve in this oriëntation, the surgeons
find support for the outer catheter on the aorta wall, indicated by the red arrow. This point of support
ensures that the DS doesn’t move upwards back into the aortic arch when the heart valve is pushed
down into the aortic annulus by the inner catheter during the operation. When asked to manoeuvre the
prototype to the reference point, the surgeons still handled the prototype as the Edwards DS, despite
the explanation of the modification that’s incorporated in the prototype. When asked why they still
prefer the oblique implantation of the tip of the prototype, the explanation above was given.

Figure 3.13: Table of the rotational errors in degrees for the 3 delivery systems

After the question what happens if the heart valve is not properly anchored or there is aortic
ragurgitation they explained the following. They look at the ultrasound recordings during surgery if
there is regurgitation after deployment of the heart valve prosthesis. If there is regurgitation, they
try to decrease the amount of regurgitation by repeated balloon valvuloplasty to push the stent of the
valve firmer into the aortic annulus.

Moreover, they confirm that the Medtronics DS doesn’t have the possibility to be steered in any way
and they explain that the implantation depth is important for the success of the implantation of the
Corevalve. The preference of the surgeons goes to the Edwards DS because the steer ability makes it
easier to manoeuvre the heart valve in the correct position. They add that it has to be kept in mind
that the route to the aortic annulus can be tortuous and the native aortic valve can make it difficult to
move the tip of the delivery system through the aortic annulus. These are the reasons that they prefer
the extra steer ability of the Edwards DS, because it gives them more possibilities to manipulate the
tip.

They experienced the experiment as interesting, because this is the fist time they can actually see
real time how the tip of the different delivery systems react to manipulations of the handle of each
delivery system. They explain that they normally don’t really see how the tip reacts to manipulations
of the handle because they only look at the imaging techniques, which are limited. This confirms the
findings in the literature that the imaging techniques are still a limiting factor on the positioning of the
heart valve prosthesis in the TAVI procedure [9].

3.5. Discussion/Conclusion
The first research goal is accomplished by the development of a prototype with an extra steerable rota-
tion in the tip compared to the Edwards catheter. The second research goal has to be completed which
is the validation of the functionality of the prototype. This experiment will validate the functionality
of the prototype by comparing to the current delivery systems with the prototype with regards to the
positioning of the distal tip.

To validate this functionality, the tips of the prototype and the current Edwards and Medtronics
delivery systems were tracked when they were manoeuvred through a glass aorta model to the aortic
annulus of the model. Two tests were performed to validate the functionality. First, the reach of the
three systems in the aortic annulus were compared to give an image on the possibilities the three
systems give. Second, the three systems were compared in an experiment where the task was to
position the tip of the delivery system in the same configuration as the reference point. In this case
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Figure 3.14: Showing the preferable implantation
coördination of the tip of the Edwards DS of the surgeons.

Figure 3.15: Showing the structure of the tip of the
Edwards DS where the heart valve prosthesis is placed in.

the reference point represented the perfect position for the heart valve prosthesis to be deployed in
the aortic annulus.

Figures 3.3 clearly shows the difference in reach between the three systems. It is important to
realize that the view is from inside the aorta lumen looking from the ascending aorta to the aortic
annulus. The Medtronics DS, which is not steerable, will always remain on the outside of the lumen of
the aorta because it doesn’t have the possibility to be steered in any way. This finding is also supported
by figure 3.8. The plot of the Edwards DS shows that the tip can be steered to the inside of the lumen
of the aorta in the YZ-plane. If a close look is taken, it is visible that two pathways are formed. This
is realized by rotating the outer catheter. This rotation will produces torque in the catheter and moves
the tip slightly up and downwards. Lastly, the reach of the tip of the prototype is visible in the third plot
and this shows a greater reach compared to the current delivery systems. This has multiple reasons.
First, the tip of the prototype is steerable with two rotations, which gives more possibilities to steer the
tip of the DS. Second, the absence of the inner catheter in the prototype resulted in more flexibility in
the distal part of the DS and consequently had a positive effect on the reach of the tip of the prototype.
This is supported if a closer look is taken to the plots of the Edwards DS and the prototype in figure
3.3 where it is visible that the Edwards DS cannot reach to both sides of the lumen completely and the
prototype can.

The second parameter that was measured was the angle of the tip of the delivery system. The
rotation around the X-axis is the rotation in the frontal plane, also referred to as rotation A in this
report. The results are plotted in figure 3.4 and show that the prototype can be positioned in a bigger
range of angles than the Edwards catheter. This is due to the fact that the inner catheter is removed
in the prototype, which resulted in more flexibility in the tip of the prototype than the Edwards DS.

