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Abstract

Coronary artery disease has been recognized as the first cause of death in the world among
the common causes of death in non-communicable diseases, which induced the largest number
of deaths in 2017 and a high increase of 22.3 % from 2007 to 2017. Coronary artery
calcification is a risk factor associated with major adverse cardiovascular events and increases
luminal stenosis and cause of coronary artery thrombosis. Although, drug-eluting stents have
substantially reduced the rate of in-stent restenosis and have improved clinical outcomes
compared with those of bare-metal stents, coronary artery calcification is still a problematic
lesion, increasing the possibility of procedural failure and the risk of complications after
conventional balloon angioplasty. Furthermore, it is associated with stent underexpansion, a
higher rate of restenosis and stent thrombosis compared with simpler lesions. Therefore, plaque
modification, utilizing cutting balloon, scoring balloon, or rotational atherectomy devices for
calcified artery lesions prior to stent implantation is a key procedure in percutaneous coronary
intervention.

Cutting balloon angioplasty has been a useful alternative treatment for calcified artery lesions
before stent implantation. The cutting-balloon catheter has three or four microsurgical metal
blades mounted longitudinally on the outer surface of the balloon, which can create incisions in
the calcification during expansion to improve the coronary artery compliance to gain larger
lumen expansion to facilitate the subsequent stent implantation. However, cutting balloon
angioplasty in calcified lesions is associated with increased incidences of arterial dissection and
perforation. A multicenter randomized clinical trial showed that the incidence of coronary artery
perforation was associated with the cutting balloon, although the rate of target vessel
revascularization was reduced in comparison with conventional balloons.

For cutting balloon expansion, like conventional balloon angioplasty, a balloon-to-artery ratio



of 1:1 is used. However, there is little knowledge of how the balloon-to-artery ratio for the
cutting balloon influences both effective incision of the calcification and potential perforation

The author hypothesizes that there exists an adequate balloon-to-artery ratio specific to the
cutting balloon in terms of effectively inducing stress concentration at the calcification for
fracturing calcification while reducing the stress concentration at the borders of the coronary
artery adjacent to the calcification for preventing perforation. The number of blades facing a
calcified lesion may also be crucial for expanding calcifications while avoiding dissection and
vessel injuries.

The author aims to investigate the influences of balloon-to-artery ratios of the cutting balloon
on the stress concentrations and distribution in the calcification model and at the borders of the
coronary artery adjacent to the calcification using finite element analysis in order to obtain a
criterion for the balloon-to-artery ratio for the cutting balloon. The author also focuses on a
calcified artery with a 180° calcification model with two conditions where either one or two
blades face the 180° calcification model to gain mechanistic insights into calcification incisions
using cutting balloons and to provide suggestions for improving the clinical outcomes of cutting
balloon angioplasty.

This thesis is composed of five chapters. Descriptions of each chapter are presented
following.

Chapter 1 introduces the current therapies for coronary artery calcification and highlights the
complications in the cutting balloon angioplasty. The author summarizes the related studies in
the field of numerical researches of balloon expansion. Moreover, the author shows the
necessity of investigation of the cutting balloon expansion in calcified lesions and describes the
purpose of this study.

Chapter 2 introduces the novel modeling of a three-folded balloon. The initial diameter and
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Young’s modulus of the balloon model are obtained based on the manufacturer’s compliance
chart data indicating the relationship of the diameter and pressure. An innovative numerical
process of crimping and compressing is employed to generate a realistic three-folded balloon
model according to the manufacturing process. The numerical expansion of the folded balloon
model is in agreement with the compliance chart data. In addition, the folded balloon model is
successfully used to expand a coronary stent model and the phenomenon of dogbone shape is
reproduced. Finally, the balloon expansion of the stent model in a stenotic artery model is
carried out to confirm the reliability of the balloon model in comparison with a radial
displacement-driven cylinder expansion. The simulations of expansion are carried out in
Abaqus/Explicit solver with adequate analysis time step and loading rate to ensure a quasi-static
analysis while the kinetic energy remained almost below 5% of the internal energy for each
model. The contact condition between each model is defined utilizing the general contact
algorithm with a static friction coefficient of 0.2. The peak value of the von Mises stress
occurred in the stent model for the balloon expansion was similar to that for the cylinder
expansion at the final process. On the other hand, the peak value of the maximum principal
stress in the plaque model for the cylinder expansion was 144 % higher than that for the balloon
expansion of that for the balloon expansion. The folded balloon model shows a good response to
the realistic expansion and the method of validated modeling promotes further modeling of the
balloon.

Chapter 3 describes the expansion of a cutting balloon with five different diameters in a
stenotic calcified artery model. As in conventional balloon angioplasty, a balloon-to-artery ratio
of 1:1 is used for the cutting balloon with metallic blades. The author aims to investigate the
influence of the balloon-to-artery ratio on the stress concentrations in the calcified model and at

the borders of the coronary artery adjacent to the calcification to obtain a criterion of
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balloon-to-artery ratio for the cutting balloon. The folded cutting balloon model is generated by
the method described in Chapter 2 and equipped with three pairs of blades and cast pads on the
balloon surface. The cutting balloon model is deployed in a 50% diameter stenotic coronary
artery model with a 360° concentric, 400-pum-thick, 5S-mm-long calcification. Simulations of the
expansion of cutting balloons with diameters from 2.0 to 3.0 mm in 0.25-mm increments which
corresponded to balloon-to-artery ratios from 0.67:1 to 1:1 were conducted with pressures up to
1.216 MPa (12 atm). The result reveals that the cutting balloon downsized by 0.25 mm and 0.5
mm preserved maximum principal tensile stress concentrations comparable to that of the cutting
balloon with a balloon-to-artery of 1:1 while distinctly reducing the stress concentrations at the
border of the artery adjacent to the calcification. The data shows that selecting a cutting balloon
downsized by 0.25 mm or 0.5 mm should be the first choice for effectively fracturing the
calcification while reducing the risks of artery perforation. For the cutting balloon, a
balloon-to-artery of 1:1, which is recommended for conventional balloons, seems inappropriate.

Chapter 4 describes the expansion of the cutting balloon in a non-circular calcified artery
model. The author hypothesizes that the balloon-to-artery ratio and the number of blades facing
a 180° calcified lesion may be crucial for fracturing the calcification while avoiding vessel
injury. Numerical simulations were performed for cutting balloons with five different diameters
and two types of blade directions in a 180° calcification model. The calcification expansion
ability was distinctly higher when two blades faced the calcification than when one blade did.
Moreover, when two blades faced the calcification model, larger maximum principal stresses
were generated in the calcification even when using undersized balloons with diameters reduced
by 0.25 or 0.5 mm from the reference diameter, when compared with the case where one blade
faced the calcification and a balloon of diameter equal to the reference diameter was used.

When two blades faced the calcification, smaller stresses were generated in the artery adjacent
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to the calcification. Furthermore, the maximum stress generated in the artery model adjacent to
the calcification under the rated pressure of 12 atm when employing under-sized balloons was
smaller than that when only one blade faced the calcification and when lesion-identical balloon
diameters were used under nominal pressure of 6 atm. The data suggested that 0.25 mm or 0.5
mm size-down balloons would be effective in not only expanding the calcified lesion but also
reducing the risk of dissection.

Chapter 5 summarizes the conclusions and describes the plans for future work.

The significance of the thesis is that the author not only proposes realistic and validated
modeling of a three-folded balloon to generate the configurations of the cutting balloons but
also reveals the influence of the expansion of the cutting balloons in calcified artery models.
These results will contribute to improve the clinical outcomes of cutting balloon angioplasty and

help to promote the future development of the cutting balloon.
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Chapter 1: Introduction

1.1 Chapter introduction

In recent years, coronary artery disease (CAD) has been effectively treated with the
development of percutaneous coronary intervention (PCI) such as balloon angioplasty and stent
deployment. In the case of the calcified lesion, a balloon or stent seem to be difficult to expand
the lesion due to the existence of stiff calcified plaque. Therefore, a specialized balloon such as
cutting balloon catheter, which consists of metal blades on the balloon surface, has been
developed to treat the calcified lesion before stent deployment.

This thesis aims to construct a numerical cutting balloon model and investigate the efficacy
and safety of the cutting balloon expansion in a calcified coronary artery model utilizing finite
element analysis. This study generates a folded balloon process to construct the cutting balloon
model and a calcified artery model with different calcification angles.

In this chapter, the background of this study introduces the general treatment for coronary
artery calcification and emphasizes the importance of the cutting balloon in order to show the
purpose of this study. Next, the chapter shows the state-of-arts of related studies to understand
the finite element balloon model, definition of plaque material model, and reference research.

Finally, a composition of this thesis is showed to understand the flow and contents of this study.

1.2 Background of this study

1.2.1 Coronary artery calcification



Coronary artery disease is a common of the cardiovascular disease, which reduces the blood
flow to the heart muscle through building up plaques in the arteries of the heart. Chest pain or
discomfort is the common symptom and shortness of breath may also occur sometimes. In many
cases, the initial paroxysm is heart attack, leading to angina, myocardial infarction, ischemic
heart failure and sudden cardiac death.

Coronary artery disease affected about 126 million persons and caused approximately 8.93
million deaths in the world in 2017 [1] [2]. Among the common causes of death in
non-communicable diseases, due to the largest numbers of deaths in 2017 and the high increase
of 22.3% from 2007 to 2017, coronary artery disease has been recognized the first cause of
death in the world (Figl.1).

Coronary artery disease 8.93
Cancer 8.26

Chronic respiratory diseases

Respiratory infections and tuberculosis

Neurological disorders

Diabetes and kidney diseases

Digestive diseases

Millions

Figure 1.1 Global number of deaths by cause in 2017 for non-communicable diseases. [1] [2]

Coronary artery calcification develops from micro-calcification in atherosclerotic coronary
arteries with pathological intimal thickening. Micro-calcifications grow and combine into larger
masses to form speckles and fragments of calcifications over time and further result in calcified

plaques with calcified sheets or plates, leading to nodular calcification. Moreover, those heavily



calcified segments might be associated with severe arterial calcification with increasing luminal
stenosis and cause of thrombosis [3].

In clinical detection for coronary artery calcification, intravascular ultrasound (IVUS) with
sensitivity of 90% to 100% and specificity of 99% to 100% is substantially accurate so that
several metrics can grade the calcification. The arc of calcification can be defined as Class I (0°
~90°), Class II (91°~180°), Class III (181°~270°) and Class IV (271°~360°). Location of
calcification can be classified into two distinct generations in the intimal-luminal interface
(intimal calcification) or in the vascular medial layer. The calcium length also can be measured
and the thickness or volume of calcium can be examined through Optimal coherence
tomography (OCT) [4].

Percutaneous coronary intervention (PCI) is a typical therapy for coronary artery disease.
This process combines coronary angioplasty and stent implantation to treat narrowed coronary
arteries of the heart. Several PCI strategies such as rotational atherectomy, balloon angioplasty,
specialized balloon, stent implantation, and post-dilation have been used to treat coronary artery
calcification. Balloon angioplasty, stent implantation and specialized balloons will be presented

following.

1.2.2 Balloon Angioplasty

Balloon angioplasty is a balloon catheter with a deflated balloon on the catheter, inserted into
the narrowed artery through a guidewire and inflated to increase the balloon diameter to expand
the artery and surrounding muscular wall to improve the blood flow. The process is illustrated in

Fig 1.2



(a)

(b) I I
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(C) < Blood flow

Figure 1.2 Process for balloon angioplasty. (a) delivering the balloon catheter into the stenotic

lesion (b) expanding the balloon (c) after balloon expansion.

Balloon catheters are in a wide range for diameters from 2.0 mm to 4.0 mm, lengths of 10
mm to 40 mm to match the dimension of the coronary lesion. A typical balloon catheter consists
of a cylindrical balloon body and two conical tapered ends fixed on the catheter shaft. The
balloon is expanded by high pressure to apply force to compress the plaque inside the lesion.

Balloon angioplasty effectively treats stenotic coronary by compressing and breaking the
atherosclerotic plaque in the diseased artery wall. However, in some clinical studies, coronary
artery calcification is recognized as a factor of the increase of procedural failure and
complication after balloon angioplasty [4] [5] [6]. Non-compliant calcified plaques usually need
high-pressure balloon dilation as high as 20atm or more. This further increases the risk of
coronary dissection or perforation, restenosis and thrombosis [7] [8] [9]. For these clinical

reasons, coronary balloon angioplasty is often used to combine with stent implantation.



1.2.3 Stent implantation

A coronary stent is a metal mesh tiny tube device used to expand the stenotic coronary artery
to keep the blood flow to the heart. It is equipped with a balloon catheter and can be inserted
into a narrowed coronary artery. The coronary stent is expanded by balloon pressurization
undergoing elastoplastic deformation to reach its required diameter. Next, the balloon is deflated
and then withdrawn from the artery. The stent will partly recover the elastic deformation and its
diameter will slightly shrink. This is called elastic recoil. The stent supports the artery wall to
keep normal blood flow in the coronary artery.

Bare-metal stents (BMS) were first developed during the 1980s and widely used in the 1990s
[10]. BMSs have reduced restenosis in comparison with balloon angioplasty [11] [12]. However,
stent underexpansion observed in heavily calcified lesions increases the risk of complications
such as in-stent restenosis and stent thrombosis [13] [14] [15].

A drug-eluting stent (DES) is a coating BMS with drugs that releases sirolimus or paclitaxel
to deal with in-stent restenosis. The DESs have resulted in a lower rate of in-stent restenosis less
than 10% in comparison with the rate of 30% ~ 40% in BMSs [16]. In coronary artery
calcification lesions, some studies have shown that DES is more effective than BMS with less
restenosis and repeat revascularization [17] [18] [19]. Furthermore, similar rates of stent
thrombosis with DES and BMS with similar rates of myocardial infarction and death in
calcified lesions have been reported [18] [19] [20]. On the other hand, however, there are higher
rates of in-stent restenosis and repeat revascularization including stent underexpansion with
DES in calcified lesions compared with non-calcified lesions. [21] [22]. Therefore, to facilitate

the DES implantation in the calcified lesions, lesion preparation or also called plaque



modification utilizing cutting balloon (CB), scoring balloon (SB) or rotational atherectomy

(RA) is very important before stent implantation [23] [24].

