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ABSTRACT

Stent implantation is an alternative invasive technique for treating the narrowed
artery or stenosis in carotid artery to restore blood to the brain. However, the
restenosis process is usually observed after a few weeks of carotid stenting due to
abnormal progression of atherosclerosis and thrombosis. Many studies reported that
the activity of atherosclerosis and thrombosis i1s majorly influenced by the
geometrical strut configuration. Thus, this study was carried out to determine the
haemodynamic performance on different geometrical stent strut configurations based
on numerical modelling and statistical analyses. Six different stent strut
configurations were 3-D modelled and simulated in different physiological
conditions; normal blood pressure (NBP), pre-hypertension (PH) and hypertension
stage one (HS1) through computational fluid dynamic (CFD) method. The
haemodynamic performance of stent was analysed based on parameters namely time
averaged wall shear stress (TAWSS), time averaged wall shear stress gradient
(TAWSSG), oscillatory shear index (OSI), relative residence time (RRT) and flow
separation parameter (FSP). Meanwhile, Pictorial Selection Method was used to
evaluate the best haemodynamic stent performance based on a scoring system. From
observation, stent Type VI was seen to show the highest score for TAWSS, which
was 2.98 in overall physiological condition. For TAWSSG, the lowest score was
observed for Type V stent with 0.51. Furthermore, Type VI stent displayed the
highest score for OSI while Type IV has the lowest score for FSP with 2.08 and 0.28,
respectively. On the other hand, RRT was seen varying according to the
physiological condition where the highest score in NBP and PH conditions were
achieved by Type I while HS1 condition was achieved by Type V. In conclusion,
Type VI has the best stent performance, whereas Type IV has the worst stent
performance according to the scoring system based on haemodynamic parameters.
Further, Type L, Type 11, Type III and Type V stents showed moderate hemodynamic

performances for all physiological conditions.
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ABSTRAK

Implantasi stent adalah teknik invasif alternatif untuk merawat stenosis atau arteri
tersempit pada arteri karotid untuk mengembalikan aliran darah ke otak. Walau
bagaimanapun, proses restenosis diperhatikan berlaku setelah beberapa minggu
menjalani angioplasti  karotid dan stemting disebabkan oleh perkembangan
aterosklerosis dan trombosis yang tidak normal. Banyak kajian melaporkan aktiviti
aterosklerosis dan trombosis adalah sangat dipengaruhi oleh konfigurasi geometri
strut. Jadi, kajian ini dijalankan bagi menentukan prestasi hemodinamik pada
geometri konfigurasi sirut stent vang berbeza berdasarkan pemodelan berangka dan
analisis statistik. Enam konfigurasi strut stent yang berbeza dimodelkan secara tiga
dimensi dan disimulasikan dalam keadaan fisiologi yang berbeza; tekanan darah
normal (NBP), pra-hipertensi (PH) dan peringkat hipertensi satu (/S7) melalui
kaedah pengkomputeran dinamik bendalit (CFD). Prestasi hemodinamik stent
dianalisis berdasarkan parameter-parameter 1aitu tegasan ricih dinding purata masa
(TAWSS), kecerunan tekanan geseran dinding purata masa (7AWSS(), indeks osilasi
ricth (OST), masa kediaman relatif (RR7) dan parameter pemisahan aliran (FSP).
Kaedah Piktorial Pemilihan Stent digunakan bagi menilai prestasi stesnt hemodinamik
terbaik berdasarkan sistem pemarkahan tertentu. Daripada pemerhatian, stenf Type
VI menunjukkan skor TAWSS tertinggi secara purata iaitu 2.98 dalam keseluruhan
keadaan fisiologi. Bagi TAWSSG, skor terendah diperhatikan pada stent Type V
adalah 0.51. Stent Type VI mempunyai skor OS] tertinggi manakala Type IV
mempunyai skor FSP terendah, masing-masingnya adalah 2.08 dan 0.28. RRT
berbeza-beza mengikut keadaan fisiologi yang mana skor tertinggi dalam keadaan
NBP dan PH dicapai oleh Type I manakala keadaan HSI dicapai oleh Type V.
Kesimpulannya, Type VI mempunyai prestasi stest terbaik manakala Type IV
mempunyai prestasi stent terburuk berkenaan sistem pemarkahan berdasarkan
parameter hemodinamik. Seterusnya, stent Type I, Type II, Type III dan Type V

menunjukkan prestasi hemodinamik sederhana untuk semua keadaan fisiologi.
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CHAPTER 1

INTRODUCTION

1.1 Background of Study

Moderate restenosis with 50% of an arterial diameter reduced is reported to have an
occurrence rate about 40.7% while severe restenosis with 70% of the arterial
diameter reduced has an occurrence rate about 10.6% within five years after stent
implantation [1]. Meanwhile in the first month after stent implantation, the restenosis
or re-blockage in the artery is already occurs due to atherosclerosis and growth of
thrombosis [2]. Atherosclerosis is the hardening of arterial wall caused by a plaque
build-up of fatty material while thrombosis is the formation of blood clot within the
lining of an artery especially in stented artery. The thrombogenic process is
accelerated due to the effect of misalignment of blood flow direction near the stent
strut that gives tiny injury on the arterial wall [3]. This abnormality of blood
movement makes the fatty materials to be deposited near the stent strut
configuration. The arterial injury causes the arterial wall to undergo an episodic
process of thrombus formation, arterial inflammation, neointimal hyperplasia and
stent remodelling [2].