In figure 3.5 the rotation around the Y-axis was measured for the three systems. This rotation
represents the rotation in the sagittal plane (rotation B). If the achieved angles of rotation around the
Y-axis for the Edwards DS and the prototype are compared it is clear that the prototype covers a bigger
range in possible angle oriëntations (Edwards: 3.6∘ < 𝑌ፚ፧፠፥፞ < 11.8∘) ; prototype:(7.8∘ < 𝑌ፚ፧፠፥፞ <
34.9∘). This is expected because the prototype has an extra steerable rotation to control rotation in
this plane. Another interesting finding in these results is the rotation of the Edwards system compared
to the aorta model. The angle oriëntation of the aorta model relatively to the Aurora system was
measured at the start of the experiment and gave a rotation of 17.7∘ around the Y-axis. The plot of
the Edwards DS in figure 3.5 shows that the DS couldn’t manage the required rotation of 17.7∘ to get
a coaxial placement of the tip in the XZ plane. This difference is also depicted in figures 3.16 and 3.17.
Moreover, the oriëntation of the tip of the Medtronics system approaches the value of the aorta model,
because this system will align with the ascending aorta, visible in figure 3.8.

The results of the first test show that the prototype gives a bigger reach in both the position in the
lumen of the aorta, as the angles in which the tip can be configured. However, this doesn’t give a direct
answer to the research question stated in chapter 1.2 if the prototype ensures a better positioning.
It is not visible if these possibilities in angle and position provide the ability to steer the tip to the
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Figure 3.16: Showing the oriëntation of the Edwards DS in
the aorta model in the sagittal plane.

Figure 3.17: Showing the oriëntation of the prototype in the
aorta model in the sagittal plane.

configuration needed for a perfect implantation. Where the perfect oriëntation is in the center of the
aortic annulus in a coaxial oriëntation.

Technical test 2 is performed to answer this question. The task in this test is to manoeuvre each
DS to the reference point. The reference point represents the center of the aorta lumen, coaxial to the
aortic annulus. The results of the position of the tip of each delivery system for each run is plotted in
figures 3.9, 3.7 and 3.11 in the YZ-plane. Figure 3.7 shows that the Medtronics DS can only remain at
the outside of the lumen of the aorta. Figures 3.9 and 3.11 show that the tip can be steered to the
center of the lumen towards the reference point depicted in blue.

It is visible that the tip always overshoots the target in the Z-direction in table 5.10. For every
delivery system the error on the z-axis is the largest. This can be attributed to the fact that the
implantation depth is not clearly visible for the user based on the shape of the phantom model. This
also represents the reality where, as explained in appendix 5.3, the imaging techniques are insufficient
to determine the exact location of the aortic annulus.

The mean square error of 8.1 mm for the prototype is smaller than the Medtronics and Edwards
system with 11.3 mm and 11.6 mm respectively. This implies that the tip of the prototype can be
steered better to the desired position. The error for the Medtronics and the Edwards system is almost
the same which is not expected because the Edwards DS has an extra steerability compared to the
Medtronics DS which should result in a smaller error.

The explanation for this finding is visible in table 5.10. This table shows the errors on all three axis
for the three delivery systems. It shows that the error for the Edwards catheter is caused by the large
error on the Z-axis compared to the Medtronics DS and the prototype. If only the mean error on the on
the x- and y-axis are compared within the three systems, it shows that the Medtronics has the largest
error on the x-axis as (3.3 mm) well as the y-axis (6.7 mm) compared to the prototype (x = 2.1 mm,
y = 2.0 mm) and the Edwards DS (x = 2.9 mm, y = 1.6 mm).

Table 3.13 shows the error of the oriëntation of the tip in the final position compared to the reference
point. It shows the smallest rotational errors for the prototype compared to the Edwards and Medtronics
DS. The biggest rotational errors are achieved by the Edwards DS. This can be attributed to the fact
that the main focus of the user is to position the tip in the center of the aorta lumen rather than
coaxial to the aortic annulus. To achieve this target the handle of the Edwards DS had to be rotated
to produce torque in the outer catheter which moves the tip of the Edwards DS in positive x-direction.
Moreover, the Edwards DS is stiffer than the prototype which forces the user to find support at the wall
of the aorta, as is depicted in figure 3.14, and produce torque in the outer catheter which resulted in a
movement of the tip towards the center of the lumen when the delivery system was pushed upwards
into the aorta. As a result the rotation around the x-axis increases, which is visible in figure 3.14.