1.2.4 Cutting balloon

A cutting balloon is a balloon catheter with three or four microsurgical metal blades mounted
longitudinally on the outer surface of the balloon. These tiny metal blades can create incisions in
the plaque in the stenotic coronary artery during balloon dilation to improve the artery
compliance to gain larger lumen expansion. Similarly, a scoring balloon is a balloon catheter
equipped with one or more scoring elements (metal wires or polymer elements), reducing
balloon slippage and generating focal concentrations of expanding force on the plaques in the
stenotic coronary arteries during balloon dilation. In addition, a rotational atherectomy is a
device using a diamond-tipped elliptical burr with rotational speed as high as 200,000 rpm to
ablate the coronary calcium. Cutting balloons and scoring balloons are called specialized
balloon or modified balloon.

Cutting balloons (e.g., Flextome Cutting Balloon; Boston Scientific Corp, Natick, MA) have
been applied to treat coronary artery calcification to achieve a larger luminal gain to improve
the thereafter stent implantation and have been verified the usefulness [25] [26]. Nevertheless, a
global randomized trial showed no difference for the rate of restenosis as compared to
conventional balloon angioplasty (31.4% vs 30.4%, p = 0.75) at six months and reported a
greater rate of perforation in cutting balloon angioplasty (0.8% vs 0%, p = 0.03) [27]. Arterial
dissection is likewise a complication after cutting balloon angioplasty in clinical treatment [25]
[28]. Regarding the rate of restenosis and the existing perforation or dissection in clinical

studies, cutting balloons are largely used for selected cases with mild to moderate calcified



lesions. Severely calcified lesions seem to be the domain of rotational atherectomy as
recommended by the ACCF/AHA/SCAI Guideline [29], since rigidity and bulkiness of the
cutting balloon catheter causing delivery challenge. Therefore, a new generation of the
Flextome cutting balloon, Wolverine cutting balloon (Boston Scientific Corp) is available with

less bulky, more flexible, lower profile so as to be more deliverable in calcified lesions [30].

1.3 Related studies

1.3.1 Folded balloon shape

A balloon catheter consists of an inflatable balloon and an inner shaft connecting to a
guidewire. The initial balloon shape is a cylinder body with two tips mounted on the inner shatft.
The basic product information of a balloon catheter is balloon length, balloon diameter, shaft
outside diameter as well as compliance chart. A compliance chart indicates the relationship
between the pressurized Atmosphere and balloon outer diameter supplied by the manufacturer.

A balloon is manufactured to form a wrapped shape to obtain a smaller diameter than a
reference lesion caliber so that it can be inserted into a narrowed artery. A balloon wrapper
machine including the process of pleating and compressing can pleat a balloon to generate
several “wings” and then wrap these wings around the catheter shaft to compress the balloon
into a wrapped shape.

However, a numerical model of the wrapped balloon shape is complicated to be created and
usually, a simple cylindrical model is used to replace the complex balloon model. In the early

era, some studies utilized the simple cylinder models to carry out balloon-expandable stent



expansion simulation by the displacement applied on the inner surface of the cylinder models
[31] [32] [33] [34]. Moreover, several studies also defined a wrapped outline in cross-section to
mimic a compressed balloon [35] [36]. De Beule [37] has studied three different free-expansion
strategies for a balloon-expandable stent: (1) no balloon: just applying uniform pressure directly
on the stent inner surface. (2) cylindrical balloon: applying a radial displacement on the
cylindrical balloon model. (3) three-folded balloon: applying uniform pressure on the inner
surface of the three-folded balloon model. The three-folded balloon was designed by a closed
outline in cross-section and its material properties such as the extrapolated initial diameter and
elastic modulus were determined using the product compliance chart. It has been verified that
the three-folded balloon expansion shows a better realistic result with “dogbone” phenomenon
and good qualitative and quantitative agreement with both the manufacturers’ data and
experiments than those two strategies. Ragkousis [38] developed calibrated multi-folded balloon
models with tips equipped on shaft models and also compared them to manufacturer compliance
charts. The initial diameter was tested through different values to obtain the best fit and the
material was assumed linear isotropic elastic properties. Consequently, it showed that the
balloon model closely followed the expansion behavior of the actual balloon. However, they
defined the cross-section outlines to create a virtual folded balloon shape and no wrapped

balloon model according to the actual process was considered.

1.3.2 Definition of numerical plaque model

In recent years, some numerical researches have concerned the expansion of
balloon-expandable stents in stenotic arteries [36] [39] [40] [41] [42]. Those numerical plaque

models were created into simple shapes inside artery models and they described the properties



as a cellular atherosclerotic plaque behavior using hyper-elastic material such as Moony-Rivlin
or Ogden, which stiffness was similar to the artery. Therefore, the stent model was expanded by
a balloon model to enlarge the narrowed artery model and finally the stent model was deployed
inside to support the artery model. However, calcified plaque is stiffer than cellular
atherosclerotic plaque with high elastic modulus. The mechanical properties of calcified plaques
are similar to bone. The Young’s modulus is as high as 20.1GPa measured from the human
superficial femoral artery [43]. The heavily calcified plaque often impedes the success of stent

implantation and results in stent under-expansion and some complications.

1.3.3 Numerical researches on cutting balloon

Little research is carrying out on the experimental test or numerical study on the cutting
balloon or scoring balloon. A study evaluated a Scoreflex scoring balloon device [44]. They
dilated the 2.0 x 15 mm scoring balloon in comparison with a 2.0 x 15 mm conventional
balloon in calcium tubes with three different thicknesses of 2.0 mm, 2.25 mm, and 2.5 mm. On
the other hand, a finite element analysis simulation of scoring element dilation was conducted.
An arterial wall, circumferentially calcified plaque, a membrane balloon and two scoring
element models were created in their finite element analysis. They set the inner diameter of
calcified plaque to 1.0 mm, 1.5 mm, 2.0 mm, and 2.5 mm. The Young’s modulus and Poisson’s
ratio of the calcified plaque model were set to be 20 GPa and 0.17, respectively. The
experimental results showed that the scoring balloon could be used to expand a circumferential
calcified lesion with lower pressure than the conventional balloon. The numerical simulation
showed that the first principal stress concentration is the fundamental mechanism of the

increased ability of the scoring balloon device to dilate a calcified lesion.



However, the calcium tubes with a larger scale than actual tissues and no artery model outside
cannot represent accurate human lesion models. The two-dimensional finite element simulation
has the limitation of axial length and the balloon model was not created following a realistic
dimension.

A recent study from the same research group has investigated the efficacy of the Wolverine
cutting balloon on a 360° circumferential calcified coronary lesion [45]. They constructed the
calcification models using three-dimensional printers from patient computed tomography and
intravascular ultrasound data. Wolverine cutting balloon and NC Emerge noncompliant balloon
catheter were used to be inflated in the calcification models and the success rate of dilation and
maximum dilation pressure were compared. They also performed two-dimensional numerical
simulations using the finite element method to evaluate the maximum first principal stresses in
calcified lesion models through changing the number and position of the blade.

In their bench tests, the inflation success rate of the cutting balloon was higher and the
maximum inflation pressure required was lower in comparison with those of the noncompliant
balloon. Numerical results showed that the blades play a role in increasing the maximum first

principal stress in calcified lesions.

1.4 Purpose of this study

Clinically, a balloon-to-artery ratio of 1:1 is selected for cutting balloon expansion, like
conventional balloon angioplasty [24]. In the conventional balloon angioplasty, a clinical study
reported that 60% of calcium fractures were observed in lesions with large calcium arcs from
270 to 360 degrees and only 2.0% (4 of 198) of the lesions with the maximum calcium angles

were < 180° [46]. The angles were detected through the cross-sectional images of optical
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coherence tomography in the circumferential-wise direction of the lesions.

As described in Chapter 1.2.4, arterial perforation and dissection have been recognized as the
complications after cutting balloon angioplasty in clinical treatment [25] [27] [28]. There is no
knowledge of how the angle of the calcification and balloon-to-artery ratio for the cutting
balloon influences both the effective incision of the calcification and potential perforation or
dissection. The author hypothesizes that the lesion/device diameter ratio and the number of
blades facing a calcified lesion may be crucial for expanding calcifications while avoiding
vessel injuries.

To the best of the author's knowledge, three-dimensional numerical models of the cutting
balloon with blades and pads have not been modeled and the approach of the folded shape of the
cutting balloon model and the expansion simulations have not been studied. Although the
in-vitro experiment on the expansion of the cutting balloon in a stenotic calcified artery model
may be appropriate to evaluate the efficacy and safety of the cutting balloon expansion, it is
difficult to achieve a stenotic calcified artery model to represent a real one due to the complex
material behavior of the calcium and stenotic artery. Therefore, the author considered
computational models to replicate the biomechanical response of cutting balloons.

The purpose of this study is to evaluate the ability and safety of the expansion of the cutting
balloon in calcified stenotic lesions. The author aims to achieve three targets as follows.

(1) to accomplish a process of a three-folded balloon model and generate the cutting balloon
model with blades.

(2) to investigate the influences of balloon-to-artery ratios of the cutting balloon in a 360°
calcified artery model.

(3) to investigate the influences of balloon-to-artery ratios and number of blades facing a 180°

calcification.
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To the best of the author’s knowledge, this is the first biomechanical study on expansion
ability and safety of the cutting balloon with blades and pads in the calcified artery models. The
three dimensional cutting balloon models with different diameters are constructed and the effect
of balloon-to-artery ratio and number of blades facing the calcification are investigated.

The biomechanical insights on the expansion of the cutting balloon in calcified artery models
may help provide suggestions for improving the clinical outcomes of cutting balloon

angioplasty.

1.5 Structure of this thesis

Fig 1.3 illustrates the structure of this thesis. Chapter 2 describes the details of the
methodology for generating a reliable folded balloon model by means of finite element analysis
and verifies the accuracy of the folded balloon expansion according to its compliance chart and
the necessity for using a membrane folded balloon model to expand a coronary stent model in a
stenotic artery model in comparison with a cylinder model. Chapter 3 describes the details of
the construction of a cutting balloon model with blade and pad models basing on the method of
folded balloon in chapter 2. The characteristics of the calcification models are considered based
on the clinical studies and the angle of 360° and 180° are selected to evaluate the ability of the
cutting balloon on calcium fracture. A stenotic coronary artery model with 360° calcification
model is created to mimic the calcified lesion. Finite element analyses of cutting balloon
expansion with different balloon-artery ratios are performed in comparison with a typical
non-compliant balloon. Chapter 4 presents a 180° calcification model in the stenotic coronary
artery model so that the direction of the blades should be examined and the influence of

balloon-artery ratio and blade number in calcification model are evaluated. Chapter 5
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summarizes the conclusion and future work.

Chapter 1: Introduction

v

Chapter 2:
Modeling of three-folded
balloon expansion
]
Chapter 3: Chapter 4:
Investigation of balloon-to-artery ratio of the Effects of balloon-to-artery ratio and
cutting balloon in 360° calcified artery model number of blades facing 180° calcification
| |

v

Chapter 5:
Conclusion and future work

Figure 1.3 Structure of this thesis.
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Chapter 2: Modeling of three-folded
balloon expansion

2.1 Chapter introduction

Modeling of a three-folded balloon model is described in this chapter. The three-folded
balloon is wrapped from its initial shape to be equipped with a coronary stent. The balloon is
pressurized to enlarge its diameter. Meanwhile, the stent is expanded to support the artery wall.
The balloon is an important device to be used to expand a balloon-expandable stent.

The objective of the chapter is to describe the modeling of the three-folded balloon and verify
its accuracy and reliability for the stent expansion and details are described as follows.

(1) to crimp and compress an balloon model into a three-folded shape from the initial balloon
model and verify the accuracy during balloon expansion.

(2) to simulate a free expansion for a coronary stent and expansion in a stenotic coronary
artery model in comparison with a cylinder expansion.

This chapter shows the good response of the balloon expansion using the folded balloon
model. The stent deformation of “dogbone” shape is realized and the result of the stress in the
plaque model is more reliable than a cylinder expansion using a cylinder surface. The approach
is helpful to generate a complex cutting balloon model as described in Chapter 3 and also to
achieve other similar devices such as scoring balloon used in the treatment of plaque

modification.
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2.2 Materials and methods

2.2.1 Balloon model

2.2.1.1 Initial geometric balloon model

As introduced in chapter 1.4.1, a simple cylinder model is usually used to expand a stent
model as a balloon through the radial displacement applied to the inner surface. In addition, a
folded balloon model is determined through its closed cross-section outline and length with or
without tips on the shaft model [37] [38]. The length of the cross-section outline is configured to
be equal to the length of initial diameter before dilation. The folded balloon expansion shows
better agreement with both the compliance chart data and experiments [37]. However, a real
balloon catheter is made through crimping and compressing to form its folded shape. However,
neither created an actual folded balloon model through crimping and compressing deformation
to generate the wrapped balloon. On the other hand, although creating a wrapped balloon model
through a closed cross-section outline with tips on the shaft is useful through a functional
package in CAD software. A commoner and simpler numerical method for a folded balloon
shape model basing on the manufactural process of crimping and compressing should be
established to accomplish the numerical balloon expansion.

Fig 2.1a shows a balloon obtained from a balloon-expandable L605 cobalt-chromium alloy
coronary stent catheter (Xience V, Abbott Vascular) was pressurized to 1 atm. When the inner
pressure was equal to the atmosphere pressure, the shape of the balloon maintained its initial
shape under this condition. The basic dimensions of length and diameter were measured based

on the image and showed in Fig 2.1b. The full length, length of the balloon body and the inner
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shaft diameter were 18.5 mm, 23.5 mm and 0.6 mm, respectively.

18.5
23.5

Y
v

Figure 2.1 Image of the balloon (a) the inflated balloon; (b) the dimensions measured from the
image (Unit: mm).

A three-dimensional computer-aided design (CAD) geometric model was created (Fig 2.2)
and thereafter a cylindric shaft model was created inside along the longitudinal axis.

The compliance chart of the coronary stent, indicating the relationship between the applied
pressure and the inner stent diameter (i.e. balloon outer diameter), is listed in Table 2.1. The
nominal pressure is the recommended pressure at which the balloon can be inflated to reach its
rated diameter such as the 3.04 mm according to the stent specification of ® 3.0 mm and the
rated burst pressure is the highest pressure. Pressure should not exceed the rated burst pressure.
De Beule et al. and Ragkousis et al. have introduced a methodology to obtain an initial diameter
and Young’s modulus for the balloon model obtained using compliance charts [37] [38]. More
details are described in De Beule, M. (2008). Finite element stent design (Doctoral dissertation,

Ghent University) [47].
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Figure 2.2 Three-dimensional CAD model for the balloon.