Previous study reported a different strut configuration that have a significant
progress of an atherosclerosis and thrombosis formation [4]. The significant progress
i1s due to each of the stent has its own strut configuration presenting different flow
characteristic near to the strut. Thus, the significant progress allows the
haemodynamic performance of the stent to be predicted. However, different vascular

region has presented different flow characteristic that highly depends on the vascular



morphologies. Since this study focuses on carotid artery, the vertical direction of
blood flow was highly concerned. Many studies reported that the suitable stent strut
configuration has been suggested to have an opened type cell, self-expandable with
material made up of nitinol [5, 6]. Even though the conventional stent strut
configurations are carefully chosen, the post-procedural event rates after 30 days of
stent implantation due to restenosis are still random [7]. Hence, this study aimed at
determining the flow phenomenon near geometrical pattern of the stent strut
configuration, which plays the main role in predicting the process of restenosis.

The restenosis development of carotid artery implanted with different
geometrical stent strut configuration can be invasively analysed and predicted with
the current numerical simulation technology via computational fluid dynamic (CFD)
method. The use of CFD method has emerged as a powerful tool to predict blood
flow patterns in stented artery with the development of electronic computers before
undergoing the in vivo study. Thus, the restenosis due to misalignment of blood flow
direction causing recirculation and vortex near the stent strut can be numerically
detected [8]. Additionally, several haecmodynamic variables are very useful in
predicting the restenosis of blood flow consist of time averaged wall shear stress
(TAWSS), time averaged wall shear stress gradient (TAWSSG), oscillatory shear
index (OSI), relative residence time (RRT) and flow separation parameter (FSP) [2].
Based on previous studies, these haemodynamic parameters have specific threshold
or range of values to indicate the activity of atherosclerosis and thrombosis that
reflect the restenosis development [9-14].

From each haemodynamic variables, a statistical distribution is obtained to
evaluate the best stent performance based on the threshold of acceptable values
determined by previous studies [15, 16]. The stent performance evaluation known as
Stent Pictorial Selection Method was used in this study adapted from the Concept
Selection Method by Ulrich ef al., which originally evaluates the concept design of a
product [17]. The evaluation method is able to detect the best stent strut
configuration with the lowest score of restenosis development. Thus, this study is
aimed at statistically evaluating the haemodynamic performance of different stent
geometrical designs in different physiological conditions especially normotensive

and hypertensive blood flow.



1.2 Problem Statement

Different stent strut configurations influence the progress of restenosis formation
especially in bifurcated carotid artery [4]. Restenosis is caused by the development of
atherosclerosis at the stent strut and episodic process of thrombosis consisting of
thrombus formation, arterial inflammation, neointimal hyperplasia and stent
remodelling.

The progress of atherosclerosis and thrombosis formation is highly dependent
on the haemodynamic effect at carotid wall, which is presented as a flow
recirculation at the stent strut configuration. This phenomenon occurs due to
misaligned blood flow direction in an artery especially in common carotid artery to
external and internal carotid artery. Furthermore, many studies reported that the stent
geometrical design has resulted in a random value of post-procedural event rate due
to restenosis development within 30 days after stent implantation [7, 18, 19].

Thus, restenosis development that induced by the flow recirculation due to
the misaligned direction of blood flow, is identified as the main issue in the present
study. In addition, different geometries of stent strut configuration have different

behaviour of blood flow recirculation.

1.3 Objective

1. To determine the haemodynamic effect on different stent strut configurations
in carotid artery during the specific physiological conditions.
ii. To analyse critical haemodynamic parameters affecting the flow
characteristic due to different stent strut configurations in carotid artery.
iii.  To evaluate the stent performance due to haemodynamic effect on different

strut configurations in the carotid artery.

1.4 Scope of Study

i.  Physiological conditions consist of normal blood pressure (NBP), pre-
hypertension (PH) and hypertension stage one (HS1).
ii.  Opened type cell stent for six different strut configurations were considered.
iii.  Simplified model of carotid artery for normal morphology was considered.
iv.  Stent strut configuration was implanted at the luminal region of common

carotid artery.
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