The error in the x-axis is largest for the Edwards DS. This is also attributed to the produced torque in
the outer catheter to move the tip more to the center, but the inability to adjust the angle in the sagittal
plane, visualized in figures 3.16 and 3.17. The extra rotation of the prototype clearly demonstrates the
improvement of the modification on the prototype. The results presented in table 3.13 also support
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this finding with the smallest rotational error for the prototype.
The research question of this report is if an extra rotation provides a better ability to position the

tip coaxial in the center of the aortic annulus. This research question can be confirmed because the
rotational error together with the location error is the smallest for the prototype if it is compared to the
Medtronics and Edwards delivery systems.



4
Discussion

The trend in the treatment of aortic stenosis is moving towards the TAVI procedure [4]. During this
procedure a stent with a heart valve prosthesis is wedged over the aortic valve that is calcified. The
access route towards the aortic valve is through the groin and iliac arteries via the aorta to the aortic
annulus. Delivery systems mounted with the crimped heart valve prosthesis are pushed up through
this access route to deploy the prosthesis over the aortic annulus.

The first goal of this research is to deliver a prototype that can be steered with two rotations
appointed in figure 4.2. The Edwards DS, that is already used for the TAVI procedure, was disassembled
to explore the current proven techniques that were used for the TAVI procedure (see chapter 2.1). The
described mechanism for the rotation in the Edwards DS is a proven concept and therefore chosen
as the mechanism to provide the second rotation. This second rotation had to be incorporated into
an isolated part of the Edwards delivery system depicted in figure 2.4. After two experiments, a
PEEK catheter strip is selected and added to the prototype together with a modification in the handle.
This resulted in the prototype that is described in chapter 2.4 that will be validated and used for the
answering of the research question.

Figure 4.1: The anatomy of the aorta in the human body
showing the route from the iliac artery, which is the starting

point for the TAVI procedure, to the aortic annulus.

Figure 4.2: A simplified model of the route from the iliac
artery to the aortic annulus with on the left hand side a

frontal view and on the right hand side a sagittal view. The
two rotations that are referred to in this research are

depicted as rotation A and rotation B.

The rotations and the location of the tip in the aorta model are important during this discussion.
Figure 4.2 shows the rotations that are appointed too during this discussion. Rotation A represents
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the rotation in the frontal plane and rotation B is the rotation in the sagittal plane of the model. The
location error as well as the rotational error will be discussed between the three delivery systems.

The results of the first test in the validation experiment show that the prototype was more flexible
to perform rotation A. This is accounted to the removal of the inner catheter of the Edwards DS. This
improved flexibility is beneficial when the patient has a more horizontal oriëntated aorta. Chan et al.
explained that the TAVI procedure is difficult in patients with a more horizontal oriëntated aorta [6]. If
we look at the validation study, this could be explained by the stiffness in the distal part of the Edwards
DS, resulting in an insufficient rotation to align the heart valve prosthesis in the frontal plane to the
aortic annulus.

The extra flexibility of the prototype to perform rotation A together with the extra steerable rotation
B, clearly showed an improved reach of the prototype compared to the current delivery systems. The
improved possibilities in which the tip could be oriëntated is visible in figures 3.3, 3.4 and 3.5. This
improved reach in the aorta lumen does not directly prove that the tip of the catheter has the ability
to be steered to the center of the aorta lumen, coaxial to the aortic annulus. For this to happen, the
combination of the location at the center of the lumen and the coaxial oriëntation has to be realized.
Therefore, the second technical test is performed to validate the ability to steer the tip of the DS in the
perfect position.

The results show the largest error in the rotation around the y-axis for the Edwards DS. This is
accounted to the incapability to rotate the tip in the sagittal plane of the model. The prototype does
provide this rotation and the difference is illustrated in figures 3.17 and 3.16.

Moreover, the rotational error of the Edwards DS in the frontal plane is biggest error compared
within the 3 delivery systems. This is accounted to the stiffness of the distal part of the DS. This
stiffness causes the need to find support at the wall of the model, depicted in figure 3.14, to steer the
tip to the center of the aorta lumen. This need for support causes the misalignment of the Edwards
DS tip in the frontal plane visualized in figure 3.14. The prototype didn’t need this support, which is
also clearly visible in figures 3.12. This picture shows an alignment in the frontal plane without contact
between the delivery system and the wall in the aortic arch.

The validation study shows the smallest error for the rotation as well as the location of the prototype.
This is a clear indicator that the extra steerability and design improvements of the prototype regarding
the flexibility has a positive effect on the ability to position the tip of the delivery system, which in the
end will determine the position of the heart valve prosthesis.

Optimal placement of the prosthesis prolongs the lifespan of the prosthesis, because the stresses
on the leaflets of the prosthesis are minimized [32]. Currently, the TAVI procedure is only performed
on intermediate and high-risk patient which are mostly elderly, but when the TAVI procedure is going to
be performed on younger and lower risk patients the lifespan of the prosthesis for the TAVI procedure
has to be maximized. In addition, this improved positioning will ensure a better anchoring of the heart
valve prosthesis in the aortic annulus, which minimizes chances on dislocation, conduction disturbances
and regurgitation [9, 22].