Four assumptions are initially presented as following:
(1) The material of the balloon model is assumed to be isotropic homogeneous linear elastic
(2) The balloon model is in the state of plane stress
(3) Balloon diameter Db / balloon thickness Tb is > 5 and the thickness is uniform and
constant
(4) Axis stress state is generated through the end constraint from the shaft
Therefore, the nominal circumferential stress (0g nom) and strain (€g nom ) components and

the nominal axial stress (07 50m) can be defined as following equations:

Dy, — Dy
€0,nom = Dy (2.1)
D
0gnom — IZ)T: (2-2)
p(Dj — D)
0Znom = TDbc (2.3)

Here, Dy, is the diameter of the balloon; Dy is the initial diameter of the balloon; p is the
pressure; Ty, is the uniform balloon thickness; D, is the diameter of the shaft.

The initial diameter of the balloon is obtained from the plotting diagram of the compliance
chart (Fig 2.3). An approximated straight line was added to the diagram and the y-intercept was
set to be 2.75 mm to obtain the best fit to the compliance chart. Therefore, the initial diameter of
2.75 mm was used to define the balloon model as showed in Fig 2.1b.

Due to the balloon has two closed ends fixed on the shaft, both axial and circumferential
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stress components generate during balloon dilation, meanwhile, the balloon diameter is effected
by the balloon material and the constraints from the fixation to the shaft. Consequently, the

constitutive behavior with the assumed elastic modulus is described as:

1
€9,nom = E (Ge,nom - VUZ,nom) (24)

Table 2.1 Compliance chart for the coronary stent.

Xience V (® 3 mm x 18 mm)

Pressure Stent inner diameter
(atm) (kPa) (mm)
8 811 2.90
9 912 2.97
10
. 1013 3.04
(Nominal pressure)
11 1115 3.10
12 1216 3.15
13 1317 3.19
14 1419 3.23
15 1520 3.26
16
1621 3.30
ated burst pressure
(Rated burst p )
17 1723 3.33
18 1824 3.36

E and v are Young’s modulus and Poisson’s ratio.
Here, the Young’s modulus can be determined through plotting the true strain in function of

the true stress. Therefore, simple conversed expressions form nominal values to true values are:

Otrue = crnom(l + snom) (2.5)

€true = ln(l + Snom) (2-6)
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For the two-dimensional stress state in the elastic balloon model, the circumferential true
stress and true strain can be obtained through combining with equation 2.4.

06,true = (00,true — V0z,nom) (1 + €0,n0m) (2.7)

€g,true = ln(l + Se,true) (2.8)

The true stress and strain were calculated and plotted in Fig 2.4. The approximated straight

line with intercept of y = 0 was added to the diagram and the slope of 705.85 was obtained

through the expression of the straight line. Therefore, Young’s modulus of the elastic balloon

model was characterized as 706 MPa, the Poisson’s ratio and the nylon balloon material density

were assumed to be 0.4 and 1100 kg/m’.

m’n_]/'_"‘_.—'.—’_»u

¢ = g w
[ IR I ST S R VRS RN

Stent inner diameter (mm)

o

0.5 1 1.5 2
(5atm) (10atm) (15atm) (20atm)
Pressure (MPa)

o

Figure 2.3 Plotting diagram for the compliance chart.

Although the initial diameter, Young’ modulus, Poisson’s ratio and density for the isotropic
elastic balloon model were determined, the accuracy for the relationship between pressure and
diameter comparing with the compliance chart should be verified. Therefore, a numerical
simulation for the balloon model was carried out utilizing a finite element analysis software,

Abaqus CAE 2018 / explicit (Dassault Systémes K.K., Tokyo, Japan).
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Figure 2.4 True stress and strain plotting diagram.

2.2.1.2 Shell element and membrane element

Shell elements are widely applied in mechanical engineering, biomechanics, aeronautical and
marine engineering such as piping system, rockets, ships and skull [48]. A thin shell is a flat
structural element bounded by two parallel faces in which the distance between the two faces is
the thickness (h) of the plate. It is assumed that the thickness is small compared with other
dimensions such as length, width and diameter of the face according to the maximum value of
the ratio h/R < 1/20 (R represents the radius of curvature of the middle surface). Fig 2.5 is a
shell element showed to give a two-dimensional theory of thin shells eliminating the variations
with respect to z direction to calculate the stress components S; and S,, referring to the internal
forces and moments, respectively, The coordinate axes x, y and z at each nodal point in an ent

are designated by 1, 2, 3, respectively [48].

z_ g4z _ _Zz . z _ pz _ (_i)
dsl—Adxdz—A(a Rl)dxdz, ds? = B?dydz = B|a R dydz (2.9)

The quantities A and B are the parameters which relate the changes in arc length on the

surface while R, and R, are the first and second principal radius of curvature of the surface.
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Figure 2.5 A differential element isolated from a shell 1%,

The in-plane normal force N; referring to the resultant of the normal stresses g; acting on

the y-z plane per unit length of the element can be defined as:

h/2 2
N; = f of (1 - —) dz (2.10)
~h/2 R,

Similarly, the shear force Ny, and the transverse shear force Q,, referring to the resultants

of the shear stress components t _ and t __, acting on the y-z plane, can be defined as:

12 13’
h/2 2
N12 = f lez (1 - _> dZ (211)
-h/2 R,
h/2 7
Q= f 45 (1 — —) dz (2.12)
—h/2 R,
Therefore, the remaining stress components are given by the following in a similar manner:
h/2 2
N, = f of (1 - —) dz (2.13)
-h/2 Ry
h/2 7
N21 = J Tzzl (1 - _) dZ (214)
~n/2 Ry
h/2 z
Q, = f 155 (1 - —) dz (2.15)
~h/2 Ry



Then, the moments of the stress components gf and t{,, referring to the x and y axes, are

expressed as following:

h/2 2
M, = f oz (1 — —) dz (2.16)
—h/2 R;
h/2 5
M, = f 4,z (1 — —) dz (2.17)
~h/2 R,

which are referred to the bending and twisting moments acting on the y-z plane. Similarly, the

stress couples or the bending and twisting moments on the x-z plane are:

h/2 7

M, = f 0}z (1 - —) dz (2.18)
~h/2 Ry
h/2 5

My, = f 15,2 (1 — —) dz (2.19)
~h/2 Ry

These equivalent internal forces and moments at the middle surface are shown in Fig 2.6.

Figure 2.6 Equivalent internal forces and moments at the middle surface of the shell **.

As presented above, six internal force, Ny, Ny, Nyj, N,, Q; and Q,, and four moments, M, M,,
M, and M,, indicate the state of stress of the shell element in the general linear theory of thin

shells. Therefore, the equilibrium conditions of the shell element at the middle surface can be
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expressed by the external forces (p;, p,, p3), internal forces and moments (the resultant force and
moment of all the external and internal forces are zero) as following:

dA 0B AB
—(N1B) + (N21A) + N1z o= 3y —N; F Q1 R, +p14B =0,

a(NA)+a(N B)+ N 0B NaA AB+ AB =0
dy 2 9x V12 215, 16y Qsz D2 =4,

a( B)+a( A)+ N aA+NAB+ AB =0 2.20
Ox Q1 dy Q> 1R1 sz p3 = (2.20)

0A 0B
(BMlz) + (AMZ) M; — 3y + M, — Ix — Q,AB =0,

0A 0A
@(AM21) +— (BM1) M; — ox + My, — 3y — Q4B =0,

M, My,
Ni; — Npq — R, — 4+ R 0 (2.21)
2

About the above equations, following equations can be set to reduce the number of

unknowns:

H H
M12 =M21=H, 5=N12 +_=N21 +— (222)
R, Ry

Therefore, M;,, My, Nj», Ny can be replaced by H, S, R; and R,. Meanwhile, Q,, Q, in
equations 2.21 also can be substituted into equations 2.20 to obtain three equations of

equilibrium as following:

(NB+1 A?) 26AH 1[6(MB) MaB+2 HA]
ax V1B ( R,y Rylox™ 1 Z 0x (HA)
0B
_NZ_ +ABp1 = 0,
d
1VA+1 SB? M,A M6A+zafm
3y (Va) + 55 (5B) - lap ) =05+ 2 )

dA
_Nl @ + ABpZ = 0,

NAB+NAB+6 1710 _ +a B MaB
LR, R, ax{A[Aay( )+ 5 (MiB) Zax]}
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+ i{l Fi (HB?) + 9 (AM,) — M, a—A]} + ABp; =0
dy (B|B g dy dy

(2.23)

Shell elements support external forces through the internal forces and moments. However,

membrane elements transmit only in plane forces with no moments and have no stiffness in the

bending direction considering as specific shell elements in three-dimensional models. Therefore,

the moment terms in the equations of equilibrium for a shell element are neglected as following

definition:
Mi=M;=H=0Q0,=0,=0; Njp=Npy=S (2.24)
To take Equation 2.24 into account Equation 2.23, the fundamental equations of the

membrane element are:

a(NB)+1a(A25) NaB+AB =0
ax -t Ady Zox Pr="5

g (NA)+1 g (B2S) - N 04 L 4Bp, = 0

ay 2 Bax 1ay pz_ )
N 1+N 1+ =0 2.25
1R, 2R, b3 = (2.25)

Membrane elements are used to represent thin structures such as a thin layer or sheet that
offer strength only in the plane of the element with no bending stiffness. Since the balloon is
made of soft polyester or nylon with small stiffness in the bending direction, membrane
elements are suitable for the finite element model of the balloon.

A mesh model for the geometric balloon model was created in Abaqus/CAE 2018, a user
interface for pre- and post-processing (Fig 2.7). The balloon model was meshed with four-node
quadrilateral membrane element with reduced integration (Abaqus element type: M3D4R) with
a uniform thickness of 0.02 mm. Each basic line in circumferential direction was divided to 200
numbers of element and lengthwise line were assigned with the seed size of 0.05 mm. The

elements for the balloon model were 99,200 in total.
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Zoom: 500%

Figure 2.7 Mesh model for the balloon geometric model.

The isotropic elastic materials with Young’s modulus of 706 MPa, Poisson’s ratio of 0.4 and
density of 1100 kg/m® were assigned to the balloon model. The two ends of the balloon model
were full fixed in all degrees of freedom (X, Y, Z in translation and X, Y, Z in rotation) and
pressure from 0 to 18 atm (0 to 1.824 MPa) was applied to the inner surface of the balloon
model (Fig 2.8). The numerical simulation was carried out as a quasi-static analysis with

Abaqus/Explicit solver.

0 atm

18 atm

Figure 2.8 Expansion of the balloon model.

2.2.1.3 Quasi-static analysis in Abaqus/Explicit solver

The explicit method is a dynamic procedure to solve high-speed impact problems using quite
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small minimum stable time increment and requiring a large number of increments in the
solution. The inertial effect plays a primary role in the explicit method. The explicit method in
Abaqus/Explicit has proven valuable in solving some quasi-static problems. The main
advantage of the explicit method is the greater ease with that it solves very complicated contact
problems in comparison with the implicit method. Additionally, the explicit method requires
fewer resources for large models than the implicit method. However, a static event is a
long-time dependent solution so that computationally, it is impractical to solve a static event in
its natural time scale in the explicit solver. An excessive number of small time increments would
be required in the explicit method. Therefore, the event must be accelerated in some way to get
an economical solution. When the event is accelerated, the state of static equilibrium evolves
into a state of dynamic equilibrium with more inertial effects. The strategy is to solve the
problem in reasonable short time period with insignificant inertial effects.

To carry out a quasi-static analysis with the explicit method, three following main
requirements should be guaranteed in Abaqus/Explicit solver.
(1) Estimating the time period in terms of the lowest natural frequency to obtain the proper
static response. A frequency analysis showed that the balloon model had a fundamental

frequency of 24.7 Hz, corresponding to a time period of 0.04 s.
1

Tanalysis > (2-26)

fmodel(lowest natural frequency)

Therefore, the time period was determined to be 0.05 s which exceeded the time period
calculated form the lowest natural frequency for the balloon model.

(2) Applying the load as smooth as possible to generate a smooth acceleration to avoid jerky
changes in velocity and displacement. The most efficient way used in a quasi-static analysis is a
definition for a smooth step amplitude curve. As shown in Fig 2.9, a smooth curve was defined

instead of a typical uniformly increasing load. Expression 2.27 and 2.28 shows the definition for
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the smooth curve between two points: (t;, 4;) and (¢;41, Aij+1)-

Uniformly increasing load Smooth curve
I8 atmp-----mmmmmm oo e '
< i
S :
o] !
— |
0 Time 0.035s 0 Time 0.05s

Figure 2.9 Definition of a smooth curve instead of a uniformly increasing load.

a=A;+ (A4 — ADe3(10 — 15¢ + 6&2) (t; St < tiy1) (2.27)
e=(t—t)/(tis1 — ;) (2.28)

(3) For the deforming model, the kinetic energy should be within a 5% to 10% fraction of the
internal energy throughout most of the process. Since the expansion simulation was carried out
utilizing the simple initial balloon shape without any complex deformation or contact condition,

in the result of the simulation, the kinetic energy almost was on the verge of zero. The inertial

effect was insignificant in this analysis procedure (Fig 2.10).
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Figure 2.10 Elastic internal energy and kinetic energy in the balloon model.
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2.2.1.4 Accuracy to the compliance chart

Figure 2.11 shows the diametral result of the radial displacement at the middle point of the
balloon model was extracted to compare with the compliance chart in a diagram. Table 2.2 is the
list for the difference at the pressure comparing with the compliance chart by the expression
2.29. All the values from 8 atm to 18 atm obtained from the numerical simulation showed good
deviations with 2 % in which the maximum deviation was 1.85 % at the pressure of 8 atm. On
the other hand, the mesh density also influences the numerical result. A worse mesh density and
a finer mesh density were tested to confirm the accuracy. Table 2.3 shows the result of the tests.

The current mesh density showed an extremely small deviation in comparison with a finer mesh

density.
Deviation = Dnumerical - Dcompliance chart % 100% (2.29)
D compliance chart
@ Compliance chart
== Numerical result
4 ~
= 357
3, /r._'_.__.l_l—‘—“u—.
'§ 257
2 2
= . _ |
= 1.3
g 1]
v—Io O s F
= D
as]
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f—

Figure 2.11 Diagram for the numerical result of balloon expansion in comparison with the

compliance chart.
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Table 2.2 List for the deviation of the numerical result in comparison with the compliance chart.