The surgeons also performed the experiment in a user test. An interesting finding during the
experiment was that the surgeons implant the valve in an oblique oriëntation to find support at the
aorta wall to push the prosthesis forward to control the implantation depth, explained in chapter 3.4.3.
It is explained that they find solutions to the incapabilities of the tools that are provided, which are in
this case the Medtronics Corevalve and the Edwards Sapiën.

They also explain that the skewed implantation in the sagittal plane is currently not always visible
for the surgeons because the imaging techniques are in 2D. This is demonstrated by example B and
C in figure 4.3. If the surgeons have a 2D image they define the implantation depth as the distance
demonstrated by the arrows in example C. But if the view is rotated, illustrated by example B, it is
visible that the prosthesis is skewed in the aortic annulus and could have an insufficient anchoring as
a result. This example shows that a coaxial placement to the aortic annulus is needed for the most
optimal anchoring of the heart valve.

The limitation of the validation study is that the aorta model in which the experiment was conducted
was made out of glass. Glass is solid and differs greatly from the aorta in the human body. This
could lead to other behaviour of the delivery systems because glass will give more resistance when
the delivery system is pushed against the glass wall compared to the human aorta wall. Moreover,
the glass is smooth and straight where in the human body tortuosity is very common together with
possible obstructions like calcifications or cholesterol. In addition, a limitation of the aorta model is that
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Figure 4.3: Example of the consequences of a skewed implantation. The red ring represents the aortic annulus and the
cylinder is the stent of the heart valve prosthesis. The left ventricle is at the top of the picture and the aortic annulus is

bottom of the picture. Example A shows the desired implantation 5 mm below the aortic annulus. Examples B and C is the
same implantation but example B is a view in the sagittal plane and example C is a frontal view.

it represents the average dimensions of the human aorta geometry whereas the delivery systems have
to function in all the patiënts with different geometries of the aorta. A follow up study is needed in
different models with varying geometries of the aorta to determine the functionality of the prototype.

Moreover, the glass model is not a representation of the human aorta concerning the environment.
During the operation the delivery system is inserted and positioned in the presence of blood flow.
Despite the fact that rapid pacing of the heart is performed during the deployment of the heart valve,
causing the blood flow to be minimized, the prototype does need validation under these circumstances
to see the effects of a dynamic and wet environment [9].

There are a few limitations on the design of the prototype which have to be addressed in future
development. The part of the handle that controls rotation B has to be rotated multiple times to create
movement of the tip. This is due to the fact that rotation A is created by shortening of the tension
wire. The shortening of this wire consequently shortens the wire that causes rotation B. The handle
mechanism for rotation B currently has to compensate for this shortening by rotating the wheel multiple
times. A mechanism has to be created in which the shortening of the pulling wire for rotation A also
leads to the shorting of the pulling wire for rotation B, but rotation B still has to be controlled separately.

Another problem that has to be addressed is that the length of the modification at the tip of the
prototype. This modification was designed to fit to the isolated Edwards system, but in future devel-
opment both rotations have to be incorporated into one material. Taking into account the addition of
an inner catheter for the control of the implantation depth and the possibility to inflate the balloon for
balloon valvuloplasty.

Conclusion
In conclusion, the research question can be confirmed because the prototype with the extra rotation
in the distal part of the delivery system improves the ability to steer the tip to the center of the aortic
annulus in a coaxial oriëntation. The study showed that the rotational error as well as the location error
was the smallest for the prototype if it is compared to the current techniques. This improved ability
to position the heart valve prosthesis in the aortic annulus could improve the anchoring of the heart
valve prosthesis. This improvement could reduce aortic regurgitation, rate of wear of the prosthesis
and chances on dislocation and conduction disturbances.
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5.1. TAVI procedure
5.1.1. Screening of the patient
Transcatheter aortic valve implantation is a minimal invasive alternative for the treatment of aortic
stenosis. The technique is relatively new, so only high-risk patient are selected for this treatment until
the long term results show that this procedure is trustworthy [32]. Patient screening is very impor-
tant when it comes to this procedure but, as figure 5.1 also illustrates, also very difficult [30]. As
said before, the procedure is only done for high-risk patients with severe symptomatic aortic stenosis
[20]. An interdisciplinary team of cardiovascular surgeons, invasive cardiologists, anaesthesiologists
and cardiac imaging specialists perform a screening to determine if the patient is anatomical suitable
for this procedure. This screening include coronary angiography; aortography and peripheral angiogra-
phy of bot iliac and femoral vessels; transthoracic echocardiography; noncontrast-enhanced multislice
computer tomography scan of the chest and abdomen to assess aortic, iliac and femoral calcification;
lung function tests; carotid artery duplex scan; followed by independent assessment by both a cardiac
surgeon and an interventional cardiologist [3].