Xience V (© 3 mm x 18 mm)

Pressure Stént inner Ball?on model Deviation
diameter diameter
(atm) (MPa) (mm) (mm) %
8 0.81 2.90 2.9535 1.85
9 0.91 2.97 2.9862 0.55
10
(Nominal pressure) 1.01 3.04 3.0207 0.63
11 1.11 3.10 3.0569 1.39
12 1.22 3.15 3.0988 1.62
13 1.32 3.19 3.1387 1.60
14 1.42 3.23 3.1805 1.53
15 1.52 3.26 3.2239 1.10
16
(Rated burst pressurc) 1.62 3.30 3.2693 0.93
17 1.72 3.33 3.3162 0.41
18 1.82 3.36 3.3649 0.15
Table 2.3 Result for the mesh density test of balloon model.
Mesh density Coarser current finer
Size for one element (mm) 0.06 0.05 0.04
Element number 59,100 99,200 177,000
Radial displacement at nominal pressure (mm) 0.13518 0.13535 0.13547
Balloon diameter (mm) 3.0203 3.0207 3.0209
Deviation to the compliance chart (%) 0.648 0.635 0.628
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2.2.1.5 Forming analysis for three-folded shape of balloon

A balloon catheter is wrapped from its initial shape to a three-folded shape through the
processes of crimping and compressing. According to the balloon wrapper device, crimper
models were created to pleat the balloon model. The details of the crimper models were shown
in Fig 2.12. Five different curvature radiuses for the crimper models were defined to be 1.26

mm, 0.94 mm, 0.4 mm, 0.03 mm and 1.13 mm, respectively.

26

Figure 2.12 Three crimper models used to crimping the balloon model (Unit: mm).

The three crimper models were arranged around the balloon model and the displacements
toward the center were applied to the crimper models (Fig 2.13a). Thereafter, a cylinder model
was used to compress the crimped balloon model and decrease its diameter to 1 mm (Fig 2.13b).
Since the membrane element has no bending stiffness, numerical unstable and convergence
problems will occur when the membrane balloon model is crimped. Therefore, shell element
type (S4R) was used to avoid numerical unstable and convergence problems to obtain a
reasonable balloon shape (Fig 2.14). In order to confirm the accuracy again, balloon expansion

simulation for the compressed balloon shape with membrane element type was performed and
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the diametral result and deviations were illustrated in Fig 2.15 and Table 2.4. It is showed that
the expanding result of the compressed balloon shape almost has no difference in comparison

with that of the initial balloon shape.

23 B A

n; o
»‘f: _

Figure 2.13 Process of three-folded balloon shape. (a) crimping (b) compressing.

(@) Zoom: 300%

Figure 2.14 Crimping shapes of the balloon mesh model. (a) membrane element type; (b) shell

element type.
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Figure 2.15 Expansion result of the diameter for the compressed balloon shape model.

Table 2.4 Deviation results for the compressed balloon shape.

Xience V (® 3 mm x 18 mm)

Stent inner

Compressed balloon

Pressure ) Initial balloon shape
diameter shape
(atm) (MPa) (o) Diameter | Deviation | Diameter | Deviation
(mm) (%) (mm) (%)
8 0.81 2.90 2.9535 1.85 2.9539 1.86
9 0.91 2.97 2.9862 0.55 2.9846 0.49
10
(Nominal 1.01 3.04 3.0207 0.63 3.0172 0.75
pressure)
11 1.11 3.10 3.0569 1.39 3.0529 1.52
12 1.22 3.15 3.0988 1.62 3.0949 1.75
13 1.32 3.19 3.1387 1.60 3.1354 1.71
14 1.42 3.23 3.1805 1.53 3.1783 1.60
15 1.52 3.26 3.2239 1.10 3.2238 1.11
16
(Rated burst 1.62 3.30 3.2693 0.93 3.2716 0.86
pressure)
17 1.72 3.33 3.3162 0.41 3.3217 0.25
18 1.82 3.36 3.3649 0.15 3.3744 0.43
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2.2.2 Coronary stent model

The initial balloon model and the wrapped balloon model of the Xience V coronary stent
catheter were created and balloon expansion simulations were carried out to confirm the
accuracy according to the compliance chart. An inflated balloon expands a coronary stent to
enlarge the stenotic coronary artery and support the artery wall. Although a simple cylinder
model is usually used to expand a stent model as a balloon, the wrapped balloon model should
also be investigated to confirm its usefulness on the balloon-expandable stent and the difference
from the cylinder model.

The three-dimensional geometric model of the Xience V coronary stent was created basing on
its two-dimensional planar design drawing and generated through wrapping on a cylinder (Fig
2.16). The nominal diameter, length and strut thickness of the stent is 3 mm, 18 mm and 81 um,
respectively [49]. The initial pre-crimped external diameter of the stent is chosen equal to
1.8mm. The finite element model of the stent was meshed using eight-node hexahedral element
(C3DS8R) with six layers of elements through the thickness and width of the strut, about 700,000
elements in total (Fig 2.16).

An elastic-plastic material model of L605 cobalt-chromium alloy was assigned to the stent
model. Young’s modulus, Poisson’s ratio, yield stress and density were listed in Table 2.5 [50].
The relationship of uniaxial-stress, plastic-strain and strain-rate is showed in Fig 2.17.

Isotropic elasto-plasticity is commonly utilized for metal plasticity calculations. The strain
rate decomposition is:

g =gl + P! (2.30)

In elastic-plastic analysis, the stress-strain matrix is modified to include the effects of

plasticity basing on the classical flow theory with the von Mises yield condition. The von Mises
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yield function is derived from the three dimensional stress-strain law with the appropriate
stresses and strains set to zero. In von Mises plasticity, the stresses S'*2¢ and the plastic

incremental strains Ae? are subjected to the yield condition, flow rule and hardening rule at
time t+ At:

FJ}mnM t+AL _ %St+At . Gt+At _%(Ujgﬂt)z =0 (2.31)

Where 0'35*'“ is the yield stress at time t+ At. This stress is a function of the effective

plastic strain and the hardening of the material is defined as follows.

or v [ jgd—d -
s

18.2 !

Zoom: 500%

Figure 2.16 Process of the three-dimensional geometry and mesh model for the stent (Unit:
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mm).

Table 2.5 Material properties for L605 cobalt-chromium alloy.

Young’s modulus (GPa) 243
Poisson’ ratio 0.3
Density (g/cm’) 9.1
Yield stress (MPa) 629
Stress (MPa) at 30 % strain 1089
Ultimate Tensile Strength (MPa) 1147
at 46 % strain
1400 r
= 1200 F -
% 1000 }
~ 800 F
9]
w2
g 600
“2 400
200 |
O L 1 L 1 J
0 0.1 0.2 0.3 0.4 0.5
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Figure 2.17 Stress-strain diagram for L605 cobalt-chromium alloy.

A simulation was carried out to generate a compressed stent model. A cylinder model which
diameter was decreased by radial displacement was used to compress the outer diameter of the
stent model from 1.8 mm to 1.2 mm so that the wrapped balloon model generated in Chapter

2.2.1.4 can be placed in the stent model (Fig 2.18).
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Figure 2.18 Compressing process of the stent model (Unit: mm).

2.2.3 Stenotic coronary artery model

A coronary artery model with an atherosclerotic plaque model inside was created. The length,
thickness and inner diameter of the coronary artery model was 30 mm, 0.8 mm and 3 mm,
respectively. The atherosclerotic plaque with a length of 14 mm and thickness of 0.75 mm was
constrained at the middle of the coronary artery model via tie constraint. There is no separation
and sliding between the artery model and the plaque model. The inner diameter of the plaque
was equal to 1.5 mm which generating a 50 % stenotic lesion with the length of 10 mm (Fig
2.19).

The coronary artery model and plaque model were meshed using an eight-node hexahedral
element (C3D8R) with approximately 72,000 elements and 36,720 elements

A study has determined and described the mechanical properties for human coronary
non-atherosclerotic tissue [51]. Some studies described the atrial tissue models by Ogden or
Mooney-Rivlin hyperelastic constitutive equations with three layers [52] [53] [54]. In the study
of Prendergast et al [55], uniaxial and biaxial experiments on human femoral artery have been
used to develop a hyperelastic constitutive model of vascular tissue suitable for implementation
in finite-element analysis. It was discussed that the diseased coronary artery in which stents are

implanted might be more silimar to human frmotal artery because those human tissues were
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collected from elderly individuals of similar age to those undergoing coronary angioplasty and

might be represent the in vivo case. Therefore, in this study, an isotropic Moony-Rivlin

hyper-elastic material model was used to define the coronary artery model and the

atherosclerotic plaque model. The strain energy density function was expressed as:

W=ay,(l,-3)+ay,(I,-3)

(2.34)

where I; and [, are the first and second invariants of the Cauchy-Green tensor and

and d,, are the hyperelastic constants listed in Table 2.6 [40] [55].

Zoom: 300%
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Figure 2.19 Geometry and mesh model for the coronary artery and plaque (Unit: mm).

Table 2.6 Material parameters of the coronary artery and atherosclerotic plaque. %!
Constants (MPa) Coronary artery Atherosclerotic plaque
a, 0.01890 -0.496
a,, 0.00275 0.507
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2.2.4 Expanding simulation of the coronary stent using the

three-folded balloon

2.2.4.1 Free expansion of the coronary stent

The wrapped balloon model with a three-folded shape was created in Chapter 2.2.1 and its
expanding accuracy was confirmed according to the compliance chart. A coronary stent catheter
consists of a wrapped balloon, a shaft inside and a crimped stent so that it can be inserted in an
artery. Therefore, a simulation of free expansion of a stent catheter with the coronary stent
crimped on the balloon was carried out.

Fig 2.20 showed the stent catheter with three coaxial models of stent, balloon and shaft. The
diameters for the shaft model, wrapped balloon and stent were 0.6 mm, 1 mm and 1.2 mm,
respectively. The lengths for the shaft model, wrapped balloon and stent were 25 mm, 23.5 mm

and 18.2 mm, respectively. There was no intersection in the three models.

182 |
r 235 '
25.0 Ll
I€ >

Figure 2.20 Stent catheter model with stent, balloon and shaft (Unit: mm).

Pressure from 0 MPa (0 atm) to 1.82 MPa (18 atm) increasing with a smooth curve was
applied to the inner surface of the balloon model. The shaft model and the two ends of the
balloon model were fixed during the expansion. The stent model was free during this expansion.

The general contact algorithm available in Abaqus/Explicit was used to define the contact
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conditions with friction coefficient of 0.2 in the three models. The expansion process of the stent

was illustrated in Fig. 2.21.

1 atm

2 atm

2.5 atm

2.75 atm

3 atm

18 atm

Figure 2.21 Expansion of the coronary stent model by the pressurized balloon model.

2.2.4.2 Balloon expansion and cylinder expansion of the coronary stent in a

stenotic coronary artery model

The stenotic coronary artery model with plaque model inside was generated. The coronary
stent catheter model was placed in the middle of the coronary artery model. To understand the
difference between the balloon expansion and cylinder expansion and the reliability of the
balloon, a cylinder surface model with a length of 20 mm and a diameter of 0.8 mm was created
to expand the coronary stent model. Due to the diameter of the coronary artery model was 3 mm

and the 50 % stenosis resulted in the 1.5 mm diameter, nominal pressure of 10 atm in the
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balloon model and the radial displacement up to 3.0 mm diameter of the cylinder model was
considered.

For the balloon expansion, pressure from 0 MPa (0 atm) to 1.01 MPa (10 atm) increasing
with a smooth curve was applied to the inner surface of the balloon model. The two ends of the
balloon model, the shaft model and the two end faces of the coronary artery model were fixed.

For the cylinder expansion, radial displacement was applied to the inner surface of the
cylinder model to increase the diameter to 3 mm using a smooth curve. The cylinder model
deformed only in the radial direction and the movement in the longitudinal translation was
constrained. The two end faces of the coronary artery model were fixed. The expansion

processes of the balloon and cylinder were illustrated in Fig 2.22 and Fig 2.23.

0 atm

2 atm

3 atm

W W

Figure 2.22 Process of the balloon expansion.
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Figure 2.23 Process of the cylinder expansion.

2.3 Result

2.3.1 Free expansion of the coronary stent

In Fig 2.21, the two ends of the stent were first expanded at the initial pressurized stage since
the stiffness of the middle part is higher than that of the ends. The entire stent model was fully
expended at the pressure of 3 atm. The elastic internal and kinetic energy of the stent model are
showed in Fig 2.24. Both peak values occurred at the pressure of 3 atm when the stent was fully
expanded. The stent model was underexpanded with the “dogbone” shape before the pressure of

3 atm. Thereafter, the stent model was expanded slowly by the pressurized balloon model.
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Isotropic hardening behavior occurred in the stent model with the increasing plastic stress and
the elastic internal energy. The maximum kinetic energy of 0.27 J was extremely smaller than
the maximum elastic internal energy of 15.44 J. The percentage of 1.75 % for the kinetic energy
was under 5% to 10% fraction of the elastic internal energy, so that the inertial effect was not
significant through the entire simulation.

To evaluate the equivalent stress level in the stent model, the von Mises stress that occurred
in the stent model was illustrated in Fig 2.25.

The von Mises effective stress was calculated using following equation:

Oyon Mises —

1
\/E{(UXX — oyy)? + (Oyy — 022)% + (022 — oxx)?} + 3(T5y + 177 + T5x) (2.35)

where, the oyy, Oyy, 07z, Txy, Tyz and Tzy are stress components in the global coordinate

system.
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: —— Internal energy
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:
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Pressure (MPa)

Figure 2.24 Internal and kinetic energy in the stent model during the expansion.
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At the beginning of the expansion, the higher stresses occurred at the ends of the stent model
due to the “dogbone” shape of the stent until the pressure of 3 atm. After the stent was fully
expanded, the stress that occurred at the center strut of the stent model reached the same level of
that occurred at the end strut of the stent model. The change of the stress at the center point

showed a delay at the pressure of 3 atm (Fig 2.26).

1 atm
1.5 atm
2 atm
Von Mises
stress (MPa)
2.5 atm 1000
900
800
400
2.75atm 500
400
300
200
100
3 atm 0
18 atn

Figure 2.25 Stress plotted in the stent model.