The presence and severity of ilio-femoral disease is determined together with the feasibility of
the TAVI procedure. Catheters and sheaths will be inserted through the arteries, so it’s important to
determine the minimal lumen diameter, tortuosity and calcification of the arteries that form the access
routes to the aortic valve to determine the risk for vascular injury [22]. The transfemoral approach is
preferable because of its less invasive nature, but the femoral vascular access has to exceed a diameter
of 6 mm because the introduction sheaths used for the TAVI procedure have a minimal diameter of
6 mm. If the diameter is smaller than 6 mm, or if heavy calcification or tortuosity is present, two
alternative access routes for minimally invasive techniques are available including the transapical and
the subclavian access route. These access routes can be considered when the risks of complications
via the transfemoral approach are too high [5].

5.1.2. TAVI procedure transfemoral access route
The transfemoral access route is the default strategy because it’s the least invasive approach within
TAVI. This approach is associated with greater patient comfort and potentially lower costs as a result
of the shorter hospital stay [8]. In the beginning a surgical cut-down was needed to expose the iliac
artery. This procedure shifted to a purely percutaneous access via the femoral artery resulting in the
least minimal invasive access route available. This retrograde implantation through the femoral access
route was first described by Webb et al. for the balloon-expandable valve and nowadays it’s used in
up to 80% of the cases [8? ].

The body is thoroughly scanned for potential obstructions in the access route and, based on this
screening, the right equipment is selected. When the patient is prepared for the surgery and anes-
thetized, the femoral artery is punctured with a 0.0035 inch wire followed by an incision of the skin and
dissection of the subcutaneous tissue. The femoral artery is predilated and a preclosure suture device
is inserted together with a 9-10 Fr sheath over the guidewire to minimize backside bleeding. The wire
is exchanged for a soft guidewire and pushed upwards through the aorta into the left ventricle. When
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Figure 5.1: Clinical decision algorithm for patients with severe symptomatic aortic stenosis [37]

the tip of the soft guidewire is in the left ventricle, a catheter is pushed over the soft guidewire and
lastly the soft guidewire is exchanged for a stiff guidewire. The catheter is removed and a delivery
sheath is pushed up until the descending aorta. During all these steps there is contrast fluid added
when needed by means of a pigtail catheter that is entered through the other groin. This guidance
helps to decrease the chance of puncturing the arterial wall with the catheters and guidewires and
accurately place the valve over the native aortic valve [32].

The set-up is now ready to insert the aortic valve that’s crimped onto the delivery catheter. This
delivery catheter is pushed through the delivery sheat and over the stiff guidewire. The valve is
released or manipulated, dependent on the type of valve, from its crimped orientation to the extended
orientation. The deployment of the valves is performed during rapid ventricular pacing between 160
and 220 bpm to ensures a decrease of systolic blood pressure. Afterwards, the delivery catheter is
withdrawn together with the guidewire and delivery sheath that was still in the descending aorta and
the puncture sites are closed.

After the access route has been decided, the appropriate valve can be selected. Currently two valve
systems are approved for TAVI and are commercially available in Europe, the Edwards Sapiën XT™ (Ed-
wards Lifesciences, Irvine, CA, USA) and the Medtronic CoreValve™ Revalving system (Medtronic Inc,
Minneapolis, MN, USA) [3]. The Edwards is a trileaflet bovine xenovalve, which is mounted in a balloon-
expandable cobalt chromium stent frame, the Medtronic is a self-expandable prosthesis consisting of
a porcine trileaflet valve mounted within a Nitinol stent frame [34].
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5.2. Aortic dimensions of glass model
In section 3 the performance of the delivery systems is going to be validated. To research the perfor-
mance of the delivery systems, an aortic model is made out of glass, to mimic the access route to the
aortic annulus. Glass is chosen for time and financial reasons and because it can be easily manipulated
into the desired dimensions for the aortic phantom model. A small literature research is done to define
the dimensions of the aortic model. The dimensions of the aortic arch are most important because
in this part of the access route, the steerability is needed to manoeuvre the heart valve to the aortic
annulus. The current Edwards and Medtronic delivery systems, that are used for the validation study,
are also designed to function in the human anatomy, so a realistic model has to be created.

Figure 5.2: Table with the values for the geometry of the aorta [28].

Figure 5.3 shows how the dimensions of the aortic arch are defined in a lot of articles. Redheuil et
al. did research into the dimensions of the aortic arch geometry and the age related changes in this
geometry [28]. They studied 100 subjects (55 women, 45 men, average age 46 ± 16 years) using MRI
to determine the arch geometry. Their findings are displayed in table 5.5.

Figure 5.3: AC= average arch curvature; Ant= anterior
arch width; H= arch height; L1= length of the aortic
arch; L2= length of the descending aorta; Post=

posterior arch width; and W= arch width.

Figure 5.4: 3D geometry and planes corresponding to
the MRI flow/area measurements. Centerlines and
contours (black) used for the definition of the 1D

geometry and the contours (green) corresponding to
the MRI measurements [1].

Alastruey et al. also researched the haemodynamics together with the geometry of the aortic arch
[1]. They used MRI to determine the geometry and divided the aorta into different sections and defined
each section of the aorta in length, diameter and the flow rate. The division of the sections is visible
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in figure 5.4. They corrected the 3D arterial geometry based on five 2D area measurements and came
up with the figure on the right to define the contours of the geometry. Five planes are highlighted in
green and the 1st green cross section is situated in the ascending aorta and the fifth in the end of the
descending aorta. They found a bad fit between the first and second green section. They described
this bad fit could be explained when the plane perpendicular to the frontal plane was checked. Here, a
17 degree difference in plane configuration was visible, implying an angle of 17 degrees in the sagittal
plane between the ascending and descendi ng aorta.

Combining the information from Alastruey et al., Redheuil et al and Mestres et al. [1, 23, 28]. the
model in figure 5.5 is defined as a realistic reflection of the anatomic aorta geometry. This model will
be made out of glass to mimic the access route to the aortic annulus.

Figure 5.5: The dimension chosen for the glass model of the aorta given in a rendering of a SolidWorks drawing. The
dimensions given in the figure are the dimensions of the centerline of the aorta model.
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5.3. Importance of positioning
When the aortic arch is passed with the delivery catheter, the prosthesis has to be accurately posi-
tioned over the native aortic valve to achieve optimal results and to minimize complications [9, 22, 29].
This positioning is complicated by the nature of the procedure, because a thin delivery catheter has
to moved over a long distance, with a few bends, and still be maneuverable at the distal part of the
delivery system. The optimal function of the prosthesis relies on correct sizing, correct positioning of
the prosthesis and lastly the appropriate expansion and apposition of the prosthesis to the surrounding
tissue [31]. Determining the optimal deployment of the prosthesis can be assessed by measuring the
two most important parameters after implantation: the residual gradient and the degree of aortic re-
gurgitation. These parameters are dependent on the configuration of the prosthesis that can be divided
into: the implantation depth and angle relative to the aortic annulus, as well as the displacement of the
native leaflets relative to the coronary tree. If there’s still a residual gradient or significant regurgitation,
they way in which the prosthesis is misplaced has to be identified. An oblique implanted prosthesis or
a too low or high implantation can have different consequences like for example: transaortic regurgi-
tation, dislocation of the prosthesis, embolization and conduction disorders [9]. These effects on the
misplacement of the prosthesis together with the clinical problems are discussed in this chapter using
the results of different studies.

Figure 5.6: Points of interest of the aortic
annulus.

Figure 5.7: Device positioning in percentages relatively to the
aortic annulus

5.3.1. Implantation depth
Firstly, the implant depth is very important for the proper functioning of the valve. The implant depth
relative to the aortic annulus is determined during the procedure by inserting contrast fluid with a
pigtail catheter that’s positioned at the annulus level (visible at the crossing of the yellow and green
arrow in Figure 5.6. When the fluid is inserted, there’s a cloud of contrast fluid visible and the two
most distal points indicate the start of the aortic annulus. This is appointed to in figure 5.6 by arrow
number 1. The implant depth is important because it could lead to different problems like conduction
disturbances, device drop into the aorta or left ventricle, device embolization, coronary flow obstruction
and paravalvular leakage [9].

Groves et al. studied the effects of the implant depth on the valvular hemodynamics [15]. They
used a setup that mimics heart function and small particles were used for seeding the flow. Imaging
techniques captured the resident time of particles in the left ventricle and the resident time in the sinus
of Valsalva. Both are interesting because a high resident time in the left ventricle would insinuate that
there is resistance in outflow of blood. Moreover, a low resident time of particles in the sinus of Valsalva
could have negative consequences on coronary perfusion [15]. Also the normal and shear stresses in
the aorta were examined, as they may result in damage to blood components, potential aortic wall
rupture and dissection. Moreover, asymmetry in aortic stresses can cause a post-stenotic dilation [38].
A variation in implant depth from 5mm until 20mm was applied to see the effect of the implant depth
on the valvular hemodynamics.
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Results showed that normal and shear stresses increased and became more asymmetric when the
valve was displaced further than 5 mm. A displacement of 5 mm still gave a symmetrical and a low
stress profile, suggesting that the optimal implantation depth is 5 mm. Further displacement resulted
in stresses that steadily increased and got a more asymmetrical stress profile. These findings impose
deleterious effects on the aorta. In addition, the pericardial leaflets of the valve have a certain lifespan.
When more stresses are exerted on these leaflets, the lifespan can be shortened [9].