On the other hand, high principal tensile stress was found at the inner curvature region with
high value of von Mises stress showed in Fig 2.26. The values of the von Mises stress at the
nominal press of 10 atm and the rated pressure of 16 atm are 1060 MPa and 1085 MPa. The
values of the principal tensile stress at the nominal pressure of 10 atm and the rated pressure of
16 atm are 1082 MPa and 1109 MPa. The values of principal tensile stress are very close to the

ultimate tensile strength of 1147 MPa. Crack induced by the high principal tensile stress might
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occur on the surface of the stent strut during expansion.

Zoom: 300%
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Figure 2.26 Stress changes for the center strut and the end strut of the stent model.

2.3.2 Expansion in the stenotic coronary artery model

Fig 2.27 showed the stress plotted stent model for the balloon expansion at the pressure of 10
atm and the cylinder expansion at the cylinder diameter of 3 mm. The inner diameters at the
center of the stent models for the balloon expansion and the cylinder expansion were 2.958 mm
and 3.013 mm, respectively. Fig 2.28 showed peak values of von Mises stress in the stent
models for the balloon expansion and the cylinder expansion. Due to the different loads of the

two simulations, the abscissa axis of the process was set to be 0 to 1. The process value of 1
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represents the pressure of 10 atm for the balloon expansion and the cylinder diameter of 3 mm
for the cylinder expansion. The peak value of the stress in the stent model for the balloon
expansion was 1075.84 MPa and that for the cylinder expansion was 1034.02 MPa. The peak

value for the cylinder expansion was 96.1 % of that for the balloon expansion.

Balloon

Von Mises
stress (MPa)

1000

900
800

Figure 2.27 Stress in the stent models for the balloon expansion at 10atm and the cylinder

expansion at 3 mm.
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Figure 2.28 Peak values of stress in the stent models through the expansion process.
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On the other hand, the maximum principal tensile stresses occurred in the plaque models for
the balloon expansion at the pressure of 10 atm and the cylinder expansion at the cylinder
diameter of 3 mm were illustrated in Fig 2.29. There are three principal stress components
(minimum, intermediate, and maximum) with normal vectors (tensile and compression)
calculated at each nodal point of the deformed part in the finite element analysis. In prior studies,
high tensile stresses had been indicated as the primary inducement, which led to plaque fracture
and damage in vessel wall when a balloon was inflated within a lesion [8] [56]. For this reason,
the maximum principal tensile stress was used to describe the stress levels in the plaque models.
Fig 2.30 showed peak values of maximum principal tensile stress in the plaque models for the
balloon expansion and the cylinder expansion. The process was also scheduled to be 0 to 1. The
peak value of the stress in the plaque model for the balloon expansion was 12.15 MPa and that
for the cylinder expansion was 17.59 MPa. The peak value for the cylinder expansion was

144.8 % of that for the balloon expansion.

Balloon

Maximum prineipal
tensile stress (MPa)
+4
+3.5
43
Cyvlinder +2.5
- +2
+1.5
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+0.5
0

Figure 2.29 Stresses in the plaque models for the balloon expansion at 10 atm and the cylinder

expansion at 3 mm.
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Figure 2.30 Peak values of stress in the plaque models through the expansion process.

2.4 Discussion

2.4.1 Three-folded balloon model

The length and shaft diameter of the initial balloon model was measured from the balloon
catheter at the pressure of 1 atm. The initial diameter of the balloon was tested to obtain the best
fit of Young’s modulus through calculating the true stress and true strain from the compliance
chart data. A simple expansion simulation of the initial balloon model was performed to confirm
the accuracy comparing with the compliance chart and each corresponding value of the diameter
was ensured within 2 % of deviation. Moreover, the three-folded wrapped balloon model was
obtained through the crimping and compressing process from the initial balloon model.
Thereafter, the result showed a similar deviation in comparison with the expansion of the initial

balloon model. Although the actual inflation behavior of an angioplasty balloon is anisotropic
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and hyperelastic, a linear isotropic balloon model can also adequately mimic the response of the
balloon inflation within small deviations according to the compliance chart. This is an efficient

method to generate the initial and wrapped balloon models.

2.4.2 Stent expansion

The coronary stent model was generated to confirm the free expansion of the stent model by
the wrapped balloon model. The coronary stent model was expanded by the pressurized balloon
model from 0 to 18 atm. The “dogbone” shape of the stent model was observed between 0 to 3
atm when the ends of the stent model were firstly expanded since the ends of the stent model
were constrained by fewer neighboring struts. The stent model was fully expanded from 3 atm
to 18 atm. The von Mises stress in the stent model also showed a delay at the point of the center
strut in comparison with that of the end strut. The wrapped balloon model showed a feasible
expansion for the coronary stent model.

The balloon expansion and cylinder expansion of the coronary stent in a stenotic coronary
artery model were carried out and the differences were confirmed. The von Mises stresses
occurred in the stent models were different during the expansion and the similar stresses for the
balloon expansion at 10 atm and the cylinder expansion at 3 mm. The inner diameter of the stent
model for the balloon expansion was smaller than that for the cylinder expansion. Since the
radial displacement was applied to the cylinder surface model, the inner diameter of the stent
model was more accurate. However, for the balloon expansion, the balloon model was enlarged
by the load of pressure on the inner face and the diameter was slightly influenced by the
resistance from the surrounding plaque model and artery model. On the other hand, the peak

value of maximum principal tensile stress in the plaque model for the cylinder expansion was
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higher than that for the balloon expansion at the process of 1. Since the radial displacement was
applied to the cylinder surface model, it generated the high stiffness of the cylinder surface and
overcame the resistance of the plaque model and artery model during expansion resulting in the
higher stress level in the plaque model. It is understood that the balloon expansion using the
wrapped balloon model showed a more realistic response to an actual balloon catheter and more

reliable stress in the plaque model in comparison with the cylinder expansion.

2.5 Conclusion

In this chapter, the author measured the dimensions of the balloon to create an initial balloon
model and accomplished the following contents:

(1) established crimping and compressing processes to generate a three-folded balloon model
and verified the accuracy of the balloon expansion in comparison with the compliance chart.

(2) simulated a stent free expansion and stent expansion in a stenotic coronary artery model
by the three-folded balloon model and comparing with a cylinder expansion to verify the
efficacy of the three-folded balloon model and revealed the different between the balloon
expansion and cylinder expansion of the stent.

It is an efficient method to obtain the wrapped balloon model and the accuracy was assured.
The wrapped balloon model showed a good response to expand a coronary stent model and a
more realistic effect on the plaque model than the expansion using a cylinder surface model
with high stiffness. The method of generating a wrapped balloon model can be utilized to create

a cutting balloon model with blades on the balloon surface described in the next chapter.
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Chapter 3: Investigation of
balloon-to-artery ratio of cutting balloon
in 360° calcified artery model

3.1 Chapter introduction

In this chapter, the author investigates the influence of the balloon-to-artery ratio on
expanding the cutting balloon in a calcified artery model. The cutting balloon angioplasty is a
crucial procedure to deal with the calcified lesion before stent implantation. For cutting balloon
expansion, a balloon-to-artery ratio of 1:1 is used like conventional balloon angioplasty. Little is
known how the balloon-to-artery ratio for the cutting balloon influences both effective incision
of the calcification and potential perforation or dissection [57].

The aims of this chapter are listed as follows:

(1) to generate the cutting balloon model with blades on the balloon surface by means of the
modeling of the three-folded balloon expansion described in Chapter 2.

(2) to simulate the expansion of the cutting balloon with different diameters in a 360 degrees
calcification model inside a straight coronary artery model.

A conventional non-compliant balloon is employed to understand the effects of blades for
fracturing calcification.

The author investigates the influences of balloon-to-artery ratios of the cutting balloon on the
stress concentrations and distribution in the calcified model and at the borders of the coronary
artery adjacent to the calcification to obtain a criterion for the balloon-to-artery ratio for the

cutting balloon. This may be helpful to understand the function of the blades on the balloon and
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the importance of the balloon-to-artery ratio in the cutting balloon angioplasty [57].

3.2 Materials and methods

3.2.1 Geometries and mesh models

This chapter evaluated a new-generation cutting balloon, Wolverine™ (Boston Scientific
Corporation, MA, USA), with superior crossability and deliverability in comparison with the
older cutting balloon (Flextome"", Boston Scientific Corporation, MA, USA) [57]. The length
of the balloon body, total length and the diameter of the inner shaft were measured basing on the
image of the cutting balloon catheter (Fig 3.1). The relationships of the diameter and the
inflation pressure for the cutting balloon with balloon diameters ranging from 2 to 3 mm (2,
2.25,2.5,2.75, and 3 mm) are listed in Table 3.1. The nominal pressure and rated pressure for

the cutting balloon are 6 atm and 12 atm, respectively [57].

Figure 3.1 Image and dimensions for the cutting balloon catheter (Unit: mm).
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Table 3.1 Compliance chart and the result by Finite element analysis for the cutting balloons.

Balloon diameter (mm)

Pressure Product data provide by the o ]
Finite element analysis
manufacturer
atm MPa 2 225 25 275 3 2 225 25 275 3

3 0304 | 190 214 238 262 288 | 1.89 213 237 2.61 288

4 0405 | 195 218 243 2,69 294|192 216 240 265 292

5 0.507 | 198 222 248 273 299 | 195 219 244 269 296

6 0.608 |2.02 226 252 278 3.06 | 198 223 247 273 3.00

7 0.709 |2.05 230 256 283 3.10 | 2.01 226 251 278 3.05

8 0.811 | 208 233 260 288 315 | 2.05 230 256 283 3.10

9 0912 |211 236 264 291 3.18 | 2.08 234 260 288 3.15

10 1.013 | 2.13 239 2.67 295 322 | 212 239 265 294 320

11 1.115 | 2.15 241 269 297 325 | 217 244 270 299 3.26

12 1.216 | 2.17 244 271 3.00 328 | 221 249 275 3.06 3.32

A typical non-compliant balloon (NC EmergeTM balloon, Boston Scientific) was utilized to
compare with the cutting balloon to investigate the effects of the blades in this chapter. The
compliance chart of the non-compliance balloon is listed in Table 3.2. The nominal pressure and
rated pressure for the non-compliant balloon are 12 atm and 20 atm, respectively [57].

Chapter 2.2.1 described a linear isotropic membrane balloon model with an initial diameter
and Young’s modulus obtained from the product compliance chart. The relationship between the
pressure and diameter of the balloon model obtained by finite element analysis has been verified

to be in accordance with the compliance chart within a deviation of 2% listed in Table 3.1 and
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Table 3.2 Compliance chart and the result by Finite element analysis for the Non-compliant

balloon.

Non-compliant balloon (® 3 mm x 10 mm)

Pressure Balloon diameter (mm)
Product data provide by the o .
(atm) (kPa) manufacturer Finite element analysis
3 304 2.65 2.68
4 405 2.71 2.74
5 507 2.76 2.81
6 608 2.81 2.83
7 709 2.86 2.90
i 81l 2.90 2.92
9 912 2.93 2.94
10 1013 296 297
11 1115 2.99 798
12 1216 3.01 .99
13 1317 3.03 301
14 1419 3.04 303
15 1520 3.06 3.05
16 1621 3.08 307
17 1723 3.09 3.08
18 1824 3.10 310
19 1925 312 311
20 2027 3.13 312

3.2. Therefore, in Table 3.3, the initial diameters and Young’s moduli of five different cutting

balloon diameters (2.0, 2.25, 2.50, 2.75, and 3.0 mm), as well as the 3.0-mm non-compliant
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balloon with a length of 12 mm were analyzed using the data of the compliant charts [57].
Approximately 100,000 four-node quadrilateral membrane elements (element type: M3D4R)
were employed to the balloon model. A density of 1100 kg/m® and a uniform 0.02 mm wall
thickness were assumed [37].

Table 3.3 Initial diameters and Young’s moduli of the balloons. °”

NC ]
Cutting balloon
balloon
Balloon diameter
3.0 2.0 2.25 2.50 2.75 3.0
(mm)
Initial diameter
2.71 1.83 2.05 2.28 2.52 2.79
(mm)
Young’s modulus
908 338 365 419 447 534
(MPa)

NC: non-compliant

Wolverine cutting balloons with diameters smaller than 3.25 mm (2.0 mm, 2.25 mm, 2.50
mm, 2.75 mm and 3.0 mm) have three sharp metal microsurgical blades bonded on cast pads.
The blades and cast pads are fixed longitudinally on the outer surface of the balloon (Fig 3.1).
Those cutting balloon devices with diameters of 3.5 mm and 4.0 mm have four blades on the
balloon [57].

When the cutting balloon is wrapped under the folded shape before expansion, the three
blades are ensconced inside the folds of the wrapped balloon. The blades will expand out
radially during inflation and make incisions in the calcified plaque [57].

The three-dimensional computer-aided-design (CAD) geometrical model of the metal
microsurgical blade was constructed with length of 8.8 mm, height of 0.25 mm, and width of
0.18 mm (Fig 3.2) [57].

Considering the convergence problem and stress concentration due to the contact between the
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blade model and the calcification model, the mesh density for the blade model was confirmed.
The strategy of the mesh model for the blade geometric model was considered to using
eight-node hexahedral elements with reduced integration (element type: C3D8R) instead of the
tetrahedral elements. Generally, the hexahedral elements are superior to the tetrahedral elements

because:

24

)

3

(

Figure 3.2 Geometric model of the blade (Unit: mm). "

(1) high quality structured hexahedral elements can be created easily by mapping, sweeping
and extrusion techniques.

(2) hexahedral elements can be constructed following the domain boundary in layers and in
alignment with geometrical features.

(3) low-order high-performance hexahedral elements are more computationally efficient than
the tetrahedral elements.

A test simulation was considered to confirm the convergence and the accuracy of the stress
occurred in the blade model. Pressure from 0 to 1 MPa was applied to the bottom surfaces of the
blade model. A calcification model with a portion of 60° was created upside the blade model.
Then, the blade model was bent to contact with a calcification model (Fig 3.3).Half of the length
was considered in the simulation and the longitudinal end surface of the blade model and the

entire calcification model were fixed. The mesh densities of the blade model were confirmed by
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coarser mesh, current mesh and finer mesh. The results of convergence were confirmed for the
three mesh densities and the results of the Y-direction displacement at the longitudinal end point
and the peak values of von Mises stress and maximum principal stress were confirmed and
listed in Table 3.4. The results of the current mesh density shows the closer values to the finer

mesh density without any problem of convergence.

Calcification

1= Blade

Pressure

lY—dispIacement

Figure 3.3 Bending simulation of the blade model. (a) the models and boundary condition. (b)

Y-displacement and max stress of the deformed blade model.

Table 3.4 Results for the mesh density test of the blade model.

Mesh density coarser current finer
Size for one element (mm) 0.05 0.04 0.02
Element number 3,970 6,250 12,270
Y-displacement at 1 MPa 0.73 0.84 0.86
Peak value of von Mises stress (MPa) 437.3 507.2 509.8
Peak value of maximum principal stress (MPa) +681.5 +707.3 +716.6

Therefore, in this study, the geometric model of the blade was discretized using 6,250
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eight-node hexahedral elements with reduced integration (element type: C3D8R). The metal
blade is made of 316L stainless steel and the material properties of Young’s modulus of 193
GPa, Poisson ratio of 0.3, density of 7950 kg/m’, yield stress of 366 MPa, and ultimate tensile
strength of 675 MPa were utilized and considered as an elastic-plastic model with isotropic
hardening [50].

The three-dimensional structure of the cast pad was created with length of 9.2 mm, height of
0.1 mm, and width of 0.58 mm (Fig 3.4). The cast pad model was employed approximately
32,380 eight-node hexahedral elements (element type: C3D8R). Elastic behaviors with Young’s
modulus of 441 MPa, Poisson ratio of 0.3 and density of 1100 kg/m’ were assigned to the cast

pad model [57].

b

Figure 3.4 Geometric model of the cast pad.

Additionally, an inner shaft in the balloon catheter was created as a rigid cylindric model with
a diameter of 0.8 mm and a length of 18 mm along the center axis of the balloon model [57].

A clinical study reported that 60% of calcium fractures (18 of 30) with large calcium arcs
from 270 to 360 degrees were observed in coronary artery lesions when only conventional
balloon angioplasty was used prior to stent implantation and detected that the minimum
threshold of calcium thickness for calcium fracturing was 0.24 mm [46][57]. Another clinical
study reported that the median calcium fracture thickness was 0.45 mm in coronary lesions with

cutting balloon angioplasty or rotational atherectomy [57][58]. Furthermore, intravascular
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ultrasound examinations showed that the target lesion calcium length of < 5 mm was most
frequently detected and the mean length of calcium was 3.5 = 3.7 mm in patients [57][59]. In
a randomized controlled trail, lumen diameter reduction of > 50 % (50% diameter stenosis) in
severely calcified lesions is considered the main inclusion criteria of lesion modification
[24][57].

Therefore, the calcified coronary artery was modeled with 50% moderate stenosis in diameter,
24 mm length, 3 mm inner diameter, and 0.8 mm thickness [57]. In the calcified artery model, a
360 degree calcification model with 0.4 mm thickness and 5 mm length was incorporated and
constrained via tie constraint in Abaqus/CAE (tying the adjacent two surfaces of calcification
and artery models together) [57]. The coronary artery model was meshed using the eight-node
hexahedral element (element type: C3D8R) with approximately 400,000 elements.
Approximately 20,000 C3D8R elements were used to mesh the 360 degree calcification model
(Fig 3.5) [57].

A hyperelastic material of the Mooney-Rivlin model was assumed to describe the mechanical
behavior of the artery model as described in Chapter 2.2.3 [55]. Thermogravimetry and X-ray
diffraction analyses of human aortic wall calcification have shown that the calcified spots in the
aortas had similar compositions and particle size of calcium phosphate minerals compared to

human bone samples [60].




Figure 3.5 Geometric models for the coronary artery and calcification (Unit: mm). *”!

A nanoindentation study reported that Young’s modulus for human calcified plaques collected
from the superficial femoral artery wall was 20.1 GPa [43]. Another nanoindentation study
showed that the majority of Young’s modulus was within the range of 100 MPa to 10 GPa of
human carotid bifurcation plaque and some as high as 21 GPa [61]. The sample preparation,
variations in tissue composition and incomplete mineralization were considered as the causes of
the variations. Moreover, in their follow-up study, Young’s modulus of calcification with
reducing the cause of these potential errors ranged from 15 to 25 GPa was in agreement with
their observation of 21GPa [62]. Therefore, in this study, the calcification model was assumed
to be an elastic isotropic material model with Young’s modulus of 20.1 GPa and Poisson ratio of

0.3 [57].

3.2.2 Modeling of the three-folded balloon

As described in Chapter 2.2.1.4, a balloon catheter is wrapped in a folded shape before
expansion. The cutting balloon catheter is radially folded and the blades are ensconced inside
the folds of the wrapped balloon. The folding process for the cutting balloon was conducted to
generate the three-folded shape. First, three rigid surface models were created and showed in

Fig 3.6.
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Figure 3.6 Rigid surface models for crimping the balloon model (Unit: mm).

The surface models were used as a crimping device to deform the balloon model.
Displacement was applied to the surface models from radially outside the balloon model to the
center to crimp the balloon model into a three-folded shape via contact condition between the
surface models and balloon model (Fig 3.7) [57]. Next, a cylindrical surface model was created
around the balloon model and to radially compress the balloon model by decreasing its diameter

to 1.45 mm by applying displacement (Fig 3.8) [57].

= J1
I\ s':’ L= A4

Figure 3.7 Crimping process for generating a three-folded shape. "
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Figure 3.8 Compressing process for increasing the diameter of the balloon. "

Finally, three blades and cast pads were merged on the balloon model by tie-constraint to
obtain the final three-folded cutting balloon model (Fig 3.9) [57]. For the non-compliant balloon

model, a similar folding process was described in Chapter 2.2.1.5.

Figure 3.9 Final cutting balloon with blades and cast pads.
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3.2.3 Simulation of expansions

The folded cutting balloon and non-compliant balloon models were set at the center of the
calcified coronary model. Pressure was applied up to 1.216 MPa for the cutting balloon and
2.026 MPa for the non-compliant balloon to the inner surface of the balloon model. The shaft
model, longitudinal ends of artery model, cutting balloon and non-compliant balloon models
were fixed throughout entire simulation [57].

Expansion simulations were conducted and each analysis was performed as a quasi-static
analysis (Fig 3.10). In the quasi-static simulation, the work applied by the external forces is
nearly equal to the internal energy. It means that the inertial forces are negligible in a
quasi-static analysis because the kinetic energy of the material in the model is negligibly small.
As a general rule, the criterion is considered that the kinetic energy of the deforming material
should not exceed a small fraction (typically 5% to 10%) of its internal energy throughout most
of the process. The relationship of the kinetic energy and elastic internal energy for the
3.0-mm-diameter cutting balloon expansion are shown in Fig 3.11 [57].

The internal energy was lower than the kinetic energy at the beginning of the simulation
(0.08 MPa~0.095 MPa). In Fig 3.12, the peak value for the ratio of kinetic energy to internal
energy was 196.6% at 0.095 MPa. The ratio remained below 5% when the balloon inflation
pressure became higher than 0.14 MPa. This data shows that the kinetic energy is a small
fraction (less than 5%) of the internal energy through approximately 88% of the entire
simulation. The beginning phase with the ratio over 5% in the analysis was considered

acceptable.
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Cutting balloon Non-compliant balloon

0 atm

0.3 atm

6 atm

12 atm

20 atm

Figure 3.10 Expansion simulations in a calcified coronary artery model. *”!
Surface to surface contact conditions were specified with a friction coefficient of 0.2
between the following different models: blade-artery, blade-calcification, balloon-artery,
balloon-calcification, cast pad-artery, cast pad-calcification, and balloon-balloon (self-contact

between balloon folds).
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Figure 3.11 Kinetic energy and internal energy for the 3.0-mm-diameter cutting balloon

expansion.
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Figure 3.12 Ratio of kinetic energy to internal energy.

3.3 Result

3.3.1 Stresses in the calcification models

Fig 3.13 shows the contour plot of the maximum principal tensile stress in the calcification
models for five different diameter cutting balloon expansions at the rate pressure. Fig 3.14
shows the contour plot of the calcification models for the 3.0 mm diameter non-compliant
balloon at the nominal pressure and rated pressure. During balloon expansion, higher values of
the stress generated at the end regions of the calcification models. In the cross-sectional views,
peak values of stress were observed at the regions where the three blades were positioned.
Furthermore, the larger diameter cutting balloons of 2.5, 2.75, and 3.0 mm resulted in higher

stress in the middle region between the positions of the blades in the calcification models [57].
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Figure 3.13 Stress distributions for the cutting balloons at the rated balloon inflation pressure
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Fig 3.15 illustrates the peak values of the maximum principal tensile stress in the
calcification models. Balloon inflation pressure for the cutting balloon was 0 to 1.216 MPa and
for the non-compliant balloon was 0 to 2.026 MPa. The peak values of the maximum principal
tensile stress in the calcification models under balloon inflation pressures of 0.608 MPa (6 atm),
1.216 MPa (12 atm), and 2.026 MPa (20 atm) are showed in Table 3.5 [57]. It was found that
the larger diameter cutting balloons induced the higher stress concentration in the calcification
model. Comparing the peak stress with the 3.0 mm diameter cutting balloon, the values at the
nominal pressure were preserved to 99.4%, 99.2%, 98.8%, and 97.5% for the 2.75 mm, 2.5 mm,
2.25 mm and 2.0 mm diameter cutting balloons, respectively [57]. The values were preserved to

97.4%, 91.1%, 88.8%, and 84.2% at the rated pressure, respectively [57]. The effect of balloon
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size was higher at the rated pressure on the stress concentrations [57].

Non-compliant balloon (®3.0 mm)

Cross-section view - —
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12 atm . 1:8
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Figure 3.14 Stress distributions for the non-compliant balloon at the nominal pressure of 12

+5
0

atm and the rated pressure of 20 atm. 7

Additionally, the peak stress with the non-compliant balloon at the rated pressure 0f 20 atm
was comparable to that with the 2.0 mm cutting balloon (downsized by 1 mm) at the nominal
pressure of 6 atm. The blade plays a significant role on the stress concentrations in the

calcification [57].

Cutting balloon
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Figure 3.15 Maximum values of the maximum principal tensile stress in the calcification

models. 7
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Table 3.5 Peak values of the maximum principal tensile stress in the calcification models for the

nominal and rated balloon inflation pressures.

[57]

NC balloon Cutting balloon
Balloon diameter
3.0 2.0 2.25 2.50 2.75 3.0
(mm)
Peak values of maximum principal tensile stress (MPa)

6atm 13.21 3552 | 3598 | 36.12 | 36.19 | 36.42
12atm 21.68 56.53 | 59.61 | 61.17 | 6539 | 67.14
20atm 35.51 N.A. N.A. N.A. | N.A. | NA.

N.A.: not available

3.3.2 Stresses in the artery models

Fig 3.16 shows the maximum principal tensile stress yielded in the artery model and the

cross-section views were taken from the location where the peak values occurred. Fig 3.17

shows the cross sectional views for each expansion at the rated pressure for the cutting balloon

and the non-compliant balloon at nominal pressure and rated pressure [57].

Cross-section direction

Maximum principal
tensile stress (MPa)

m 0.6
| +0.5

+0.4

+0.3

+0.2

+0.1
0

Figure 3.16 Side view of stress distribution in the artery models adjacent to the calcification

model. B7
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(a) Cutting balloon (12 atm)

Maximum principal
tensile stress (MPa)
+0.6
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§ +0.2
(b) Non-compliant balloon (®3.0 mm) e

0

12 atm 20 atm

Figure 3.17 Cross-sectional views for (a) the cutting balloons at the rated pressure of 12 atm

(b) non-compliant balloon at the nominal pressure of 12 atm and the rated pressure of 20 atm.

[57]

High tensile stress was observed at the junction regions between the calcification and artery
models. The cross-sectional views showed that higher stresses were induced between the
regions where the blades contacted with the calcification for the cutting balloon expansions. Fig
3.18 illustrates the peak values of the maximum principal tensile stress generated in the artery
models during balloon inflation. Table 3.6 lists the peak values of the maximum principal tensile
stress in the artery models under pressures of 0.608 MPa (6 atm), 1.216 MPa (12 atm), and

2.026 MPa (20 atm) [57].
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Figure 3.18 Peak values of the maximum principal tensile stress in the artery models. "

It shows that larger cutting balloon diameter induced higher stress level in the artery model.
Comparing the stress with the 3.0 mm diameter cutting balloon, the values were reduced to
80.3%, 50%, 28.8%, and 22.7% for the 2.75 mm, 2.5 mm, 2.25 mm, and 2.0 mm diameter
cutting balloons respectively at the nominal pressure [57]. At the rated pressure, those values
were reduced to 82.3%, 55.8%, 40.1%, and 25.9%, respectively. It reveals that distinct decreases
in the stress concentrations were observed when smaller diameter cutting balloons were used
[57]. However, in the use of the non-compliant balloon, the peak values both at the nominal and
rated pressures were even higher than those for the 2.0, 2.25, 2.5, and 2.75-mm-diameter cutting

balloons [57].
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Table 3.6 Peak values of the maximum principal tensile stress in the artery models for the

nominal and rated balloon inflation pressures.

[57]

NC balloon Cutting balloon
Balloon diameter
3.0 2.0 2.25 2.50 2.75 3.0
(mm)
Peak values of maximum principal tensile stress (MPa)

6atm 0.22 0.15 0.19 0.33 0.53 0.66
12atm 0.54 0.38 0.59 0.82 1.21 1.47
20atm 1.24 N.A. N.A. N.A. N.A. N.A.

N.A.: not available

3.4 Discussion

3.4.1 Balloon-to-artery ratio

It reveals that cutting balloons with a balloon-to-artery ratio of less than 1:1 had a comparable
ability to induce the stress concentration in the calcification while distinctly reducing the stress
concentration at the border of the artery adjacent to the calcification [57]. The data indicates that

the selection of a cutting balloon downsized by 0.5 mm or 0.25 mm might be effective for

expanding calcification while reducing the risk of artery dissection and perforation [57].