Implantation depth can also be associated with adverse events such as conduction disturbances
[22]. Petronio et al. studied the optimal implantation depth of the Corevalve with a focus on permanent
pacemaker implantation [27]. Implantation depth was defined as the maximal distance between the
intraventricular end of the prosthesis and the aortic annulus at the level of the noncoronary cusp. A
distance smaller than 6 mm was defined as the optimal implantation depth and a distance higher than
6 mm was considered to be a low implantation.

An optimal implantation depth was achieved in 43.2% of a group of 194 patients, with a mean
implantation depth of 3.0 ± 2.2mm. The group with a low implantation depth had a mean of 9.9 ± 2.2
mm. The total rate of permanent pacemaker implantation was 24.4% and within the group of people
with an optimal implantation depth, 13,3% got a permanent pacemaker implantation. This percentage
was 21,4% in the group of people with a low implantation. With these results, the study concluded that
the only predictor of a permanent pacemaker implantation was a low implantation of the prosthesis
[27].

Also Lenders et al. studied the implantation depth of the Corevalve and the effects it had on the
conduction disturbances [19]. A lower implantation of 8.9mm ± 4.2mm resulted in a higher amount
of patients that needed a permanent pacemaker implantation compared to a higher implantation of
6.9 ± 3.8 mm. The cause for these conduction disturbances is stated as trauma to the IV-septum and
subsequently to the conduction tissue it embeds. This is induced by the relatively deep implanted frame
that is considered to be a major determinant for the conduction disturbances after TAVI. This theory
is supported by Petronio et al. in a recent study into the implantation of the Corevalve together with a
study of Rodés-Cabau [27, 29]. They explain that the anatomic relationship between the aortic valve
and the components of the cardiac conduction system explains the frequent occurrence of conduction
defects after interventions of the aortic valve. The Corevalve and the Edwards Sapien valve both have
a radial force to anchor the valve into the native aortic valve. This is close to the point where the left
bundle branch emerges from the left side of the ventricular septum. Mechanical compression leading
to temporary inflammation or permanent damage to the conduction pathways is probably the main
determinant of conduction disturbances. Also the need for a permanent pacemaker following the TAVI
procedure is variable but with the Corevalve it’s a bit higher (>10% in most studies) compared to
the Edwards valve (<7%) [29]. The difference can be explained by the stent design from which the
Corevalve is 5mm longer than the Edwards valve.

Dvir et al. studied the positioning and small device movements of the Edwards Sapien valve during
different stages of deployment in a multi-centre evaluation [9]. The positioning of the Edwards valve
is performed during rapid pacing and by balloon expansion. This study measured the movement of
the upper part and the lower part over the device regarding the height relatively to the aortic annulus.
Figure 5.7 shows how the percentages, concerning the implant depth in the results, are used. Results
showed that the position of the valve before balloon inflation was highly correlated with its position after
deployment. It showed a significant increase in height from 32.6% ventricular to 16.7%. In 91.2%
of the cases the final device location was <40% ventricular. Absolute device movement towards the
aorta after deployment and during final rapid pacing was 2 mm ± 1.43 mm. This upwards movement
was asymmetrical, resulting in a shortening of the device. This shortening might have some clinical
benefits, because it could decrease the tension on the interventricular septum and possibly reduce the
rates of conduction defects [9]. This distance is also found in a study performed by Nietlispatch et al.
[24]. This suggests that this shortening of the device has to be taken into account by the surgeons
during placement. Otherwise a too high implantation is the result, increasing the chance on coronary
obstruction and valve embolization because of an insufficient anchoring of the valve [22].

The study of Dvir et al. also states that the optimal deployment location of the Edwards valve is
still controversial. The best results will be gained when full coverage of the aortic leaflets is obtained
with secure anchoring at and below the level of insertion of the native valve leaflet [9]. But the precise
location of leaflet insertion is not easy to define using current imaging techniques [9]. This is supported
by the fact that the anatomic annulus, that is often used as a reference point, is a virtual basal ring
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that is formed at the plane of the base of the aortic sinuses, about 1 to 2 mm below the anatomic
ventriculoaortic junction [18]. It remains difficult to determine the exact position relative to this virtual
ring.