Generally, for selecting balloons for lesion preparation, a balloon-to-artery ratio of 1:1 is
recommended in clinical practice. However, the data suggest that the balloon-to-artery ratio of

1:1 is inappropriate for the cutting balloon. Downsized diameter in comparison with the

reference diameter by 0.5 mm or 0.25 mm may be the first choice [57].
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The stress yielded in the calcification for the non-compliant balloon at the rated pressure (20
atm) was smaller than that for the 2.5 mm diameter cutting balloon at the nominal balloon
inflation pressure (6 atm). For the non-compliant balloon, the maximum stress yielded in the
artery at the rated pressure (20 atm) was higher than that for the 2.75 mm diameter cutting
balloon at the rated pressure (12 atm). Clinically, coronary artery perforation is the main
disadvantage of cutting balloon angioplasty. These findings imply that the selection of a cutting
balloon downsized by 0.5 or 0.25 mm might overcome the current limitation of the cutting

balloon angioplasty [57].

3.4.2 Elastic modulus of the calcification

As described in Chapter 3.2.1, Young’s modulus measured from the nanoindentation test for
the calcification model is assumed to be 20.1 GPa [43]. Nanoindentation was used to study
mechanical properties of micro- and nano-hardness through calculating the applied force and
depth of indentation, while a depth-sensing testing device indents a sample. The calcified
plaques were collected from superficial femoral arteries retrieved within 1 hour following the
amputation surgery and dried at room temperature for 24 hours. Nanoindentation was performed
with those dry calcified plaque samples at room temperature.

Another nanoindentation study collected the calcified plaques from human carotid bifurcation
plaque specimens. Those specimens were stored in physiological saline at 25°C before
mechanical testing. Calcifications in calcified plaques were defined as stiff yellow-white or
white parts isolated from surrounding tissue. Nanoidentation was performed and some modulus
measurements for fresh and frozen calcifications were within the range of 100 MPa to 10 GPa.

The upper range of modulus values of 10 ~ 20 GPa, were in the range of moduli for cortical
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bone [61]. Elastic moduli for atherosclerotic calcifications measured using nanoindentation

were reported within a range of 14.8 to 25.7 GPa [62].

Therefore, due to the large range in the elastic modulus for the calcification, the author

considered another elastic modulus of 1 GPa for the calcification model to show the different

stress levels in comparison with the current high value of 20.1 GPa.

Fig 3.19 shows the peak values of the maximum principal tensile stress in the two

calcification models of 20.1 GPa and 1 GPa during balloon inflation. The values at nominal

pressure and rated pressure are listed in Table 3.7. The ratios of stress for 1 GPa calcification to

stress for 20.1 GPa calcification are calculated.
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Figure 3.19 Peak values of the maximum principal tensile stress in the two calcification models.

[57]

It is observed that the stresses are lower in the calcification of 1 GPa in comparison with the

calcification of 20.1 GPa for the five different diameter cutting balloons. The ratios at nominal
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pressure and rated pressure are in the range of 0.44 ~ 0.66.

Table 3.7 Peak values of maximum principal tensile stress at nominal pressure and rated

pressure and ratios. "

Balloon diameter (mm) 2.0 2.25 2.50 2.75 3.0

Peak values of maximum principal tensile stress (MPa)

20.1 GPa 35.52 3598 36.12 36.19 36.42

6atm
1 GPa 15.67 18.07 20.80 22.12 24.06
Ratio 0.44 0.50 0.58 0.61 0.66
20.1 GPa 56.53 59.61 61.17 65.39 67.14

12atm
1 GPa 25.09 28.10 33.82 37.05 40.78
Ratio 0.44 0.47 0.55 0.57 0.61

3.5 Conclusion

In this chapter, the author carried out the contents as follows.

(1) generating the cutting balloon model with blades on the balloon surface.

(2) simulating the expansion of the cutting balloon with different diameter (2.0 mm, 2.25 mm,
2.50 mm, 2.75 mm and 3.0 mm) in a calcified coronary artery model with a 360 degrees
calcification model.

These findings suggest that a balloon-to-artery ratio of 1:1 for the use of the cutting balloon is
inappropriate. The ability to fracture the calcification for the cutting balloon seems to be

superior to the non-compliant balloon. It indicates that the selection of a cutting balloon
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downsized by 0.5 mm or 0.25 mm in comparison with the reference diameter of 3.0 mm may be
the first choice in terms of effectively fracturing the calcification while reducing the risks of

artery dissection and perforation [57].
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Chapter 4: Effects of balloon-to-artery

ratio and number of blades facing 180°
calcification

4.1 Chapter introduction

In this chapter, the author focuses on a 180° calcification in the artery model and investigates
the influence of the lesion/device diameter ratio and the number of blades facing the
calcification model [63].

The aims in this chapter are listed as:

(1) to carry out the expansions of cutting balloons with different diameters in a calcified
artery model with a 180° calcification model.

(2) to compare the two conditions where either one or two blades face the 180° calcification
model.

It is crucial to figure out the different direction of the blades in a dissymmetric lesion for the
cutting balloon expansion utilization in clinical treatment since the randomized clinical trial has
shown that coronary artery injury such as perforation and dissection after cutting balloon
angioplasty.

The author aims to gain mechanistic insights into lesion/device diameter ratio and the number
of blades facing a non-circular calcified lesion to understand the importance of fracturing the

calcification while avoiding vessel injury [63].

7



4.2 Modeling of cutting-balloon expansion

A clinical study reported that fracture of calcification in conventional balloon angioplasty was
observed in about 2.0% (4 of 198) of the lesions where the maximum calcium angles were <
180° in the circumferential-wise direction by means of investigating the cross-sectional images
of optical coherence tomography [46][63]. This data emphasizes the importance of gaining
more knowledge on calcifications whose maximum calcium angles are < 180° to improve
clinical outcomes. Therefore, in this Chapter, a calcification model with an angle of 180°, length
5 mm, and thickness 0.4 mm was constructed and constrained by tie constraint at the middle of
the artery model (Fig 4.1) [63]. The artery model and calcification model were meshed using

approximate 402,000 and 20,400 eight-node hexahedral elements (C3D8R), respectively [63].

Zoom: 200%

Figure 4.1 Geometric and mesh models for coronary artery and calcification. [

Expansion simulations of five different diameter (2.0, 2.25, 2.5, 2.75 and 3.0 mm) cutting
balloons were carried out in the calcified artery models (Fig 4.2). Pressure, up to the rated
pressure of 1.216 MPa (12 atm), was applied to the inner surface of the balloon model. The

shaft model, longitudinal ends of the balloon model and artery model were fixed through the
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entire simulation. In terms of the directions of the three blades facing the 180° calcification
model, two types were considered in the expansion simulations (Fig 4.3): Type 1 had one blade
facing the calcification model while the other two blades faced the artery wall; Type 2 had two

blades facing the calcification while the other one blade faced the artery wall [63].

Figure 4.2 Expansion simulation for the cutting balloon in a 180° calcified artery model. 1!

Type 1

Type 2

Figure 4.3 Two types for the cutting balloon in the 180° calcified artery model. [
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4.3 Result

4.3.1 Stresses in the calcification models

Fig 4.4 shows the contour plot of the maximum principal tensile stress in the calcification
models. Fig 4.5 and Fig 4.6 illustrate the peak values extracted along the lengths of the

calcification models for Type 1 and Type 2 at the rated pressure of 12 atm [63].

Cross
section
center
Type 1 Type 2

- - — ( - — —
A _A_
Maximum principal
tensile stress (MPa)
_4__-—_._;_;

Figure 4.4 Stress distributions in the calcified artery models for Type 1 and Type 2 at rated

©2.25x10mm

®2.00x10mm

pressure (12 atm) with five different balloon diameters.
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The stresses were higher at both longitudinal ends than at the center, in each calcification
model. The stresses at the longitudinal ends of the calcifications were higher by 61, 79, 100, 105,
and 123% than those at the centers of the calcification models for each cutting balloon in Type 1
[63]. Similarly, the stresses at the longitudinal ends of the calcifications were higher by 72, 114,
138, 174, and 193% than those at the centers for each cutting balloon in Type 2 [63]. This data
indicated that cracks might occur at the longitudinal ends in the calcification during cutting
balloon expansion [63]. The peak values of the maximum principal tensile stresses in the
calcification models for Types 1 and Type 2 during balloon expansion are extracted in Fig 4.7
[63]. All the peak values for Type 1 and Type 2 at both nominal pressure and rated pressure are

listed in Table 4.1 [63].
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Figure 4.5 Peak values of the maximum principal tensile stresses in the calcification models

along the longitudinal direction for Type 1 at the rated pressure (12 atm). [**!
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Figure 4.6 Peak values of the maximum principal tensile stresses in the calcification models

along the longitudinal direction for Type 2 at the rated pressure (12 atm). ']

It is observed that larger balloon diameters induced the higher levels of stress for both Type 1

and Type 2, except for the cutting balloon diameter of 2 mm at the nominal pressure (6 atm) in

Type 2 [63]. Particularly, the peak values for 2 and 2.25 mm diameters in Type 2 were observed

to creep down rapidly, near the pressures of 0.5 and 0.9 MPa, respectively [63].
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Figure 4.7 Effects of cutting balloon diameter and blade direction on the maximum principal

tensile stresses in the models of the calcification. '

The results indicated that the calcification expansion ability of the cutting balloon in the case

of Type 2 under the nominal pressure of 6 atm was comparable to that in the case of Type 1
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under the rated pressure of 12 atm [63]. Moreover, under both the nominal and rated pressures,
larger stress concentrations occurred in the calcification models even using undersized balloons
of diameter 2.5 and 2.75 mm in Type 2, in comparison with a balloon of diameter 3.0 mm in
Type 1 (Table 4.1) [63].

Additionally, the lumen width corresponding to the inner diameter of calcification before
expansion at the longitudinal and circumferential ends (denoted as “LW” in Fig 4.4) are
measured and listed in Table 4.2 [63]. The lumen width in Type 2 increased in comparison with
that in Type 1 for each cutting balloon diameter at both the nominal pressure and rated pressure
[63].

Table 4.1 Peak values of the maximum principal tensile stresses in the calcification models. !

Balloon diameter (mm) 2.0 2.25 2.5 2.75 3.0
Peak values of the maximum principal tensile stresses (MPa)
Nominal pressure Type 1 322 34.8 41.1 41.3 42.4
(6 atm) Type 2 30.2 46.7 50.7 55.1 69.1
Rated pressure Type 1 37.5 43.7 52.9 62.2 70.4
(12 atm) Type 2 51.9 67.3 76.4 88.9 100.8

Table 4.2 Lumen width at the inner surface of the calcification model at the longitudinal and

circumferential ends.

Balloon diameter (mm) 2.0 2.25 2.5 2.75 3.0
Lumen width (mm)

Nominal pressure | Type 1 1.504 1.506 1.507 1.509 1.513

(6 atm) Type 2 1.509 1.511 1.515 1.517 1.519

Rated pressure Type 1 1.508 1.513 1.517 1.520 1.524

(12 atm) Type 2 1.518 1.528 1.536 1.543 1.552
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4.3.2 Stresses 1n the artery models

Fig 4.8 shows the maximum principal tensile stresses generated in the coronary artery model
adjacent to the calcification for Type 1 and Type 2 at the rated pressure of 12 atm. All the
cross-sections were drawn at the end positions of the artery models connected with the

calcification models where the peak values occurred [63].

Cross-section direction

Maximum principal
tensile stress (MPa)
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Figure 4.8 Stress distributions in the artery model for Type 1 and Type 2 at the rated pressure

(12 atm) for the five different balloon diameters. !

Fig 4.9 shows the peak values of the maximum principal tensile stresses generated in the
artery models adjacent to the calcification during the balloon expansion. The peak values at the
nominal pressure and rated pressure for Type 1 and Type 2 are showed in Table 4.3. The larger
balloon diameters induced the higher levels of stress for both the types in the artery models

adjacent to the calcification [63]. For each cutting balloon diameter, the peak values at both
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nominal and rated pressures for Type 1 were higher than that for Type 2 [63]. Interestingly, in

the case of Type 2, the maximum principal stress produced in the artery model adjacent to the

calcification, under the rated pressure of 12 atm when employing under-sized balloons, was

smaller than that in the case of Type 1 using lesion-identical balloon diameters under the

nominal pressure of 6 atm (Table 4.3, Fig 4.9) [63].
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Figure 4.9 Effects of cutting balloon diameter and blade direction on the maximum principal

tensile stresses in the models of artery adjacent to the calcification. '

adjacent to the calcification. '’
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Table 4.3 Peak values of the maximum principal tensile stresses in the model of artery

Balloon diameter (mm) 2.0 2.25 2.5 2.75 3.0
Peak values of the maximum principal tensile stresses (MPa)

Nominal pressure Typel | 445 5.73 6.57 7.69 8.19

(6 atm) Type 2 1.96 2.85 3.92 5.34 6.59

Rated pressure Typel | 7.15 9.46 116 | 1327 | 14.12

(12 atm) Type 2 3.55 4.06 5.15 7.02 8.54

These findings suggest that in the case of Type 2, the risk of dissection or perforation upon

expanding the balloon with the rated pressure can be reduced, in comparison with the balloon
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expansion under nominal pressure in Type 1, when at least 0.25 mm undersized balloons are

employed [63].

4.3.3 Effects of balloon diameter and blade direction

In Fig 4.7, a reduction in stress is observed during the expansion of the 2.0 mm and 2.25 mm
diameter cutting balloons of Type 2, at the pressures of 0.5 and 0.95 MPa, respectively [63].
This resulted in lower peak stresses in Type 2, compared to that in Type 1 at the nominal
pressure of 6atm [63]. An obvious slippage of the blades was observed and two of the blades

were dragged in opposite directions during the expansion (the red arrows in Fig 4.10) [63].

—

Figure 4.10 Incidence of slippage during the inflation of balloons of diameters 2 and 2.25 mm.

[63]

Moreover, the stresses in Type 2 expansion for the 2.0 mm cutting balloon expansion were
higher than those for the other balloon diameters, from the incipient pressure of 0.06 MPa to

0.15 MPa [63]. The angular change of the blade facing the calcification model was measured
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from the center line of the blade cross-section during expansion (Fig 4.11) [63]. In Fig 4.12, the
angular change for the 2.0 mm cutting balloon was obviously lower than that for the 2.25, 2.5,
2.75, and 3.0 mm cutting balloons for the entire pressure range including 0.06 to 0.15 MPa.

Therefore, a higher acting force was generated in the normal direction [63].

Figure 4.11 Change in the angle of the blade facing the calcification model during expansion. (!
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Figure 4.12 Comparison of angle changes of cutting balloons for the entire pressure range. '**
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4.4 Discussion

4.4.1 Balloon-to-artery ratio and number of blades facing

the 180° calcification

The author considered two cases in the 180° calcified artery model to perform the expansion
simulations of the cutting balloons with five different balloon diameters. Type 1 is the case that
one blade faced the calcification while the other two blades faced the artery wall. Type 2 is the
case that two blades faced the calcification while the other faced the artery wall [63]. The lesion
expansion ability was distinctly higher when two blades faced the calcification model than when
one blade faced the calcification model [63]. Moreover, when two blades faced the calcification,
larger stresses were generated in the calcification even when using undersized balloons with
diameters reduced by 0.5 or 0.25 mm from the reference diameter, in comparison with the case
where one blade faced the calcification and a balloon of diameter equal to the reference
diameter was used [63]. In terms of the stress concentration in the model of the artery adjacent
to the calcification, the peak values were higher when one blade faced the calcification (Type 1)
than when two blades faced the calcification (Type 2) [63]. Interestingly, in the case where two
blades faced the calcification (Type 2), the maximum principal stress generated in the artery
model adjacent to the calcification under the rated pressure of 12 atm when the under-sized
balloons were employed was smaller than that in the case where one blade faced the
calcification (Type 1) and lesion-identical balloon diameters were used under the nominal

pressure of 6 atm [63]. These findings suggest that in the case where two blades face the
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calcification, 0.5 or 0.25 mm size-down balloons would be effective for not only expanding the
calcified lesion but also reducing the risk of dissection and perforation [63].

Cutting balloon angioplasty provided adequate lumen expansion in the calcified lesions, but
suffered from the possibility of dissection [25] [63]. In this study, a larger balloon diameter
resulted in a higher level of stress in both the models of the calcification and artery adjacent to
the calcification, which might lead to plaque rupture and arterial dissection [63]. A comparison
of the two types of expansions in 180° calcified artery models indicated that the arrangement
where two blades faced the calcification as opposed to one blade might generate higher stresses
in the calcification models for inducing fracture, while generating lower stresses in the artery
models adjacent to the calcification, so as to be less traumatic to the arterial wall [63].

In a clinical setting, there are no measures to guide two blades facing the calcification.
However, it showed that three-time repetition of delivery-balloon inflation for stent deployment
increased the luminal cross-sectional area [63] [64] [65]. Repeating the cutting balloon inflation
by changing the rotation of the cutting balloon catheter may change the direction of the blades

and may be able to adjust two blades toward the calcification side [63].

4.4.2 Effect of contact friction coefficient

In Chapter 4.3.3, slippage was observed in the expansion of 2.0 mm and 2.25 mm cutting
balloon in the case of two blades facing the 180° calcification. The contact friction coefficient is
considered as the factor in the contact condition. Therefore, in Type 2, different friction
coefficients of 0.1, 0.2 and 0.3 were considered and compared for the 2.0 mm and 2.25 mm
diameter cutting balloon in the 180° calcified artery model. The peak values of the maximum

principal tensile stresses in the calcifications for 2.0 mm diameter cutting balloon were shown in
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Fig 4.13. The phenomenon of creep down for the peak values were observed for different
friction coefficients of 0.1, 0.2 and 0.3, near the pressure of 0.45 MPa, 0.5 MPa and 0.85 MPa,
respectively. The peak values of the maximum principal tensile stresses in the calcifications for
2.25 mm diameter cutting balloon were shown in Fig 4.14. The phenomenon of creep down for
the peak values were observed for the friction coefficients of 0.1, 0.2 near the pressure of 0.55
MPa and 0.95 MPa. However, there is no creep down observed in the case of friction coefficient
of 0.3. It is revealed that larger friction coefficient might prevent slippage of the 2.0 mm and
2.25 mm diameter cutting balloon during expansion in the 180° calcified artery model. The

friction coefficient plays a role in the expansion of cutting balloon.

2.0 mm diameter cutting balloon
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Figure 4.13 Peak values of maximum principal tensile stress in the calcifications for the 2.0 mm

diameter cutting balloon by setting different friction coefficients in Type 2.
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Figure 4.14 Peak values of maximum principal tensile stress in the calcifications for the 2.25

mm diameter cutting balloon by setting different friction coefficients in Type 2.

4.4.3 Effect of the elastic modulus of the calcification

As discussed in Chapter 3.4.2, a variation of elastic modulus of the calcification was observed
in some nanoindentation studies. A nanoindentation study reported that Young’s modulus for
human calcified plaques collected from the superficial femoral artery wall was 20.1 GPa [43]. A
range of 100 MPa to 10 GPa, some as high as 21 GPa was measured from human carotid
bifurcation plaque specimens [61]. Another study reported the elastic moduli for atherosclerotic
calcifications were in a range of 14.8 to 25.7 GPa [62]. In this section, the author considers two
elastic moduli of 20.1 GPa and 1 GPa of the calcification in the expansion of five different
diameter cutting balloon in the two types.

Fig 4.15 shows the peak values of maximum principal tensile stress in the calcifications of
20.1 GPa and 1 GPa for the five different cutting balloon during inflation in Type 1. Table 4.4

lists the peak values at nominal pressure and rated pressure and the ratios of stress in 1GPa
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calcification to 20.1 GPa calcification are calculated. The ratios are in the range of 0.35 ~ 0.67
at the nominal pressure and 0.43 ~ 0.62 at the rated pressure for the five different diameter

cutting balloon.
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Figure 4.15 Peak values of the maximum principal tensile stress in the two calcification models

during cutting balloon inflation in Type 1. [

Table 4.4 Peak values of the maximum principal tensile stress at nominal pressure and rated

pressure and ratios in Type 1. [*!

Balloon diameter (mm) 2.0 2.25 2.50 2.75 3.0
Peak values of maximum principal tensile stress (MPa)
20.1 GPa 32.2 34.8 41.1 41.3 42.4
6atm
1 GPa 11.3 16.1 20.1 23.6 28.2
Ratio 0.35 0.46 0.49 0.57 0.67
20.1 GPa 37.5 43.7 52.9 62.2 70.4
12atm
1 GPa 16.3 23.5 30.1 37.5 43.7
Ratio 0.43 0.54 0.57 0.60 0.62
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Fig 4.16 shows the peak values of maximum principal tensile stress in the calcifications of

20.1 GPa and 1 GPa for the five different cutting balloon during inflation in Type 2. Table 4.5

lists the peak values at nominal pressure and rated pressure and the ratios of stress in 1GPa

calcification to 20.1 GPa calcification are calculated. The ratios are in the range of 0.60 ~ 0.82

at the nominal pressure and 0.63 ~ 0.71 at the rated pressure for the five different diameter

cutting balloon.
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Figure 4.16 Peak values of the maximum principal tensile stress in the two calcification models

during cutting balloon inflation in Type 2. !

63]

Additionally, the lumen width corresponding to the inner diameter of calcification before

expansion at the longitudinal and circumferential ends (denoted as “LW” in Fig 4.4) are

measured and listed in Table 4.6 [63]. The lumen width in Type 2 increased in comparison with

that in Type 1 for each cutting balloon diameter at both the nominal pressure and rated pressure

[63]. It shows that the lumen width for the calcification of 1 GPa are larger than those for the

calcification of 20.1 GPa.
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Table 4.5 Peak values of the maximum principal tensile stress at nominal pressure and rated

pressure and ratios in Type 2. [*!

Balloon diameter (mm) 2.0 2.25 2.50 2.75 3.0
Peak values of maximum principal tensile stress (MPa)
20.1 GPa 30.2 46.7 50.7 55.1 69.1
6atm
1 GPa 24.7 27.9 344 37.4 42.1
Ratio 0.82 0.60 0.68 0.68 0.61
20.1 GPa 51.9 67.3 76.4 88.9 100.8
12atm
1 GPa 36.8 42.3 51.6 61.1 63.9
Ratio 0.71 0.63 0.68 0.69 0.63

Table 4.6 Lumen width at the inner surface of the calcification model at the longitudinal and

circumferential ends for the calcifications of 20.1 GPa and 1 GPa. ¢!

Balloon diameter (mm) 2.0 2.25 2.5 2.75 3.0
Lumen width (mm)

Nominal pressure | Type 1 | 1.504 1.506 1.507 1.509 1.513

0.1 (6 atm) Type2 | 1.509 1.511 1.515 1.517 1.519
GP

® | Rated pressure | Typel | 108 1.513 1.517 1.520 1.524

(12 atm) Type2 | 1518 1.528 1.536 1.543 1.552

Nominal pressure | Type 1 | 1.564 1.585 1.617 1.642 1.668

! (6 atm) Type2 | 1.629 1.656 1.679 1.709 1.732
GP

® | Rated pressure | Typel | 1617 1.637 1.682 1.717 1.746

(12 atm) Type2 | 1.760 1.789 1.824 1.865 1.908
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4.5 Conclusion

This chapter described the following contents:

(1) carrying out the expansions of the cutting balloons with different diameters (2.0 mm, 2.25
mm, 2.50 mm, 2.75 mm and 3.0 mm) in a calcified artery model with a 180° calcification
model.

(2) comparing the two conditions where either one or two blades face the 180° calcification
model.

These findings suggest that when non-circular calcified lesion is treated using the cutting
balloon, 0.25 mm or 0.5 mm undersized balloons in comparison with the reference diameter
would be effective in not only expanding the calcified lesion but also reducing the risk of
dissection and vessel perforation. In clinical setting, although there are no methods to guide two
blades facing the calcium, the suggestion is that repeating the cutting balloon inflation though
changing rotation of the cutting balloon catheter may adjust the direction of the blades to the
calcium [63].

Chapter 3 and Chapter 4 presented the simulations of the cutting balloon expanding in a 360°
and 180° calcification models. In the case of 180° calcification model, two types were
confirmed and the findings indicated the number of blades facing the 180° calcification model
plays a role in the expansion of the cutting balloon. 0.25 mm or 0.5 mm undersized cutting
balloon may be more appropriate to be used in the reference 3.0 mm diameter calcified artery in
the both cases with potentially fracturing the calcification and avoiding arterial injury. Although
there are many variations in the calcification such as angle and dimension, these findings may
present a suggestion on the selection of balloon-to-artery ratio and the influence on the direction

of blades in cutting balloon angioplasty.
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Chapter 5: Conclusion and future work

5.1 Chapter introduction

This chapter describes the conclusion and future work of this thesis. The author summarizes
the overall contents with the main points in this study. Moreover, the author lists the issues

considered as extensions of this study and suggests the future direction of this study.

5.2 Conclusion

In this thesis, the author investigated the efficacy and safety of expanding the cutting balloon
in calcified artery models using the finite element method. The author generated a useful
numerical method of modeling a three-folded balloon shape according to the process of a
wrapped balloon. A complex device of cutting balloon model was successfully created through
this method. The thesis was composed of five chapters.

In Chapter 1, the background of the general treatment for coronary artery calcification and the
cutting balloon was introduced. The author described the state-of-arts of related studies to
understand the finite element balloon model definition, plaque model material and a reference
research to indicate the purpose of this study.

In Chapter 2, the dimensions of the balloon model, as well as the isotropic elastic material
properties, were determined referring to the compliance chart and the accuracy of the balloon
expansion was ensured. The wrapped balloon model was generated by means of the process of

crimping and compressing. Furthermore, stent expansion through the wrapped balloon model
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was conducted to confirm the realistic expansion of the stent model and balloon expansion in a
stenotic artery model was performed to verify the reliability of the wrapped balloon model in
comparison with a cylinder expansion.

In Chapter 3, the author created the balloon model through the compliance chart by means of
the method described in Chapter 2 and generated the cutting balloon model. The simulations of
expansion for the cutting balloon in the calcified artery model with different balloon diameters
are carried out in comparison with a non-compliant balloon. It indicated that the selection of a
cutting balloon downsized by 0.25 or 0.5 mm in comparison with the reference diameter is the
first choice in terms of effectively fracturing the calcification while reducing the risks of artery
dissection and perforation. In the use of the cutting balloon, the data suggest that a
balloon-to-artery ratio of 1:1, which is currently recommended for conventional balloons, is
inappropriate.

In Chapter 4, the author focuses on a 180° calcification in the artery model and investigates
the influence of the lesion/device diameter ratio and the number of blades facing the
calcification model. The data showed that in the case where two blades face the calcification,
0.25 mm or 0.5 mm undersized balloons in comparison with the reference diameter would be
effective in not only expanding the calcified lesion but also reducing the risk of dissection and
vessel perforation.

In Chapter 5, a summary of the achievement and mechanical insights for the expansion of the
cutting balloon was described in this chapter. The author described the future work of this study.

This study described a novel approach to generate a three-folded shape of the balloon and
successfully constructed the cutting balloon models. Moreover, numerical simulations showed
the effect on the balloon-to-artery ratio and number of blades facing the calcification during the

expansion of the cutting balloon. This is the first three-dimensional numerical investigation on
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the expansion of the cutting balloon in a calcified artery model. These mechanical findings
revealed the importance of balloon-to-artery ratio in the cutting balloon angioplasty and the
direction of the blades facing the calcification plays a role in the expansion with potentially
fracturing the calcification and avoiding arterial injury. This study is a significant contribution to

the cutting balloon angioplasty.

5.3 Future work

The author purposes a useful and straightforward numerical method to generate a wrapped
balloon using the compliance chart. The initial diameter and isotropic elastic material properties
were determined, and the process of crimping and compressing was developed to complete the
wrapped balloon shape. Although its reliability and accuracy have been verified through the
stent expansion compared with a simple cylinder surface model, a realistic and complex
material should be considered to mimic the mechanical behavior of the balloon. Experimental
tests and material constitutions could be considered to enrich the material definition.

The calcification models were created in two cases of 360° and 180°. More variations in
calcium arc, diameter stenotic ratio, and thickness and length of the calcification should also be
considered to further understand the efficacy and safety of the cutting balloon. Some of these
parameters can be obtained from patients by clinical imaging technologies to define typical
cases of lesions.

Furthermore, different components mixed types of plaques in lesions with crack or failure for
the plaque model and dissection or perforation behavior occurs at the artery wall might be the
challenge in this study. Some cardiovascular events occur in the cutting balloon angioplasty or

in the stent implantation after cutting balloon expansion. More mechanical challenges
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considered in the study may contribute to the clinical outcome.
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