5.3.2. Dislocation
Dislocation of the prosthesis can be a problem after implantation. Geisbusch et al. showed that
dislocation didn’t occur with the Edwards valve, but 212 patients underwent TAVI with the Corevalve
and 10% had a dislocation of the valve. In 16 of these 21 patients, the dislocated Corevalve was
retracted into the catheter and positioned again. However, the Corevalve dislocated in 4 patients after
it was completely deployed. The Corevalve had to be retracted with a gooseneck catheter into the
ascending or descending aorta and a second prosthesis had to be implanted. In two of the patients the
Corevalve dislocated after a redilation manoeuvre, which is used to extend the stent more to overcome
present aortic regurgitation [13].

A technique that is often used to overcome aortic regurgitation after a too deep implanted prosthesis
is described by Ong et al. where a prosthesis that was implanted too deep was pulled back with the
snare technique [26]. The prosthesis was pulled upwards into the aorta which resulted in a better
pressure gradient in the beginning, but in the end the prosthesis was pulled too far resulting in a
dislocation. Great care had to be taken when the prosthesis was pulled backwards, because if the
prosthesis was firmly fixed over the native aortic valve, rupture of the aortic valve or dissection of the
aorta could occur if the prosthesis was pulled too hard [26].

The table in figure 5.8 gives the number of dislocations of the two different valves in the trans-
femoral access route out a literature. The table contains a combination of different studies concerning
dislocation of the valve and embolization. A total of 3542 patients is described, not counting the pa-
tients of Tay et al. where the total amount of patients over 4 years isn’t stated, with a total of 76
dislocated valves (2%). This is consistent with the findings of Rodés Cabau et al where was stated
that valve dislocation or malposition was found in 6% of the cases in initial first-in-human studies and
2% in recent studies [29]. The most common sites where the valve dislocated into were the ascending
aorta (48%), descending aorta (24%), left ventricle (21%), aortic arch (4%) and the transverse aorta
(3%). The most common cause of embolization was malpositioning (n=33 [43%]).

The extra actions that have to be taken after a dislocation affect the operation time of the surgery.
Geisbusch et al. showed that a dislocated Corevalve resulted in a longer operation time from 77 ± 31
minutes in the non-dislocation group to 101 ± 43 minutes in the dislocation group [13]. This longer
operation time aids to an increase in fluoroscopy time, amount of contrast agent applied and radiation
dose, which can have renal failure as a result [13].

Figure 5.8: This table shows the amount of dislocations described in the stated study. It also indicates if the embolization was
in the Ascending Aort (AO), Descending Aorta (DA), Left ventricular (LV), Transverse Aorta or the Aortic Arch (AA)

[2, 10, 12, 13, 21, 33, 35]

5.3.3. Trauma to the surrounding tissue
Another effect that was found by two studies was trauma to the surrounding tissue because of the
force that is exerted on the artery wall when the delivery catheter is pushed upwards to the aortic
valve. Nuis et al. found that new conduction abnormalities were associated with increased levels of
leukocyte count after TAVI (14.07 vs 10.39 × 109̂/L,P= 0.001) [25]. They state it is unclear whether
these abnormalities concern a causal relationship with damage to tissue during the delivery of the
valve to the native aortic valve with the catheters or whether the increase leukocyte count is caused
by post-TAVI conditions like frequent pacing. They point out that, if the increased levels are caused by
the former, measures should be taken to limit injury and inflammation.
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Figure 5.9: Transmitted force of the delivery catheter that is used in a sheep relatively to the pushing force

Bartosch et al. supports this finding by pointing out that the transmitted force by the delivery
catheters is pushing against the artery wall which could induce injury or trauma to the artery walls [4].
Especially in the aortic arch where a 180 degree turn has to be made. The delivery catheter is guided
through the arch by pushing the catheter upward. The nose cone scrapes against the artery wall and
is deviated from a straight line into an angle by the arterial wall to facilitate the bending of the delivery
catheter. This pushing force, which is pointed out in figure 5.9, together with the scraping of the tip of
the catheter can induce injury or trauma to the surrounding tissue [4].

5.3.4. Coaxial implantation
There is little information on the coaxial implantation of the prosthesis. Tay et al. state that embolization
is the result of an oblique implantation to the annular valve, but there is little evidence in this statement
[33]. Moreover, a lot of studies describe the dislocation of the valve during or after implantation, but
not because of on oblique coordination. The main reason this doesn’t return in the studies is the
fact that the imaging techniques are in 2D. If the prosthesis is in an oblique coordination in the plane
other then the plane that is visible during surgery, then this oblique coordination is not visible for the
surgeons. A dislocation may be the result of an oblique implantation in the plane perpendicular to the
imaging plane, but the cause will not be stated as an oblique implantation because that was not visible
with the current imaging technique [29].
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Figure 5.10: Table of location errors for each of the delivery systems compared to the reference point
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